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Abstract 

Few studies of microbial biogeography address temporal variability in 

physicochemical conditions and communities in geothermal environments. Here 

we examine the temporal variability of 43 chemical analytes, temperature and pH 

in association with microbial community composition of 69 water samples 

collected bimonthly from 12 hotsprings of the Taupo Volcanic Zone between 

December 2015 and October 2016. Communities and physicochemical parameters 

were characterized using a combination of next generation Ion Torrent sequencing 

(16S rRNA), UV-spectrometry, ICP-MS, FIA and gas chromatography. Using 

correlation association tests, significant physicochemical changes (P<0.05) were 

correlated with temporal variations in microbial community composition in six of 

the target hotsprings. Of these six hotsprings, temperature and pH were the most 

influential variables associated with community changes and commonly covaried 

with the Aquificae, Deinococcus-Thermus and Proteobacteria at four sites. 

Downstream effects of rainfall using rainfall and geothermal bore water datasets 

could be linked with physicochemical and microbial community changes during the 

winter months at two of these sites. This study contributes to our understanding of 

geothermal microbial dynamics in stable and variable geothermal environments, 

and highlights that geothermal hotsprings are not isolated from their surrounding 

environment. 
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1 Chapter One 

Introduction 

1.1  Introduction to the geothermal environment 

Geothermal areas are distributed across the globe but are mainly confined 

to zones of high tectonic activity which involve the movement of the Earth’s 

tectonic plates in a divergent, convergent, or transforming nature. These boundaries 

form between plates where the Earth’s crust is thin and are associated with 

earthquakes, volcanism, oceanic trenches, mountain building and the development 

of geothermal features, including mud pools, hotsprings, and geysers 

(Hreggvidsson et al., 2012; Panosyan & Birkeland, 2014). Geothermal hotsprings 

are defined as bodies of water characterized by steep temperature gradients, the 

presence of steam, extreme pH variations, and a high degree of mineraliza t ion 

(Boothroyd, 2009; Hreggvidsson et al., 2012). Geothermal waters are derived from 

rainwater, groundwater or snow melt which percolates through faults and fractures 

in basement rock, forming large water bodies known as aquifers, deep under the 

Earth’s crust (New Zealand Institute of Chemistry, 2008; Hreggvidsson et al., 2012). 

This water becomes pressurized and heated to temperatures greater than 250 °C by 

intrusive magma bodies. A proportion of this water can reach the Earth’s surface to 

naturally form hotsprings, with some remaining in the aquifer which can be 

exploited for geothermal power (New Zealand Institute of Chemistry, 2008).  

 

1.2 Extremophiles 

Thomas D. Brock pioneered the study of microorganisms in geothermal 

waters. He was one of the first to analyse and describe the presence of bacterial and 

archaeal species in Yellowstone National Park (YNP), USA (Brock, 1978; Sand, 

2003). These initial discoveries opened up the world of microbial life forms in a 

previously unexplored environment which was thought to be limited due to the 

environment’s extreme physicochemical conditions (Sand, 2003). From a human 

perspective, the term “extreme” is used to describe an environment which does not 

support our own existence. By removing the anthropocentric sense, it can be 

described as a set of conditions under which certain organisms may thrive, and 
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others not (Brock, 1978; Bell & Callaghan, 2012). Many such environments are 

present on Earth, including deep sea hydrothermal vents, hot deserts, polar regions 

and geothermal hotsprings. These environments present unique and harsh 

physiological extremes in physical and geochemical factors including pH, 

temperature, pressure, water availability, and salt and oxygen limitations (Purcell 

et al., 2007; Bell & Callaghan, 2012; Cayol et al., 2015). “Extremophiles” are 

organisms that can withstand extremes in environmental conditions which are 

inhospitable to other life-forms (Purcell et al., 2007; Rampelotto, 2013). They 

belong to three major groups; Eukaryotes, Archaea and Bacteria, and are classified 

based on the parameters of temperature (psychrophiles or thermophiles), pH 

(acidophiles or alkaliphiles), salinity (halophiles) and pressure (barophiles) 

(Rothschild & Mancinelli, 2001; Stan-Lotter, 2012; Rampelotto, 2013). Most 

extremophiles are from the domains Archaea and Bacteria which are both 

prokaryotes. Prokaryotes are unicellular microscopic organisms, that unlike the 

third kingdom, Eukaryotes, have no nucleus and other membrane bound organelles 

(Matheron & Caumette, 2015). Extremophiles can be classified based on the 

optimal temperature and pH ranges which support their metabolic lifestyle. 

Thermophiles are microorganisms which grow optimally at temperatures between 

50 °C and 70 °C, and hyperthermophiles thrive from 75 °C to over 120 °C 

(Castenholz, 1969; Stan-Lotter, 2012). Acidophilic species can be moderate, strict 

or extreme with their optimal growth conditions within the range of pH 5.5 to <pH 

3, while alkaliphilic species have an optimal growth range from pH 7 to pH 12 

(Normand et al., 2015). Microorganisms can be further classified based on their 

metabolic lifestyle and oxygen dependency which ranges from a strict aerobe to 

strict anaerobe (Sand, 2003). 

Research on extremophiles from geothermal environments has many 

biological and economic benefits. Geothermal exploration provides an insight into 

the Earth’s ecosystem over the past ~3.8 million years due to the similarities present 

in physicochemical conditions (high levels of gases, temperatures and extreme pH 

variations) (Cowan et al., 2012; Cayol et al., 2015). This research has been pivotal 

in helping us understand and expand our known tree of life. Extremophile research 

can also provide insight into basic molecular knowledge of microorganisms, 

importantly, the enzymes from geothermal microbes which today have formed a 

multibillion-dollar industry with their application to detergents, pharmaceutica ls, 
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agriculture and biotechnology (Rothschild & Mancinelli, 2001). Most importantly, 

extremophiles can be used to understand ecological processes and a variety of 

metabolisms present in different extreme environments.  

 

1.2.1 Archaea in geothermal environments 

Archaea are one of the main groups of organisms known to thrive in extreme 

environments with their enhanced ability to adapt to extreme conditions 

(Rampelotto, 2013). Historically, this domain was thought to include 

predominantly extremophiles within strict high-temperature, acidic or anoxic 

environments, however today Archaea display a more ubiquitous distribution 

(DeLong & Pace, 2001; Kan et al., 2011). Archaea are found within soils, lake and 

marine water and sediments, as well as geothermal environments, and are the only 

prokaryotes to thrive above 100 °C (extreme thermophiles) (DeLong & Pace, 2001; 

Kan et al., 2011; Coman et al., 2013; Cayol et al., 2015). Even with the advances in 

high-throughput sequencing technology, the diversity of Archaea is still relative ly 

understudied (Kan et al., 2011). One of the main areas where geothermal archaeal 

diversity is studied is YNP, USA, which comprises over 10,000 geysers, pools and 

vents. Large scale analysis of archaeal diversity in Yellowstone revealed 

Thaumarchaeota as the dominant phylum (Kan et al., 2011). Thaumarchaeota are 

one of the most abundant Archaea on Earth, which were initially classified as 

‘mesophilic Crenarchaeota’ before the emergence of comparative genomics 

(Pester et al., 2011). This phylum (Thaumarchaeota) has been discovered in many 

diverse environments, including freshwater lakes and hotsprings, as well as in 

association with animals (Caumette et al., 2015). All known archaeal ammonium 

oxidisers are included in this phylum, and these play a key role in global 

nitrification (Pester et al., 2011; Cowan et al., 2012). This phylum diverged before 

the split of two other major hyperthermophilic archaeal phyla, Crenarchaeota and 

Euryarchaeota (Pester et al., 2011). Crenarchaeota are a dominant archaeal phylum 

found in geothermal hotsprings at temperatures above 50 °C and low to neutral pH 

(Purcell et al., 2007; Cole et al., 2013; Wang et al., 2013; Sharp, Brady, et al., 2014). 

Crenarchaeota includes anaerobes, facultative anaerobes and aerobic thermophiles, 

and are split into three orders; Sulfolobales, Desulfurococcales, and 

Thermoproteales (Caumette et al., 2015). Sulfolobales are extreme thermophil ic 
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acidophiles which thrive at low pH (1-5) and high temperature (65-90 °C). 

Desulfurococcales are neutrophilic or acidophilic thermophiles which thrive at 

85 °C to 106 °C. Their main habitats include deep sea hydrothermal vents (black 

smokers) as well as hot terrestrial systems such as hotsprings and mud pools 

(Caumette et al., 2015). Thermoproteales include both thermophiles and 

hyperthermophiles which grow optimally between 75 °C and 100 °C, and pH 3.7 

to 7.0 (Caumette et al., 2015). Euryarchaeota are more diverse than Crenarchaeota 

and have been discovered in all types of environments including marine, desert and 

terrestrial ecosystems (Caumette et al., 2015). Within Euryarchaeota are a major 

group of Archaea known as the methanogens. Methanogens are strict anaerobes 

which produce methane (CH4) via energy metabolism as a carbon source for 

methanotrophic organisms present within the ecosystem (Coman et al., 2013; 

Caumette et al., 2015). Methanogens are split into two categories; class I and class 

II. Class I includes Methanobacteriales, Methanococcales, and Methanopyrales, 

while class II includes Methanocellales, Methanomicrobiales, and 

Methanosarcinales (Caumette et al., 2015).  

Phylogenetic ribosomal RNA analysis of samples taken from Obsidian Pool, 

YNP led to the discovery of a new phylum, Korarchaeota (Barns et al., 1996; 

Auchtung et al., 2006). This deep-branching phylum was proposed to have diverged 

before the split of Crenarchaeota and Euryarchaeota (Reigstad et al., 2010; 

Auchtung et al., 2011). Korarchaeota 16S rRNA sequences have been isolated from 

hydrothermal environments globally, such as Iceland, Russia and Japan, and cluster 

phylogenetically based on location and environmental variables. This suggests a 

high degree of endemism within this phylum (Reigstad et al., 2010; Auchtung et al., 

2011). The first isolated genome from this phylum was ‘Candidatus Korarchaeum 

cryptofilum’ sequenced in 2008. This species relies on simple peptide fermentat ion 

for carbon and energy, suggesting a lifestyle as a symbiotic organism or effic ient 

scavenger (Elkins et al., 2008; Reigstad et al., 2010). Further in 2011, the genomic 

analysis of ‘Candidatus (Ca.) Caldiarchaeum subterraneum’ (a species discovered 

in a geothermal stream in Japan) placed this species into another deep-branching 

phylum proposed to be named Aigarchaeota (Brochier-Armanet et al., 2011). This 

led to the formation of a proposed acronym ‘TACK’, which includes 

Thaumarchaeota, Aigarchaeota, Crenarchaeota and Korarchaeota (Guy & Ettema, 

2011; Castelle et al., 2015; Petitjean et al., 2015). A further acronym ‘DPANN’ was 
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also developed, including all ultra-small Archaea: Diapherotrites, Parvarchaeota, 

Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaea phyla (Figure 1.1) 

(Castelle et al., 2015; Petitjean et al., 2015). Of these phyla, Nanoarchaeota have 

been linked to geothermal sites. The representative species, ‘Nanoarchaeum 

equitans’ was discovered in a hydrothermal vent in 2002 off the coast of Iceland 

(Huber et al., 2002). The microbial cells are ~400 nm in diameter and grow 

anaerobically between 70-98 °C attached to the surface of crenarchaeal Ignicoccus 

species as an obligate symbiont (Huber et al., 2002; Brochier et al., 2005; Castelle 

et al., 2015). Strains have been found in Obsidian Pool at Yellowstone, and sub-

polar mid ocean ridges (Clingenpeel et al., 2013; Munson-McGee et al., 2015). 

Recently, Wurch et al. (2016) isolated and characterized Nanoarchaeum equitans 

cells from an acidic hotspring in YNP. 

In 2015, Lokiarchaeota was established from mid-ocean sediment samples 

collected in 2010 near the hydrothermal vent known as Loki’s Castle, in the Arctic 

Ocean (Spang et al., 2015). This phylum forms a monophyletic clade with 

eukaryotes, and has increased the complexity of the currently inferred archaeal 

ancestor of eukaryotes (due to the presence of components crucial for the eukaryotic 

lifestyle earlier than previously thought) (Spang et al., 2015). Discoveries over the 

past decade of Korarchaeota, Aigarchaeota, and Lokiarchaeota have given a new 

insight into the true root of the Archaeal tree due to their deep-branching nature 

within Archaea and Eukaryotes (Figure 1.2) (Petitjean et al., 2015). 

In summary, Archaea are a diverse and expanding domain. Recent 

discoveries have highlighted their increasing abundance in a range of extreme 

environments, and led to the reclassification of numerous species, and the formation 

of the new super-phyla, ‘TACK’ and ‘DPANN’. These discoveries have improved 

our understanding of the known tree of life and emphasized the large majority of 

archaeal species that are yet to be discovered. 
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Figure 1.1: Phylogenetic tree with “TACK” and “DPANN” super-phyla and 

Euryarchaeota 

Tree placing 153 subsurface sampled Archaea based on 15-ribosomal-protein concatenated 

alignment. Sourced from Castelle et al, 2015.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Phylogenetic tree showing eukaryotes branching within Lokiarchaeota 

Tree based on Bayesian phylogeny. Sourced from Spang et al, 2015. 
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1.2.2 Bacteria in geothermal environments 

The discovery of Thermus aquaticus (Phylum Deinococcus-Thermus) by 

Thomas Brock in the Lower Geyser Basin of YNP in 1969, was one of the first key 

discoveries of Bacteria within geothermal hotsprings. This discovery was the 

beginning of the revolution of DNA amplification with polymerase chain reaction 

(PCR) using a heat stable enzyme from T. aquaticus named ‘Taq’ polymerase 

(Brock, 1997). The phylum Deinococcus-Thermus contains heterotrophic 

organisms which consume the organic matter produced by cyanobacteria and 

primary producers within ecosystems. Members of this phylum are common at 

geothermal sites at temperatures over 50 °C and at neutral pH. Also present in these 

environments are other chemolithotrophic phyla, including Aquificae which are 

ubiquitous in hyperthermophilic communities (Purcell et al., 2007; Cole et al., 2013; 

Mackenzie et al., 2013; Wang et al., 2013; Sharp, Brady, et al., 2014).  

Within geothermal environments, Bacteria commonly form microbial mats. 

These mats consist of stratified layers of microorganisms, dominated by 

thermophilic cyanobacteria which are a fundamental component of Earth’s 

ecosystems due to their role in photosynthesis (Boothroyd, 2009; Coman et al., 

2013; Normand et al., 2015). These mats tend to develop within neutral or alkaline 

hotsprings, with three separate layers: the uppermost layer of cyanobacteria, anoxic 

phototrophs below and a third layer of anaerobic heterotrophs (Coman et al., 2013). 

Colour changes can be observed in the microbial mats across a geothermal 

landscape, which can indicate a change in temperature range facilitating the growth 

of a different dominant species, or a change in the chemistry of the system (Figure 

1.3) (Hreggvidsson et al., 2012). Geothermal microbial mats are common focus 

sites of spatial geothermal studies (Childs et al., 2008; Sharp, Brady, et al., 2014), 

which are more frequently explored than temporal studies. This will be discussed 

in more detail in section 1.3. 
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Figure 1.3: Observed colour variations found in microbial mats at Whakarewarewa 

Village, Rotorua. 

 

Alpha, beta and gamma classes of the phylum Proteobacteria are also 

frequently present in these geothermal waters (Lau et al., 2009; Pagaling et al., 2012; 

Coman et al., 2013; Panosyan & Birkeland, 2014). Some representative species 

include Paracoccus bogoriensis (alpha) and Tepidicella xavieri (beta) retrieved 

from a 55 ºC hotspring at pH 8 in Romania, and the genus Lysobacter (gamma) 

within an Armenian hotspring (~44 ºC, pH 7.0-7.2) (Coman et al., 2013; Panosyan 

& Birkeland, 2014). Other phyla including Acidobacteria, Bacteroidetes and 

Firmicutes have been isolated from 55-65 ºC, slightly alkaline springs across Tibet, 

Patagonia and Romania (Lau et al., 2009; Coman et al., 2013; Mackenzie et al., 

2013). Acidobacteria and Firmicutes are major phyla of Gram-positive bacteria, 

while Bacteroidetes is composed of three classes of Gram-negative bacteria 

(Caumette et al., 2015). Interestingly, these heterotrophic groups are not 

specifically associated with geothermal environments. However, as our knowledge 

of these groups increases, it is becoming more apparent that their presence is more 

common across a range of environments. These organisms, like Thermus, consume 

organic matter derived from cyanobacteria and other non-sulfur bacteria within 

these ecosystems (Mackenzie et al., 2013).  

Another group of geothermal microorganisms are aerobic methanotrophs 

which use methane as their sole source of carbon and energy (Coman et al., 2013; 

Sharp, Smirnova, et al., 2014). Methanotrophs are members of the 

Gammaproteobacteria and Alphaproteobacteria, and were recently described in 

acidic (pH 1.8 - 5.0), moderate temperature (22.5-81.6 ºC) geothermal pools in New 
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Zealand as part of the Verrucomicrobia phylum (Sharp, Smirnova, et al., 2014). 

These strains were collectively grouped into a new genus, Methylacidiphilum , 

which grows at pH 1, and are therefore the most acidophilic methanotrophs 

currently known (Sharp, Smirnova, et al., 2014).  

In summary, Bacteria dominate geothermal environments at temperatures 

below 100 °C. Their discovery in geothermal sites has grown exponentially since 

the 1960’s, with phyla such as Aquificae and Deinococcus-Thermus commonly 

isolated from most thermophilic geothermal communities. Microbial mat 

communities are an ideal environment for spatial geothermal studies. Gradients in 

abiotic factors, such as temperature, can be linked to changes in dominant microbia l 

phyla visualized by colour differentiation. 

 

1.3 Microbial biogeography 

Biogeography describes the distribution of organisms through ecological 

time and space. This proven concept suggests that macro-organisms, such as plants 

and animals, which are subject to dispersal limitation, will form isolated 

populations across the globe based on variable environmental factors. An opposing 

theory has been proposed for microorganisms, due to their advanced ability to 

disperse, produce spores, and rapidly adapt to their new environment, that these 

organisms rarely form geographically isolated populations, and that conceivably 

“everything is found everywhere” (Fenchel, 2003; Papke et al., 2003). Many studies, 

however, on microbial communities and associated abiotic and biotic factors have 

highlighted the importance of local environmental conditions and their influence on 

microbial communities. The large majority of these studies have focused on non-

geothermal sites. These studies range from microbial communities associated with 

temperate soils, river and ocean gradients as well as horticultural applications, and 

all highlight the presence of geographically distinct populations, based on several 

influential environmental factors (Fortunato et al., 2012; Pasternak et al., 2013; 

Bokulich et al., 2014). 

In geothermal environments, the limited number of studies also suggest that 

thermophilic microbial communities are subject to local environmental conditions 

and historical dispersal limitation events, which can cause the formation of 

geographically isolated populations, regionally and globally (Whitaker et al., 2003; 
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Takacs-Vesbach et al., 2008; Bahl et al., 2011; Sharp, Brady, et al., 2014). These 

studies suggest that geothermal microbial communities have greater species 

richness and biodiversity than previously thought, which suggests that local 

populations affected by dispersal barriers may face rapid extinction if efforts are 

not directed at conserving them (Bahl et al., 2011). This concept, in relation to the 

abiotic and biotic factors expanded upon in section 1.5, demonstrates the 

importance of understanding local microbial communities within geothermal 

regions, as temporal alterations to these factors could lead to dramatic shifts in 

community structure and composition.  

 

1.4 Hotspring microbial communities changing over time 

Geothermal springs are scattered throughout the globe, in both terrestrial 

and marine settings. The most common and extensively studied springs are in Japan, 

Iceland, New Zealand, United States, Russia, Italy and North Africa (Sayeh et al., 

2010; Stan-Lotter, 2012). They provide an ideal environment to study geochemica l 

conditions spatially and temporally, as well as their variable ability to constrain 

microbial communities (Alsop et al., 2014).  

An initial study used a DNA fingerprinting method to evaluate seasonal 

distribution of microbial mat populations within an effluent channel of Octopus 

Spring, YNP, USA (Ferris & Ward, 1997). Populations were seasonally sampled at 

sites along a thermal gradient, with results revealing that populations collected at 

the same, or temperature-equivalent sites, only exhibited slight changes in 

fingerprints over the annual study period. Seasonal variations in phototrophic 

microbial mat populations and geochemistry were therefore not present in this study, 

although light reduction did play a role in the ability of a green non-sulfur bacterium 

to inhabit the extremely high temperature sites (Ferris & Ward, 1997). A similar 

study expanded the long-term investigation to include removal of ultravio let 

radiation (UVR) in two alkaline lakes at YNP. This study indicated that, within a 

temperature range of 40-47 ºC, community structure was stable during summer, 

either with or without UVR (Norris et al., 2002). Although the communities were 

relatively constant throughout variations in UVR levels, competence values for 

photosynthesis for UVR-restricted photosynthetic cyanobacteria at the surface were 

lower than those communities maintained under UVR. This decrease in 
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photosynthetic ability was hypothesized to reflect changes in gene expression of the 

dominant species, not species composition variations (Norris et al., 2002).  

Following these initial findings, Lacap et al. (2007) published the first long-

term seasonal dynamics study on thermophilic cyanobacteria-based microbial mat 

communities within tropical geothermal springs, on the island of Luzon in the 

Philippines. In direct contrast to previous studies where results suggested no 

significant seasonal variations in temperate hotspring microbial communit ies 

(Ferris & Ward, 1997; Norris et al., 2002), this study described a pronounced 

seasonal effect based on species richness, standing biomass, and abundance of 

microbial communities in these tropical hotsprings over the 21-month study period 

(Lacap et al., 2007). Synechococcus phylotypes in lower-temperature pools, and 

Fischerella and Oscillatoria-like phylotypes in warmer pools, were identified as 

the main cyanobacterial genera accounting for seasonal dynamics. Over the dry 

season (Jan-Apr), an increase in species richness was observed, in contrast to the 

wet season (Jul-Oct) when species richness decreased (Lacap et al., 2007). The 

authors noted that although seasonal variations altered the richness of certain 

phylotypes, the overall taxonomic composition of the mats did not change 

significantly. Temperature was the primary driver for variations in site diversity, 

and due to the lack of variation observed in previous temperate sites (Ferris & Ward, 

1997; Norris et al., 2002) these tropical environments were clearly functioning 

under a different set of ecological variables (Lacap et al., 2007).  

A further study on seasonal shifts within three geothermal hotsprings in 

Patagonia (Cahuelmo Hotspring, Porcelana Geyser, and Porcelana Hotspring) using 

DNA fingerprinting analysis, revealed temperature as the main, but not the singular 

driving factor of bacterial community composition and structure (Mackenzie et al., 

2013). Samples within Porcelana Hotspring showed 40% similarity between winter 

(June) and summer (December) 2009 although temperature varied by 7ºC, whereas 

no variation was observed in Cahuelmo Hotspring and Porcelana Geyser 

communities (Mackenzie et al., 2013).   

A multi-year study by Siering et al. (2013) at Boiling Springs Lake, USA, 

monitored the environmental conditions and integrated them with microbial water 

samples collected in July 2004 and 2009. Boiling Springs Lake is located in Lassen 

Volcanic National Park, California, and has an average temperature of 52 °C, a pH 

of 2.0, and distinct geochemical conditions to other major geothermal systems 
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found globally (Siering et al., 2013). A seven-year study using T-RFLP analysis 

indicated low community variation, despite a seasonal temperature cycle. Greater 

environmental variability was noted during the winter months, compared to the 

summer months. Although microbial samples were not collected annually, the data 

suggest the absence of a temporal effect of environmental factors on the microbia l 

community of Boiling Spring Lake (Siering et al., 2013). 

A study by Briggs et al. (2014) revealed atmospheric precipitation as a key 

driver of seasonal microbial community variations in hotsprings of Tengchong, 

China. The source water of these hotsprings was solely meteorically driven which 

resulted in rapid variations in the volume of surface water input, based on 

seasonality, and subsequent rainfall. From January to June (2011), significant 

changes in microbial community structure were observed due to atmospheric 

precipitation into the hotsprings, which led to an increase in the abundance of non-

thermophilic microbes derived from the surrounding environment (Briggs et al., 

2014).  

A final geochemical study at Obsidian Pool (YNP) from 2000 to 2010 used 

16S rRNA analysis to monitor community dynamics of Bacteria and Archaea in 

parallel (Havig et al., 2011). A decrease in bacterial abundance was observed and 

correlated with a decrease in pH, however archaeal abundance did not change 

significantly between 2005 and 2010. This indicated an increase in bacterial species 

richness which suggested an increase in energy availability at lower pH (Havig et 

al., 2011). Temperature and pH had the most impact on the microbial community, 

and strong links were observed between environmental parameters and the 

functional diversity of the microbial community (Havig et al., 2011).  

To summarize, the findings from these temporal studies highlight the 

difficulty in forming a consensus about microbial community dynamics at 

geothermal sites. Some studies identified temperature and/or pH as the main drivers 

of temporal changes in microbial communities (Lacap et al., 2007; Havig et al., 

2011; Mackenzie et al., 2013), while others demonstrated stable microbia l 

communities in the presence of changing environmental variables (Ferris & Ward, 

1997; Norris et al., 2002; Siering et al., 2013). Combined, these findings highlight 

the need for more research into temporal variations of microbial communities in 

association with abiotic factors. 
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1.5  Factors influencing geothermal microbial growth  

To investigate changing microbial communities over time, the local 

physicochemical environment needs to be analysed as changing abiotic factors can 

shape and constrain the taxonomic and metabolic composition of  ecosystems 

(Alsop et al., 2014). Microbial communities inhabiting terrestrial and marine 

environments are influenced by multiple chemical, physical and biological factors, 

including pH, temperature, minerals and nutrients, water and redox potential (Sand, 

2003; Sayeh et al., 2010; Gilbert et al., 2012). Despite research efforts, few of these 

factors have been directly linked to variations in the diversity and composition of 

microbial communities which inhabit geothermal systems (Sayeh et al., 2010; 

Briggs et al., 2014). The reason for this gap may be solely because the 

physicochemical conditions of geothermal springs were assumed to remain 

relatively stable over time (Lacap et al., 2007; Briggs et al., 2014). Consequently, 

few studies have investigated these cyclical changes of environmental factors in 

extreme-temperature environments in association with microbial communit ies 

(Briggs et al., 2014; Ward et al., 2017). Environmental conditions can influence 

microbial community dynamics due to changes in the conditions which support the 

optimum growth of each species. Communities can cluster in a consistent way with 

physicochemical parameters presented by the environment (Delgado-Serrano et al., 

2014). Physicochemical factors can change over time or along an environmenta l 

gradient, which can be associated with shifts in community structure and metabolic 

capabilities (Jackson et al., 2001; Macur et al., 2004; Swingley et al., 2012; Ward 

et al., 2017). Specific species may adapt to these growth conditions, ensuring their 

survival and success within a new environmental niche (Norris et al., 2002). 

Although it is generally accepted that environmental factors can influence microbia l 

communities, with a decrease in diversity in more extreme conditions, the relative 

importance of each of these environmental parameters is still debated (Cowan et al., 

2012; Hreggvidsson et al., 2012; Sharp, Brady, et al., 2014). The top five 

physicochemical parameters known to affect microbial life (i.e. temperature, pH, 

water source, elements/minerals/nutrients and redox potential) will now be 

discussed in more detail (Sand, 2003; Sayeh et al., 2010; Gilbert et al., 2012). 
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1.5.1 Temperature 

Temperature is an important driving factor for the growth and survival of 

microorganisms (Normand et al., 2015). At high temperatures, microbial enzymes 

begin to denature which can ultimately lead to cell death, while at low temperatures, 

cell activity slows until dormancy, before reactivation with increasing temperature 

(Normand et al., 2015). Depending on the microbial species, the optimal 

temperature range varies, for example, psychrophiles from 8-15 °C and 

thermophiles from 40-65 °C (Normand et al., 2015). It is generally accepted that as 

temperature increases, community diversity declines (Cowan et al., 2012; Sharp, 

Brady, et al., 2014), and although microbes have the capacity to survive at 

temperatures of >120 ºC, certain phyla, such as cyanobacteria, have an upper limit 

of 74 ºC in order to carry out photosynthesis (due to thermal instability of 

intermediates in the Calvin-Benson-Bassham Cycle) (Castenholz, 1969; Lacap et 

al., 2007; Boothroyd, 2009; Sharp, Brady, et al., 2014; Madigan et al., 2015). 

Several studies have revealed temperature as the dominant factor influenc ing 

microbial diversity in geothermal systems (Lacap et al., 2007; Mackenzie et al., 

2013; Alsop et al., 2014; Sharp, Brady, et al., 2014; Ward et al., 2017), while others 

have revealed that temperature in association with other factors, such as the level 

of oxygen solubility, can be more influential. In high temperature environments, 

oxygen is less soluble in water, resulting in development of anoxic environments 

which are favoured by methanogenic Archaea (Coman et al., 2013). Another study 

found different communities can inhabit geochemically distinct regions of 

geothermal springs, with their distribution based on temperature as well as 

geochemical conditions and oxygen availability (Childs et al., 2008). Precipitate 

samples taken at the sub-aerial, sub-aqueous and water/air interface showed 

communities dominated by thermophilic and moderately acidophilic 

microorganisms, whereas samples taken from the surrounding orange biofilm 

revealed communities of eukaryotic and prokaryotic acidophiles (Childs et al., 

2008). It may be that as temperature increases, other factors, such as chemical 

composition become more important in determining microbial community 

composition (Purcell et al., 2007; Sharp, Brady, et al., 2014). 
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1.5.2 pH 

Hotspring pH is determined by the source and quantity of the geothermal 

fluid, as well as gas constituents (Hreggvidsson et al., 2012). Seasonal weather 

patterns can therefore alter water chemistry over short and long temporal scales 

(Cowan et al., 2012). Generally, hotsprings are split into two categories; acid 

springs (pH 0-6), and neutral to slightly alkaline springs (pH 7-9). Acidic springs 

form when hydrogen sulphide (H2S) is oxidised to sulfur (S) then sulfuric acid 

(H2SO4) by microorganisms. In this process, H2S forms numerous sulfur species 

(elemental sulfur, sulfate, sulphite, thiosulfate and polythionates) which is 

dependent on the availability of complementary physicochemistry. These springs 

are commonly found in the central region of active geothermal systems. Neutral to 

alkaline hotsprings form when the H2S level in the fluid is lower and CO2 becomes 

concentrated. This reduces acidity to within the range of pH 7 to 10 (Cayol et al., 

2015). Other components including HCO3
-, CO3

2- and SiO2 are the main chemical 

compounds that control pH in these environments (Hreggvidsson et al., 2012) These 

hotsprings are located at the edges and surrounding the active geothermal zones 

(Cayol et al., 2015).  

Some studies have indicated that pH is the main driver of microbia l 

community structure in global soil studies, as well as in extreme environments, such 

as hotsprings and acid mine drains (Fierer & Jackson, 2006; Boothroyd, 2009; Chu 

et al., 2010; Jun Liu et al., 2014). Certain species of microorganisms can be 

restricted by pH. For example, cyanobacteria are restricted from environments 

which are highly acidic (pH<4.0) as this degree of acidity does not support their 

growth which is optimised above pH 6 (Lacap et al., 2007). Two categories of 

extremophiles, thermoacidophiles and thermoalkaliphiles, are adapted to these hot 

acidic and alkaline environments at ~pH 2 and ~pH 8, respectively (Stan-Lotter, 

2012; Cayol et al., 2015). An example of an acidophilic species is Picrophilus 

torridus which grows optimally at pH 0.06 (Rampelotto, 2013). Alterations to pH 

have also been linked to changes in community dynamics independent of other 

factors, including temperature. Some trends, such as higher alpha diversity, have 

been observed for slightly alkaline springs compared to acidic springs, as well as 

grouping of acid springs separately from neutral-alkaline spring, independent of 

temperature (Briggs et al., 2014; Sharp, Brady, et al., 2014). This indicates that pH 
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is an important driver of microbial community dynamics in geothermal 

environments.  

1.5.3 Water 

The origin of geothermal water can be atmospheric rainwater, groundwater 

or snow melt (Hreggvidsson et al., 2012). This water penetrates deep into the Earth, 

circulates and becomes concentrated in minerals and gases before resurfacing via 

heat and pressure (Cayol et al., 2015). Seasonally, temperatures and weather 

patterns can rapidly change, which alters the amount of water input into the 

underlying aquifer (Cowan et al., 2012). At the surface, this can lead to alterations 

in the chemical composition of geothermal waters and the inclusion of external 

environmental constituents, such as non-thermophilic species which can change the 

overall community composition (Cowan et al., 2012; Hreggvidsson et al., 2012; 

Briggs et al., 2014).  

1.5.4 Elements, minerals and nutrient availability  

The mechanisms which drive the formation of springs can be inferred 

through the relative concentrations of dissolved elements, such as chloride (Cl-), 

bicarbonate (HCO3) and sulfate (SO4
2-) (Pope & Brown, 2014). As geothermal 

fluids ascend, Cl- remains dissolved in the liquid body throughout boiling, dilution 

and mixing processes, therefore pools with a high concentration of Cl- harbour 

fluids which have rapidly ascended and include little dilution from local 

groundwater (Pope & Brown, 2014). Chloride is an example of a conservative 

component of geothermal fluids. These pools are generally characterised by their 

deep and clear nature at the surface. During this ascent process, CO2 and H2S also 

dissociate into the steam fraction, and can interact with oxygen. If these reduced 

sulfur gases are oxidised, acid-sulfate springs form, whereas if this interaction does 

not occur, bicarbonate springs can form (Pope & Brown, 2014). Other components 

known as non-conservatives are influenced by the precipitation of alteration 

minerals and host rock interactions. An example is iron (Fe), which leaches out of 

host rocks in acid-sulfate springs. Generally, the relative concentrations of major 

components which reflect the reservoir conditions are stable over time, whereas 

components which are influenced by shallow processes, such as boiling and mixing, 

are less stable over time (Pope & Brown, 2014). Alterations to the chemical 

composition of these environments can cause shifts in the dominant species 
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observed; for example, the filamentous cyanobacterium, Oscillatoria 

ampigranulata, prefers warm, sulfide-rich waters compared to the sulfide-intolerant 

species, Mastigocladus laminosus (Boothroyd, 2009). The presence of substances 

such as arsenic can also lead to inhibition of enzymatic activity, with trivalent 

species inhibiting methanogenic organisms (Hetzer et al., 2007). Elements, 

especially sulfur or sulfur compounds such as thiosulfate, are commonly required 

for the growth of microbial species. Many Aquificae, Proteobacteria and 

Crenarchaeota species require sulfur, sulfur monoxide or thiosulfate as a sulfur 

source for growth (Shima & Suzuki, 1993; Kelly & Wood, 2000; Hetzer et al., 2008; 

Albers & Siebers, 2014; Greene, 2014; Nakagawa & Takai, 2014; Orlygsson & 

Kristjansson, 2014; Takai & Nakagawa, 2014). The chemistry of geothermal water 

can therefore be a controlling factor for the type of microorganisms found within 

different systems due to the requirement of certain elements for microbial growth. 

Certain elements, such as chloride and iron, can also provide insight into the 

stability and mechanisms driving the formation of geothermal hotsprings (due to 

their participation in different processes as conservative and non-conservat ive 

elements).   

1.5.5 Redox potential  

A microbial cell is subject to the harsh geochemical conditions which are 

present in geothermal fluid. In order to remain functionally viable, an extremophile 

must thrive in these conditions or maintain the internal cell environment in a 

reduced state via chemical and phototrophic reactions (Matheron & Caumette, 

2015). Redox potential (Eh) is the measure of a compound’s ability to reduce (gain 

electrons) or oxidise (lose electrons) (Sand, 2003; Madigan et al., 2015). This is 

measured in millivolts and provides a value in reference to standards, H2 and O2 at 

neutral pH (Madigan et al., 2015). A redox reaction is formed of two components, 

known as a couple; the electron donor (low redox potential) donates electrons to the 

electron acceptor (high redox potential) (Madigan et al., 2015; Matheron & 

Caumette, 2015). The electron donor is thereby oxidised and the electron acceptor 

is reduced. During the transfer of electrons, energy is lost. This can be recovered 

and used to synthesize ATP through the phosphorylation of ADP (Matheron & 

Caumette, 2015). Therefore, the greater the difference between the electron donor 
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and acceptor (redox potential), the more energy is produced. Microorganisms are 

able to use oxidants (electron acceptors) for growth (Sand, 2003). 

Microbial activity occurs between the range of -500 mV to +800 mV, which 

is split into narrower ranges for different types of microorganisms (Sand, 2003). 

Microorganisms are able to change the redox potential of fluid via the consumption 

of certain electron acceptors, such as oxygen (McArthur, 2006). In geothermal 

fluids, they are responsible for the oxidation of iron and arsenic and important in 

the oxidation of elemental sulfur to sulfuric acid (Nordstrom et al., 2005).  

 

1.6 Taupō Volcanic Zone 

1.6.1 Setting and formation 

New Zealand is home to a multitude of geothermal features scattered across 

the Taupō Volcanic Zone (TVZ) in the North Island, which hosts a wide range of 

the physicochemical conditions discussed in the previous section (Boothroyd, 

2009). The TVZ, located in the central North Island of New Zealand, includes more 

than 20 active geothermal systems which formed approximately one million years 

ago, and now contains over 4000 individual active geothermal features (Boothroyd, 

2009; Wilson et al., 2012). This zone spans from Mt. Ruapehu in the Central Plateau, 

to White Island in the Bay of Plenty, and is approximately 300 km long (200 km 

land) and up to 60 km wide, as defined by vent positions and caldera structure 

boundaries (Figure 1.4) (Wilson et al., 1995; Boothroyd, 2009; Wilson et al., 2012). 

The TVZ is the dominant locus of late Pliocene to Quaternary volcanic activity 

resulting from subduction of the oceanic Pacific plate from the East, under the 

Australasian plate, on the East Coast of the North Island (Houghton et al., 1995; 

Wyering et al., 2014). As the Australian plate is pulled over the Pacific plate, an 

already weakened zone in the middle of the North Island is being stretched, 

allowing input of volcanic and geothermal activity to this area. The estimated heat 

output from the TVZ is approximately 4200 MW, with most of this energy 

concentrated along the eastern boundary within the Waikato region, which includes 

the longest river in New Zealand, the Waikato River and associated catchments 

(Bibby et al., 1995; Boothroyd, 2009). Individual geothermal features and 

microorganisms have already been studied and isolated from within the TVZ, 
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showing novel taxonomy and function (Hetzer et al., 2007; Stott et al., 2008; Ullrich 

et al., 2013) . 

 

Figure 1.4: Taupō Volcanic Zone  

Location of the TVZ within the North Island (top left insert) and enlarged overview of the locations 

of the geothermal systems within the TVZ. Sourced from Boothroyd, 2009. 

 

1.6.2 TVZ temporal microbial studies 

Several studies have been undertaken in the Waikite – Waiotapu – 

Waimangu geothermal system focusing on the microbial life and temporal 

variations in pool chemistry (Pope et al., 2004; Hetzer et al., 2007). Pope & Brown 

(2014) analysed temporal chemical data from 11 springs at Waiotapu and noted that 

depending on the nature of elements in geothermal fluid, whether they are 

conserved in the liquid state (e.g. Cl) or affected by shallow reservoir processes (e.g. 

Mg), indicates the likelihood of whether pool chemistry will change temporally. 

Conservative elements which are determined by the reservoir characteristics are 

unlikely to change over a two to eight-year period, compared to other elements 
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which participate in boiling, mixing and host rock interaction processes (Pope & 

Brown, 2014). 

A focus site at Waiotapu is Champagne Pool, the largest geothermal feature 

within this field (~65 m in diameter), which formed over 900 years ago via a 

hydrothermal eruption (Hetzer et al., 2007). The temperature of the pool is 

approximately 75 ºC with a pH of 5.5. The geothermal body is rich in CO 2, trace 

elements and sulfide minerals which form white silica sinter rims around the pool 

edges, also known as the Artist’s Palette (Pope et al., 2004; Hetzer et al., 2007). No 

seasonal variations in temperature and pH were noted from 2004 to 2006 in a study 

by Hetzer et al. (2007), where water levels also remained stable. Although this pool 

has relatively low microbial diversity and biomass, species from the genera 

Sulfolobus, Sulfurihydrogenibium and Paracoccus, representing archaeal and 

bacterial domains, are present in this system (Hetzer et al., 2007; Kaur et al., 2015). 

Due to the high level of dissolved gases, including CO2, H2 and O2, this is an ideal 

environment for hydrogen-oxidizing microorganisms such as 

Sulfurihydrogenibium species (Hetzer et al., 2007).  

Diverse microbial communities are found on the sinter rims surrounding 

Champagne Pool (Pope et al., 2004). Several studies have shown that diurnal 

variations in chemistry are present, and possibly driven by microbial activity (Pope 

et al., 2004; Ullrich et al., 2013). Changes were typically noted during the night and 

early morning when antimony (Sb) and arsenic (As) concentrations were high 

during the daytime and low at night (Ullrich et al., 2013). It was suggested that 

alterations to fluid oxidation and chemistry occur downstream in a diurnal pattern 

due to the addition of oxygen via photosynthesis by microorganisms, as well as the 

metabolizing of thiosulfate and sulfide to form sulfate by sulfur-oxidizing bacteria 

(Pope et al., 2004; Ullrich et al., 2013). These studies outline the importance of 

combining ecological and geochemical investigations of geothermal environments, 

and demonstrate that diurnal variations in chemistry are present in the discharge of 

Champagne Pool (Pope et al., 2004).  

A recent study by Ward et al. (2017) was undertaken at Inferno Crater Lake, 

Waimangu. Inferno Crater Lake has a thermal cycle which varies between 30-80 °C 

over a 40-60 day period, while pH remains stable (pH 2.0-2.5). Multiple processing 

methods including qPCR and 16S rRNA gene amplicon pyrosequencing were used 

to quantify and characterize the microbial community in parallel with geochemica l 
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analyses (Ward et al., 2017). When the temperature exceeded 65 °C, the community 

was dominated by archaeal Sulfolobus species, while at lower temperatures the 

community was mixed. Temperature was the only significant variable associated 

with community dynamics (Ward et al., 2017). This study, unlike previous studies, 

was able to monitor microbial community dynamics in a natural model environment. 

It is a challenge in such an environment to interpret microbial community response 

with the variation in environmental factors linked or covariable, such as 

temperature and pH. This study was able to focus on temperature as the driving 

factor due to the stability of pH, which is important in temporal microbial research.    

So far, these temporal microbial studies in the TVZ have focused on a single 

site, either Waiotapu or Waimangu (Hetzer et al., 2007; Ullrich et al., 2013; Pope 

& Brown, 2014; Ward et al., 2017). At Waiotapu, seasonal variations in 

physicochemical variables and microbial communities are not apparent, with an 

exception being the discharge from Champagne Pool (Pope et al., 2004; Ullrich et 

al., 2013). Sites at Waiotapu display a bimodal pH range from 2-4 and 5-8.5, with 

a gap between pH 4-5 (Pope & Brown, 2014). This pH range limits the microbia l 

environments available to study at this site. At Inferno Crater Lake, the natural 

thermal cycle and constant pH provides an ideal environment to study the microbia l 

community’s response to temperature, while removing pH as a driving factor for 

temporal variations. Considering these studies, there is still a large knowledge gap 

in our understanding of microbial dynamics within the TVZ, with over 4000 active 

geothermal features to categorise. Many studies, like those described above, focus 

on temporal changes at single sites, or a limited number of sites within a single 

geothermal system. This removes the ability to study biogeographical patterns in 

microbial communities. Further temporal research needs to be focused on a range 

of geothermal systems in the TVZ with emphasis on varying pH. 

 

1.7 Research aims  

The aim of this Master’s research was to investigate the temporal dynamics 

of microbial communities in association with physicochemical parameters of 

geothermal hotsprings of the TVZ, with an emphasis on varying pH. This research 

was part of a larger project established in 2012 called the “1,000 Springs Project” 

which was a collaborative project between GNS Science and the University of 
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Waikato, with the aim of studying the physicochemical and microbial diversity of 

1,000 geothermal features within the TVZ (http://1000springs.org.nz/). This project 

was undertaken as part of the PhD of Jean Power at GNS Science Taupō. The 

information derived from this large-scale study is publicly available on the 1,000 

Springs website (www.1000springs.org.nz), and provides the background for my 

thesis. The hypothesis of this research was; “temporal changes in physicochemica l 

variables will elicit changes in the microbial communities inhabiting each of the 

target pools”. The aims of this Master’s research include; firstly, the selection and 

temporal sampling of target pools from the 1,000 Springs project database at a set 

temperature range and varied pH levels; secondly, the quantification and 

sequencing of microbial DNA and geochemical analysis from temporal samples, 

and finally, the comparison of geochemical and microbial community data at each 

site to determine any temporal shifts present, and if present, the investigation of the 

driving factors facilitating changes to microbial community composition and 

structure. The temperature range from which the target hotsprings were selected 

was 60-70 °C, while pH was at 3, 5, 7, and 9. These conditions were chosen to 

reduce the complexity of the system, in terms of reducing microbial diversity, and 

removing diurnal cycles from photosynthesis which occur at 50 °C and below.  

The methods used in this thesis were developed for the 1,000 Springs project 

including field methods and laboratory protocols. Field sampling was undertaken 

by myself with the aid of Dr. Matthew Stott (Scientist), Jean Power (PhD 

student/Advanced Research Assistant) and Hanna Peach (Technician) from GNS 

Science Taupō. I prepared the microbial samples for sequencing that was run by 

John Longmore (University of Waikato). Geochemical analyses were processed at 

the Extremophile Research Group laboratory at GNS Science by myself, Jean 

Power, Karen Houghton and Hanna Peach, the New Zealand Geothermal Analyt ica l 

laboratory, and at the University of Waikato by Steve Cameron and Ronald Ram. 
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2 Chapter Two:  

Temporal dynamics of microbial communities 

in geothermal hotsprings of the Taupō 

Volcanic Zone 

2.1 Introduction 

A central goal of microbial ecology is to understand how environmenta l 

conditions can shape community composition and function. Different species 

exhibit optimal growth under different environmental conditions, and thus changes 

in these conditions can influence community dynamics. Communities can cluster 

in a consistent way, both temporally and spatially, with physicochemica l 

parameters presented by the environment, which can elicit a shift in the community 

structure and function (Jackson et al., 2001; Macur et al., 2004; Swingley et al., 

2012; Delgado-Serrano et al., 2014; Ward et al., 2017). In the past decade, a large 

number of studies in non-geothermal environments have explored this trend in 

regards to microbial biogeography at both spatial and temporal scales, and have 

identified the presence of geographically isolated communities based on local 

environmental conditions (Fierer & Jackson, 2006; Chu et al., 2010; Bahl et al., 

2011; Griffiths et al., 2011; Fortunato et al., 2012; Pasternak et al., 2013; Zheng et 

al., 2013; Livermore & Jones, 2015; Salazar et al., 2015). Although limited, the few 

studies that have explored biogeographical patterns in geothermal systems also 

suggest that thermophilic communities are subject to harsh physiological conditions 

and historical dispersal limitation events, which can cause the formation of 

geographically isolated populations, both regionally and globally (Fenchel, 2003; 

Whitaker et al., 2003; Takacs-Vesbach et al., 2008; Herbold et al., 2014). One 

reason why few studies have explored temporal patterns in geothermal microbia l 

communities (relative to spatial patterns), may be that the physicochemica l 

conditions of geothermal systems were assumed to remain relatively stable over 

time (due to the consistent depth from which the source waters are derived). This 

assumption  is supported by a number of geothermal studies (Ferris & Ward, 1997; 

Norris et al., 2002; Siering et al., 2013), while other studies highlight the presence 
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of temporal physicochemical and microbial community patterns (Lacap et al., 2007; 

Havig et al., 2011; Mackenzie et al., 2013). These opposing findings demonstrate 

the difficulty of forming a consensus on the presence of temporal microbia l 

community dynamics at geothermal sites, highlighting the need for more research 

in this area.  

The Taupō Volcanic Zone (TVZ) is an iconic feature of New Zealand’s 

natural landscape, presenting a wide range of geothermal features ideal for 

improving our understanding of how microbial communities respond to changing 

physicochemical variables. Several geothermal features and microorganisms have 

already been studied and isolated from the TVZ, demonstrating novel taxonomy 

and function (Hetzer et al., 2007; Stott et al., 2008; Ullrich et al., 2013). However, 

temporal studies in the TVZ are limited and only focus on single sites. For example, 

Ullrich et al. (2013) reported diurnal variations in chemistry in the surrounding 

sinter rims of Champagne Pool, Waiotapu, where antimony and arsenic 

concentrations were highly concentrated during daytime and typically low at night 

- possibly driven by fluid oxidation and metabolic processes of sulfur-oxidizing 

bacteria (Ullrich et al., 2013; Pope & Brown, 2014). An additional study by Ward 

et al. (2017) explored the temporal fluctuations of Inferno Crater Lake, Waimangu, 

which has a thermal cycle from 30-80 °C over a 40-60 day period. They found that 

the community was dominated by archaea at temperatures above 65 °C, while at 

lower temperatures a mixed community of archaea and bacteria was present. 

Temperature was the only significant variable associated with community change 

in this study (Ward et al., 2017). These studies demonstrate the presence of dynamic 

physicochemical and microbial communities in the TVZ, however they did not 

explore the potential variation observed across multiple sites and varied pH. To 

investigate this, a more extensive temporal sampling of 12 hotsprings at consistent 

temperature (60-70 °C) and varied pH groups (3, 5, 7 and 9) was undertaken in four 

geothermal systems of the TVZ (Rotorua, Waiotapu, Atiamuri, Ohaaki). In this 

study, we tested two hypotheses surrounding the microbial community’s response 

to changing physicochemical variables. The first hypothesis, based on previously 

published studies (Lacap et al., 2007; Briggs et al., 2014), was that temporal 

changes in physicochemical variables would drive changes to microbial community 

composition and structure. Further, we hypothesized that seasonal patterns in 

rainfall would influence changes in pool chemistry based on variable water input. 
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We tested the first hypothesis by combining microbial community (16S rRNA, Ion 

Torrent) and physicochemical analyses of water samples collected bimonthly 

(December 2015 to October 2016) from the target hotsprings. The physicochemica l 

variables were correlated with changes observed in community abundances at both 

phylum and genus level to determine the primary physicochemical drivers at each 

site. The second hypothesis was tested by analysing and correlating rainfall and 

geothermal bore water datasets with the physicochemical variations at the target 

hotsprings. Together, these data can enhance our understanding of how temporal 

physicochemical patterns influence microbial community composition and 

structure in geothermal environments. 

 

2.2 Materials and methods 

2.2.1 Site selection and description  

Hotsprings were chosen based on set criteria; within a temperature range of 

60-70 °C and at a pH of 3, 5, 7, or 9; ease of access for sample collection over a 

two-day period and within a range of geothermal systems 

(http://www.1000springs.org.nz/). For this study, four geothermal systems within 

the TVZ were targeted for temporal analysis; Rotorua, Waiotapu, Ohaaki and 

Atiamuri (Figure 2.1).  

The Rotorua geothermal system is located in the southern section of the 

Rotorua caldera which formed via the Mamaku ignimbrite eruption 220,000 – 

230,000 years ago (Wood, 1992; Milner et al., 2003). The surface area of the 

geothermal field spans approximately 31 km2 including Lake Rotorua (8 km2) 

(Bibby et al., 1995). Two of the primary geothermally active sites within the 

Rotorua geothermal system are Whakarewarewa/Te Puia and Kuirau Park. The 

geothermal fluids at these sites are generally alkaline, high chloride and low sulfate 

in chemistry and ascend through shallow rock units, where hydrology is highly 

influenced by the rock permeability (Wood, 1992; Scott & Cody, 2000). Kuirau 

Park is in the SE corner of the Rotorua geothermal field within the central Rotorua 

district (Wood, 1992; Glover & Mroczek, 1998; Scott & Cody, 2000).  

Whakarewarewa is located south east of Kuirau Park where upflow fluids of 250 °C 

are derived from fractured ignimbrites (Wood, 1992; Glover & Mroczek, 1998). 

The largest geyser in the southern hemisphere, Pohutu, is located at 
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Whakarewarewa/Te Puia and is part of the wider sinter terrace known as Geyser 

flat (Scott & Cody, 2000). 

Waiotapu is part of the Waikite – Waiotapu – Waimangu geothermal system 

located 27 km south of Rotorua (Figure 2.1). The Waiotapu geothermal field has a 

surface area of approximately 17 km2 encompassing a collection of geothermal 

features legally protected within the Waiotapu Thermal Wonderland tourist park 

(Hetzer et al., 2007; Pope & Brown, 2014; Waikato Regional Council, n.d; 

Waiotapu Thermal Wonderland, n.d). Geochemical analyses of the system’s fluids 

indicate chloride-rich discharges, mostly controlled by the dissolution of basement 

rock and mineral interactions within the reservoir (Giggenbach et al., 1994; Pope 

& Brown, 2014). Hotspring pH across the Waiotapu geothermal field displays a 

bimodal distribution, with peaks at both pH 2-4, and pH 5-8.5, with a gap in the pH 

4-5 range (Pope & Brown, 2014). This distribution pattern is also observed at YNP, 

USA, and reflects the different mechanisms governing spring formation and 

maintenance, possibly influenced by microbial metabolic activity (Fouke, 2011; 

Pope & Brown, 2014). 

The Ohaaki geothermal system (Figure 2.1) is located 20 km north of Lake 

Taupō and spans approximately 14 km2 (Bibby et al., 1995; New Zealand 

Geothermal Association, 2010b). Exploitation since the 1990’s after the completion 

of the Ohaaki power station (Contact Energy) has led to impairment or destruction 

of the existing hotsprings and geysers due to widespread surface flooding (New 

Zealand Geothermal Association, 2010b, 2010a; Waikato Regional Council, 2012). 

The main pool in this field is known as Ohaaki Ngawha, and is now classified as a 

significant feature within a developed geothermal system. Due to the disruption of 

input flow, Ngawha is now fed by a bore water system (Waikato Regional Council, 

2012). 

Atiamuri is the smallest of the selected geothermal systems spanning 

approximately 8 km² and located 40 km north of Lake Taupō (Figure 2.1) (New 

Zealand Geothermal Association, 2010b; Ratouis & Zarrouk, 2016). There are two 

main pools, the largest known as Whangapaoa, located in this field which produce 

dilute chloride water of up to 73 °C from deep sources of approximately 200 °C 

(New Zealand Geothermal Association, 2010b; Waikato Regional Council, 2012). 

Atiamuri is classed as a limited development geothermal system under the Waikato 

Region Plan (Waikato Regional Council, 2012).  
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Figure 2.1 Taupō Volcanic Zone 

Smaller inset map at top left shows relative position of TVZ in the North Island. Full map provides 

spatial context and relative size of target geothermal systems.  

 

2.2.2 Field sampling and processing 

Water samples were obtained from target hotsprings every two months from 

December 2015 to October 2016. All equipment including the sampling pole and 

thermocouple were sprayed with 70 % v/v ethanol/water and aired before sampling 

to reduce cross contamination between sites. All vessels that would contain a 

microbiological sample were subject to stringent washing procedures, namely with 

detergent (Extran MA 05, Merck Millipore) and bleach (20% v/v bleach/water 

solution using 5% sodium hypochlorite), followed by a final autoclave step (122 °C 

for 20 min). At each site, temperature was first taken using a thermocouple probe 

attached to a sampling pole. All bottles (2 L and 500 mL polypropylene (PP) 

Nalgene bottles (Thermo Fisher), 250 mL PP Corning centrifuge tubes (Sigma 

Aldrich) and a 330 mL rubber-necked glass bottle) were triple rinsed with spring 

water prior to final water collection. Geothermal water was collected from deep 

springs using a custom-made 316 stainless steel water column sampler (Figure 2.2). 
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Shallow pools were sampled using a sterile 500 mL PP Nalgene bottle connected 

to a clamped sampling pole. At each site, a 2 L PP Nalgene bottle was collected for 

microbial diversity analysis, a 500 mL PP Nalgene bottle for physical parameters 

(pH, redox potential, conductivity, total dissolved solids, turbidity, and dissolved 

oxygen), 250 mL PP Corning tube for soil analysis, a 330 mL rubber-necked glass 

bottle for geochemical analysis (hydrogen sulfide (H2S), bicarbonate (HCO3
-) and 

chloride (Cl-)) and a 50 mL syringe sample (Terumo) for dissolved gas content. The 

syringes were first rinsed with spring water before ~60 mL water was filtered in 

situ into a sterile syringe via a three-way stopcock. Five millilitres of nitrogen gas 

(N2) was then added to the syringe (dispensed to 50 mL, ensuring no air bubbles 

present) and left to equilibrate. Sediment samples from each spring were also 

collected using the clamped sampling pole and 250 mL PP Corning tube and placed 

in an insulated bin with ice packs for transport back to the laboratory. Metadata was 

collected using a custom-made application for the 1,000 Springs Project 

(http://1000springs.org.nz/methodologies). Metadata included feature name, 

location details (including GPS coordinates), description, photographs and sketches, 

with each entry automatically linked to the corresponding sample identificat ion. 

This allowed for zero errors in transcribing data. 

 

Figure 2.2: Sampling procedure using specialized water column sampler and 

personal protective equipment at Ohaaki geothermal field 
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2.2.3 Post-sampling laboratory processing 

In the laboratory, syringe gas volumes were recorded immediately before 

the gas was pushed into a vented gas bag for downstream analysis. The 2L Nalgene 

samples were filtered through a 0.22 µm Sterivex-GP PES column filter (Millipore) 

via a battery operated Masterflex peristaltic pump system (Cole-Parmer, NZ). 

Multiple filters were used for the more turbid samples to ensure adequate biomass 

was collected from the water columns. Filters were stored at -20 °C until DNA 

extraction. Filtered water was collected into three 50 mL centrifuge tubes and two 

15 mL centrifuge tubes, one of which was acidified with 300 µL conc. analyt ica l 

grade nitric acid (HNO3) and the other alkalified with 500 µL 2.4 M sodium 

hydroxide (NaOH). Two 50 mL tubes, both 15 mL tubes and the sediment tube for 

each spring were stored at 4 °C, and the remaining 50 mL tube was stored at -20 °C. 

Physical properties including pH, redox potential, conductivity, total dissolved 

solids, turbidity, and dissolved oxygen were measured using the 500 mL Nalgene 

sample with a multiparameter field meter (Hanna Instruments) in the laboratory. 

The 330 mL rubber-sealed bottles were stored at 4 °C until processing (within 24 

h). 

2.2.4 Geochemical analyses 

Geochemical analyses were undertaken to examine potential correlations 

between environmental parameters and microbial communities at each site. 

Analyses were performed at either the New Zealand Geothermal Analyt ica l 

Laboratory (NZGAL) or the Extremophile Research Group (ERG) laboratory, both 

located at GNS Science Taupō, or at the University of Waikato (UoW) Hamilton. 

Gases stored in the vented gas bags were analysed using a Peak Performer gas 

chromatograph with a flame ionization detector (Peak Laboratories, CA, USA) for 

methane (CH4) and a Peak Performer gas chromatograph with a reducing compound 

photometer (Peak Laboratories, CA, USA) for hydrogen (H2) and carbon monoxide 

(CO). Ferrous iron (Fe2+) was analysed by colorimetric spectroscopy, using a Halo 

VIS-10 visible spectrophotometer (Dynamica, Clayton, Australia) (Wilson, 1960). 

The 330 mL rubber-necked bottles were used to analyse H2S by an iodometric 

method, using a Halo DB-30 ultraviolet-visible double beam spectrophotometer 

(Dynamica, Clayton, Australia), and sulfate (SO4
2-) on a Dionex ICS-5000+ ion 

chromatograph (ThermoFisher, Auckland). HCO3
- was measured through 
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automated titration (Mettler Toledo, Hamilton), while Cl- was analysed by 

potentiometry (Mettler Toledo, Hamilton).  

(https://www.gns.cri.nz/Home/Services/Laboratories-Facilities/New-Zealand-

Geothermal-Analytical-Laboratory/Analytical-Methods). Filtered and acidified 

water samples (15 mL) were diluted 1/50 by weight using 1 g of sample, 48 g 

reverse osmosis (RO) water, and 1 g of HNO3. Diluted samples were used for 

elemental analysis by inductively coupled plasma mass spectrometry (ICP-MS) on 

a PerkinElmer ELAN DRCII model (PerkinElmer, USA). NH4
+, PO4

3-, NO2
-, NO3

- 

were analysed by Flow Injection Analysis on a Lachet 8500 Series II analyser 

(DKSH, Auckland) using the filtered samples (-20 °C).  

2.2.5 Extraction and quantification of microbial DNA 

Genomic DNA was extracted from the Sterivex column filters (Millipore) 

following a modified CTAB protocol developed for the 1,000 Springs Project 

(http://www.1000springs.org.nz/methodologies). Briefly, the filters were thawed 

on ice, and 500 µL 0.8% skim milk powder added to the filter inlet (Takada-

Hoshino & Matsumoto, 2004). Filters were recapped and incubated at 65 °C for 10 

min at 150 RPM in an orbital mixer (Ratek). To the filter inlet, 0.4 mL of cetyl 

trimethylammonium bromide buffer, 0.2 mL phosphate-buffered saline (100 mM) 

and 0.1 mL sodium dodecyl sulfate (10%) lysis buffer was added. The CTAB buffer 

contained 2% cetyl trimethylammonium bromide, 1% polyvinyl pyrrolidone, 100 

mM Tris-HCl, 1.4 M NaCl and 20 mM EDTA. Filters were recapped and glued, 

vortexed on low for 1 min and placed in a rack (Figure 2.3). Filters were then 

reincubated at 65 °C for 45 min in an orbital mixer at 150 RPM (turning filters 

several times). The CTAB extraction buffer was then pushed through the filter into 

a 1.5 mL centrifuge tube using an air-filled 10 mL luer-lok syringe. New CTAB 

buffer (0.7 mL) was then added to the filter inlet, and filters reincubated at 65 °C 

for an additional 15 min as before. The remaining CTAB buffer was collected in 

new 1.5 mL centrifuge tube using the same 10 mL luer-lok syringe. Equal volumes 

of chloroform:  isoamyl alcohol (24:1) were added to each centrifuge tube, vortexed 

to form an emulsion and placed in the centrifuge at 10,000 RCF for 12 min at 4 °C. 

The aqueous layer was collected into a new tube. This step was repeated with 300 

µL chloroform: isoamyl alcohol (24:1) and a final aqueous layer was collected into 

new 1.5 mL centrifuge tubes.   
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Figure 2.3: Labelled and recapped Sterivex column filters (Millipore) used in CTAB 

extraction protocol  

 

To precipitate the DNA an equal volume of isopropanol (C3H8O) and 1:2 

ratio of sodium chloride (5 M) were added to the tubes, mixed by 20 inversions and 

incubated overnight at -20 °C. Samples were then placed in the centrifuge at 13,200 

RCF for 20 min at 4 °C, the supernatant discarded, and the pellet left undisturbed. 

The pellet was then washed with 1 mL 70% AR grade ethanol and spun for 1 min 

at 13,200 RCF. Ethanol was pipetted off, avoiding the pellet, and the tubes were 

dried in a speed vacuum (Thermo Fisher Scientific, USA) for 4 – 15 min (checking 

samples every two min). Finally, pellets were re-suspended in 30 µL sterile 1X TE 

(10 mM Tris, 1mM EDTA) by pipetting up and down and vortexing. The two 

centrifuge tubes per sample were pooled into a single tube. DNA was quantified 

using a HS Qubit 2.0 (Life Technologies, Auckland) and stored at -20 °C until 

amplification.    

2.2.6 Ion Torrent preparation 

Polymerase chain reaction (PCR) and the Ion PGM System for Next-

Generation-Sequencing (Ion Torrent) (Thermo Fisher) pipeline were used to 

generate the DNA sequence needed to categorise microbial taxa present in each 

sample. The V4 region of the 16S rRNA gene was amplified using the Ion Torrent 

primer set F515 (5’-GTGCCAGCMGCCGCGGTAA-3’) and R926 (5’-

CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGATCCGYCAAT
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TYMTTTRAGTTT-3’) (Caporaso et al., 2011). PCR reactions (25 µL) were 

performed in triplicate on each sample using 0.2 µM of both forward and reverse 

primers, 0.048 µg/µL BSA, 0.24 mM dNTPs, 1.2X PCR buffer, 3 mM MgCl2, 0.6 

U TAQ and 1 ng DNA. Prior to DNA addition, the PCR master mix was treated 

with ethidium monoazide bromide (EMA, 1 mg/mL stock) to remove reagent 

introduced exogenous DNA contamination following the method of Ruekert & 

Morgan, 2007. The amount of EMA added varied for each batch of the reagent 

made. This was determined by serial dilution and the resultant highest concentration 

that did not inhibit PCR (a 1/100 dilution was typical). One minute dark and light 

incubations on ice followed. Thermocycler conditions were held at 94 °C for 3 min, 

followed by 30 cycles of 94 °C for 45 sec, 53 °C for 1 min, and 72 °C for 1.5 min, 

with a final incubation at 72 °C for 10 min (Caporaso et al., 2011).                                                                                                                                                                               

The resulting amplicons for each sample were pooled and the concentration 

normalized using a SequelPrep Normalization Kit (Life Technologies, Auckland). 

Briefly, 25 µL of the pooled PCR product was added to a plate well with an equal 

volume of binding buffer, and incubated at room temperature for 1 h. 

Amplicon/binding buffer mixture was removed, and plate wells were washed with 

50 µL of wash buffer to remove residual PCR product. The wash buffer was 

discarded and amplicons eluted with 20 µL of normalized Elution buffer and 

incubated at room temperature for 5 min. Samples were collected into final 

centrifuge tubes, before pooling 2 µL of each sample and storing at 4 °C until 

sequencing.  

2.2.7 Next Generation Sequencing 

Next-Generation sequencing (NGS) using the Ion PGM System allowed 

multiple samples to be sequenced and run in parallel. Sequencing was undertaken 

at the DNA Sequencing Facility at UoW Hamilton using the Ion PGM system with 

a Ion 318v2 chip (Life Technologies). Raw sequences were trimmed and quality 

filtered through a pipeline using mothur and USEARCH (Schloss et al., 2009; 

Edgar, 2010). Raw sequences were first filtered in mothur to remove short and long 

reads and homopolymers. This range was set between 375 and 425 bp and 

homopolymer limit set to 6 bases. A total of 4,303,543 reads were processed in this 

initial filtering step with 2,134,446 reads being retained. Strict primer matching was 

enforced in mothur using a python script which returned 2,074,253 reads (Schloss 
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et al., 2009). Sequences were then quality filtered using USEARCH (ver 9) with a 

maximum expected error of 1%. Sequences were further truncated to 350 bp, 

dereplicated to find duplicated (replicated) sequences before removing all unique 

sequences. Reads were then clustered (97% similarity) followed by chimera 

detection using uchime_ref based against the SILVA 128 SSURef Nr99 database 

(Quast et al., 2013). A total of 1189 OTU’s were identified and 188 chimeras 

discarded. Reads were then mapped to OTU’s (97%) and an OTU table generated 

(Edgar, 2010). The final read count was 1,621,964, with an average of 25,745 (mean) 

reads per sample.  

2.2.8 Data analyses 

Sequence data were processed using a combination of QIIME (Caporaso, 

2010) and R for statistical analysis (R Core Team, 2016). Taxonomic summaries 

for each site were generated and plotted in QIIME (Caporaso, 2010). Sequencing 

and physicochemical databases were brought together in R Studio using the 

“phyloseq” package (McMurdie & Holmes, 2013). Covariance and Pearson’s 

correlation tests were completed in R to assess the relative variation between 

physicochemical variables and dominant phyla at each hotspring across the 

temporal samples (R Core Team, 2016).  

2.2.9 Meteoric data analyses 

Rainfall and geothermal bore water datasets were obtained for the time 

course of this study to associate with patterns observed in the physicochemica l 

conditions of the sampled hotsprings. Geothermal bores from Rotorua were selected 

based on their proximity to the sampling areas. Rainfall data were downloaded from 

the NIWA website and geothermal bore water data were downloaded from the Bay 

of Plenty Regional Council website (Bay of Plenty Regional Council, 2015; NIWA, 

2016). Daily rainfall and bore water level measurements were processed in 

Microsoft Excel. Links between physicochemical variables and rainfall were 

determined by observation only, not based on statistical measures.   
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2.3 Results 

2.3.1 Hotspring selection and sampling 

Temporal sampling was undertaken for 12 target springs (every two months) 

from the TVZ between December 2015 and October 2016 (Supplementary Table 

4.1 and Table 2.2).  Sites were chosen based on temperature, pH and accessibility 

using the 1,000 Springs Project (http://1000springs.org.nz). All target springs 

selected were within the temperature range of 60-70 °C. This was to provide 

consistency between sites and to reduce the overall diversity of the microbia l 

communities (as diversity often decreases with increasing temperature). It was 

hypothesized that community changes would be more apparent in less complex 

community structures. By selecting this temperature range we could also remove 

photosynthesis as a driver for community composition variation. Three springs 

were chosen at each of the following groupings; pH 3, 5, 7, and 9. The init ia l 

selection of candidate springs was conducted using the 1,000 Springs Database. The 

candidate springs were then measured in the field to ensure the final spring selection 

was based on in situ pH values that were as close to the target values as possible. 

By selecting hotsprings at a consistent temperature and varied pH it allowed us to 

examine temporal changes of community composition with emphasis on varying 

pH. The hotsprings were categorized into pH groups (Table 2.1). Locations 

included Rotorua, Atiamuri, Waiotapu and Ohaaki geothermal systems. Eight target 

springs were selected in the Rotorua geothermal field (Figure 2.4). These hotsprings 

were inclusive of all pH’s. Two target springs were selected in the Waiotapu 

geothermal field (pH 5 group), and one spring in each of the Atiamuri (pH 7 group) 

and Ohaaki (pH 9 group) geothermal fields (Figure 2.5). One of the target springs 

in Kuirau Park (Kui2) was sampled but unable to be processed for sequencing due 

to time constraints (the physicochemical conditions for this spring are presented in 

Appendix 4.2). Field sketches and photos of sampling points are presented in 

Supplementary Figures 4.1 and 4.2.  
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Table 2.1: Target hotsprings within pH Groups  

Spring Geothermal field Location pH Group 

Initial temperature 

(°C) 

Whkr1 Whakarewarewa Village Rotorua 3 60.1 

Whkr3 Whakarewarewa Village Rotorua 3 71 

TeP 
Te Puia (Te Whakarewarewa 

Village) 
Rotorua 3 71.6 

Waio1 Waiotapu Thermal Wonderland Waiotapu 5 64.9 

Waio2 Waiotapu Thermal Wonderland Waiotapu 5 59.4 

Kui3 Kuirau Park Rotorua 5 59.2 

Whgpa Atiamuri General Atiamuri 7 63.3 

Kui1 Kuirau Park Rotorua 7 62.2 

Kui2 Kuirau Park Rotorua 7 70.6 

Whkr2 Whakarewarewa Village Rotorua 9 69.5 

Whkr4 Whakarewarewa Village Rotorua 9 63.4 

Ohaaki Ohaaki General Ohaaki 9 70 
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Figure 2.4: Location of geothermal springs within the Rotorua geothermal system 

(A) Relative positions of Rotorua geothermal locations (B) Kuirau Park springs (C) Te Puia and 

Whakarewarewa Village springs. (Source: Google Earth) 
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Figure 2.5: Location of geothermal springs within Waiotapu, Ohaaki and Atiamuri 

geothermal systems 

(D) Waiotapu springs; (E) Ohaaki spring; (F) Atiamuri spring. (Source: Google Earth) 
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Table 2.2: Overview of spring locations and descriptions 

Spring Location pH 
Group 

Geothermal 
System 

Location 
Latitude 

Location 
Longitude 

Description 
Sampling 

dates 

Whkr1 Whakarewarewa Village 3 Rotorua 38° 9'42.02"S 176°15'34.92"E Small stream into V-notch catchment overflowing into lower spring. 
Grey/brown sediment at bottom. Foam on surface and multiple inputs. 

Public, paid entry site. 

Feb, April, 
June, Aug, Oct 

Whkr3 Whakarewarewa Village 3 Rotorua 38° 9'42.03"S 176°15'29.62"E Small grey spring in hollow with sinter embankment on one side with 
overhanging manuka and kanuka trees. Dead branches visible in and around 
spring.  Public, paid entry site. 

Dec, Feb, 
April, June, 

Aug, Oct 

TeP Te Puia (Te Whakarewarewa 
Village) 

3 Rotorua 38° 9'51.28"S 176°15'9.71"E 
Medium, turbid grey spring with several islands in the middle. Most edges 
surrounded by hard sinter and vegetation. Public, paid entry site. 

Feb, April, 
June, Aug, Oct 

Waio1 Waiotapu Thermal Wonderland 5 Waiotapu 38°21'42.58"S 176°22'10.59"E Oyster springs at Waiotapu. Light green cloudy spring with slight overflow 
onto surrounding sinter terrace. No surrounding vegetation.  Public, paid 
entry site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Waio2 Waiotapu Thermal Wonderland 5 Waiotapu 38°21'30.23"S 176°22'10.42"E Large, yellow/green spring at the edge of Artist's Palette. Yellow precipitate 
around edges and overflow onto surrounding sinter. No overhanging 

vegetation.  Public, paid entry site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Kui3 Kuirau Park 5 Rotorua 38° 7'54.95"S 176°14'44.07"E Small, stagnant spring in hollow surrounded by a small patch of vegetation 
fenced and overhanging the spring. Leaf matter at bottom of spring with 
intermittent bubbling and sheen formed on surface. Free, public access site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Whgpa Atiamuri General 7 Atiamuri 38°21'46.8"S 176°03'00.0"E Large, deep blue/green spring with thick sinter rims covered in orange 
biofilm. Scattered manuka and kanuka bushes around edges. Outflow to the 

West. Free, public access site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Kui1 Kuirau Park 7 Rotorua 38° 7'48.13"S 176°14'34.46"E Large spring surrounded by small patch of manuka and kanuka vegetation. 
Small outflow into an adjacent spring. Build-up of brown biomass 
throughout and surrounding the spring.  Free, public access site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Kui2 Kuirau Park 7 Rotorua 38° 7'50.84"S 176°14'29.94"E Large clear blue spring with the remains of a house within it . Fence and long 
grass surrounding the spring. No visible outputs. Physicochemical dataset 

complete (see Appendix 4.2). Sequencing not complete.  

Dec, Feb, 
April, June, 

Aug, Oct 

Whkr2 Whakarewarewa Village 9 Rotorua 38° 9'40.04"S 176°15'28.40"E Long spring in rocky crevasse that flows into Puarenga stream. Input from 
medium hot spring above. Overhanging manuka bushes and white foam on 
surface of spring. Public, paid entry site. 

Dec, Feb, 
April, June, 

Aug, Oct 

Whkr4 Whakarewarewa Village 9 Rotorua 38° 9'44.15"S 176°15'19.90"E Waipuru Spring at Whakarewarewa. Small clear blue/green spring with 
surrounding hard sinter. Manuka and kanuka on one side with some dead 
vegetation and rocks at the bottom and surrounding the spring.  Public, paid 

entry site. 

Dec, Feb, 
April, June, 

Aug, Oct 

O haaki Ohaaki General 9 Ohaaki 38°31'0.48"S 176°18'36.36"E Large blue silica-rich spring with thick white sinter rims. Outflow from 
spring joins Waikato river. Some sparse manuka bushes surround the edges. 
Spring fed by bore water input. Privately owned site.  

Feb, April, 
June, Aug, Oct 
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2.3.2 Observed patterns in spring temperature and pH 

Although hotsprings were selected to be as close as possible to the 

temperature and pH windows based on the 1,000 Springs database, variations in 

these parameters were observed across the temporal samples (Figure 2.6 and 

Supplementary Table 4.2). General observations of the four different pH Groups 

are given below: 

pH 3 GROUP  

Two out of three springs (TeP, Whkr1) in the pH 3 group had consistent pH 

across temporal samples at pH ~2.5 and pH 3, while temperature dropped by 9.8 °C 

and 9.3 °C between February and August, respectively. Whkr3 showed the largest 

increase in pH over the temporal samples, from pH 3.37 to pH 4.77. Temperature 

at this site steadily decreased by 10.4 °C from December to October.  

pH 5 GROUP 

Waio1 and Waio2 had similar and consistent pH and temperature 

measurements across the temporal samples at ~pH 4.8 and 66 °C. The pH at Kui3 

was consistent at ~pH 5.2 across December to April before decreasing across June 

and August to pH 4.47 in October. Temperature at this site decreased significantly 

between February and August (15.2 °C).  

pH 7 GROUP 

pH at Whgpa was the same in December and October (pH 7.55) with small 

fluctuations between pH 7.3 and pH 7.08 across February to August. Temperature 

was ~62.8 °C across the temporal samples, with an increase in February (65.3 °C) 

and decrease in August (60.8 °C). Kui1 and Kui2 pH and temperature 

measurements were consistent across the temporal samples (pH ~6.7 and ~61°C, 

pH ~7.1 and ~70 °C, respectively). 

pH 9 GROUP 

Temperature at Whkr2 was higher across the first two temporal samples at 

~69.6 °C before decreasing to ~65 °C across the final three samples. Following a 

similar trend to temperature, pH was higher across the first three temporal samples 

(December – April) at pH ~8.95 before declining to ~pH 8.75 across the final three 

samples. Temperature at Whkr4 initially decreased from 63.4 °C in December to 

61.1 °C in April before increasing significantly (19.5 °C) to 80.6 °C in October. pH 

was consistent at ~pH 8.35 across December, February, April and October, with 
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lower measurements (pH 7.98, pH 7.76) recorded in June and August. Temperature 

and pH at Ohaaki followed similar trends. Temperature was stable across February 

and April (70, 70.3 °C) then declined to 65 °C in August before increasing to 

67.9 °C in October. pH increased from pH 8.84 – 9.04 (March to April) before 

declining to pH 8.84 in August and increasing to pH 9.0 in October.  

 

Figure 2.6: Temperature vs. pH scatterplot of target hotsprings across temporal 

samples 

Black crosses indicate the first samples taken. Each subsequent dot represents the next sample 

collected in temporal order. Lines show connections between temporal samples across the study 

period (Whkr3 for example). Targeted temperature window indicated by blue shading and pH 

Groups highlighted by pink shading. 

 

2.3.3 Relating spring community variation to physicochemical 

conditions 

To assess the variation in microbial community structure and how it relates 

to the observed physicochemical conditions, changes in the relative abundances (%) 

of phyla across temporal samples were firstly determined at each site and significant 

temporal changes in community composition highlighted. Pearson’s correlation 

coefficient tests were then implemented between dominant phyla (>2% of reads) 

and the typical physicochemical conditions of each hotspring (Table 2.3). Of the 43 
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chemical elements, nutrients and gases measured in each sample, eight chemical 

components and gases (plus temperature and pH) were assessed (Appendix 4.2). 

The selection of these eight variables was based on; their variance and observationa l 

changes in concentrations across temporal samples as well as their covariance and 

correlation with the dominant phyla at each site. See Appendix 4.2 for raw chemical 

datasets. The results of individual spring analyses are presented below in their 

respective pH groups. 
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Table 2.3: Summary table of Pearson’s correlation coefficient association test between dominant phyla and environmental variables at target springs 

Green highlighted squares indicate positive correlation (>0.7) and pink highlighted squares indicate negative correlation (>-0.7) 

P values less than 0.05 are in bold text. Black squares highlight sites where variables were below detection limits  across the temporal samples 

 

   Temperature pH Sodium Sulfate Potassium Total sulfur Silica Methane Chloride Bicarbonate 

Site pH Group Dominant phyla Corr P test Corr P test Corr P test Corr P test Corr P test Corr P test Corr P test Corr P test Corr P test Corr P test 

Whkr1  3 

k_Bacteria;p_Aquificae 0.767 0.13 -0.268 0.66 0.834 0.08 0.443 0.46 0.907 0.03 0.815 0.09 0.381 0.53 -0.643 0.24 -0.008 0.99 - - 

k_Bacteria;p_Proteobacteria -0.747 0.15 0.278 0.65 -0.731 0.16 -0.395 0.51 -0.824 0.09 -0.707 0.18 -0.343 0.57 0.545 0.34 0.139 0.82 - - 

k_Bacteria;p_Thermotogae -0.502 0.39 0.235 0.70 -0.910 0.03 -0.594 0.29 -0.876 0.05 -0.939 0.02 -0.490 0.40 0.758 0.14 -0.615 0.27 - - 

Whkr3  3 

k_Archaea;p_Crenarchaeota 0.928 0.01 -0.946 0.004 -0.110 0.84 0.759 0.08 0.906 0.01 0.380 0.46 -0.643 0.17 -0.601 0.21 0.585 0.22 0.396 0.44 

k_Bacteria;p_Aquificae -0.852 0.03 0.899 0.02 0.018 0.97 -0.686 0.13 -0.895 0.02 -0.426 0.40 0.526 0.28 0.557 0.25 -0.510 0.30 -0.541 0.27 

TeP  3 

k_Archaea;p_Crenarchaeota -0.167 0.79 0.689 0.20 -0.093 0.88 0.069 0.91 -0.126 0.84 -0.684 0.20 -0.032 0.96 -0.186 0.76 0.525 0.36 -0.775 0.12 

k_Archaea;p_Euryarchaeota 0.030 0.96 -0.662 0.22 -0.058 0.93 -0.004 1.00 -0.029 0.96 0.562 0.32 -0.101 0.87 0.198 0.75 -0.504 0.39 0.700 0.19 

k_Bacteria;p_Aquificae -0.250 0.69 -0.250 0.69 -0.319 0.60 -0.322 0.60 -0.290 0.64 0.389 0.52 -0.326 0.59 -0.163 0.79 -0.844 0.07 0.872 0.05 

Waio1  5 k_Bacteria;p_Aquificae -0.571 0.24 -0.547 0.26 0.430 0.40 -0.184 0.73 0.555 0.25 0.044 0.93 0.260 0.62 -0.840 0.04 0.212 0.69 0.476 0.34 

Waio2  5 k_Bacteria;p_Aquificae 0.859 0.03 -0.569 0.24 -0.438 0.38 0.688 0.13 -0.351 0.50 0.497 0.32 -0.255 0.63 -0.660 0.15 -0.356 0.49 -0.815 0.05 

Kui3  5 

k_Bacteria;p_Aquificae 0.476 0.34 -0.024 0.96 0.441 0.38 0.901 0.01 0.523 0.29 0.282 0.59 0.583 0.23 -0.098 0.85 0.377 0.46 -0.487 0.33 

k_Bacteria;p_Proteobacteria -0.438 0.39 0.050 0.93 -0.420 0.41 -0.916 0.01 -0.496 0.32 -0.273 0.60 -0.555 0.25 0.124 0.81 -0.357 0.49 0.455 0.36 

Whgpa 7 

k_Bacteria;p_Armatimonadetes 0.450 0.37 0.929 0.01 0.426 0.40 -0.945 0.004 0.383 0.45 - - 0.576 0.23 -0.073 0.89 0.678 0.14 -0.570 0.24 

k_Bacteria;p_Deinococcus-Thermus 0.566 0.24 -0.485 0.33 0.453 0.37 0.330 0.52 0.456 0.36 - - -0.826 0.04 0.915 0.01 -0.301 0.56 0.560 0.25 

Kui1 7 k_Bacteria;p_Aquificae 0.182 0.73 0.331 0.52 0.213 0.69 -0.035 0.95 0.186 0.72 -0.186 0.72 0.041 0.94 -0.262 0.62 0.586 0.22 -0.385 0.45 

Whkr2 9 

k_Bacteria;p_Aquificae 0.815 0.05 0.731 0.10 0.539 0.27 -0.750 0.09 0.717 0.11 -0.245 0.64 0.168 0.75 0.137 0.80 -0.109 0.84 -0.487 0.33 

k_Bacteria;p_Proteobacteria -0.953 0.003 -0.851 0.03 -0.440 0.38 0.808 0.05 -0.790 0.06 0.411 0.42 0.102 0.85 -0.446 0.38 -0.032 0.95 0.657 0.16 

 Whkr4  9 

k_Bacteria;p_Aquificae 0.935 0.01 -0.390 0.44 -0.713 0.11 0.356 0.49 -0.730 0.10 - - 0.673 0.14 -0.106 0.84 0.251 0.63 -0.561 0.25 

k_Bacteria;p_Deinococcus-Thermus -0.896 0.02 0.340 0.51 0.774 0.07 -0.388 0.45 0.792 0.06 - - -0.628 0.18 0.060 0.91 -0.132 0.80 0.618 0.19 

k_Bacteria;p_Thermodesulfobacteria 0.903 0.01 -0.331 0.52 -0.975 0.001 0.020 0.97 -0.980 0.001 - - 0.501 0.31 0.132 0.80 0.409 0.42 -0.817 0.05 

Ohaaki  9 

k_Bacteria;p_Aquificae 0.015 0.98 -0.359 0.55 0.664 0.22 0.221 0.72 -0.147 0.81 - - -0.376 0.53 0.201 0.75 0.037 0.95 0.665 0.22 

k_Bacteria;p_Deinococcus-Thermus 0.025 0.97 0.377 0.53 -0.673 0.21 -0.185 0.77 0.113 0.86 - - 0.418 0.48 -0.167 0.79 -0.069 0.91 -0.633 0.25 
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pH 3 GROUP 

Whkr1 community 

The Whkr1 community (pH 3 group) was dominated at phylum-level by 

Proteobacteria, Aquificae, and Thermotogae. Proteobacteria 16S rRNA gene 

sequences increased from 3.4% of the total reads in February to 83.5% in June and 

then remained at high read count for August and October 2016. Conversely, 

sequences grouping to Aquificae decreased temporally from 94.5% in February to 

2.3% in October. The percentage of sequences grouping to Thermotogae varied 

across the samples but was always below 20% (Figure 2.7 and Table 2.4).  

Assessment of the temporal chemical concentrations from this site indicated 

a decrease in the concentration of the majority of elements, nutrients and gases 

across the temporal samples (Appendix 4.2). Based on a P<0.05 significance level, 

three of the selected variables, total sulfur, sodium and potassium were significantly 

associated with variation observed in the microbial community at Whkr1. The 

concentrations (ppm) of these variables displayed similar trends (decreasing across 

the temporal samples, spiking in April) (Figure 2.8 and Appendix 4.2). The trends 

observed in total sulfur and sodium negatively correlated with Thermotogae 

(P<0.03, P<0.02), while Aquificae significantly correlated with potassium (P<0.03). 

There was no significant correlation between Proteobacteria abundance and the 

measured variables (Table 2.3).  

 

Figure 2.7: Whkr1 phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads  
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Table 2.4: Whkr1 community percentage of 16S rRNA gene sequence reads 

grouping to genera 

Table representing the percentages of sequences grouped to the most abundant genera observed at 

Whkr1.  

 

Taxonomy Feb April June Aug Oct 

k_Archaea;p_Euryarchaeota;c_Thermoplasmat

a;o_Thermoplasmatales;f_unknown;g_unknown 
0.7% 0.9% 0.2% 0.5% 3.2% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae;g_Aquifex 
4.7% 23.7% 5.5% 3.4% 0.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Hydrogenobaculum 

89.7% 14.5% 2.4% 1.5% 2.3% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Hydrogenothermaceae; 

g_Venenivibrio 

0.1% 0.4% 0.4% 0.1% 0.0% 

k_Bacteria;p_Proteobacteria;c_Deltaproteobac

teria;o_Desulfurellales;f_Desulfurellaceae; 

g_Desulfurella 

0.1% 2.1% 2.2% 6.0% 2.4% 

k_Bacteria;p_Proteobacteria;c_Gammaproteob

acteria;o_Acidithiobacillales;f_Acidithiobacilla

ceae;g_Acidithiobacillus 

3.1% 38.6% 81.3% 70.8% 79.1% 

k_Bacteria;p_Thermotogae;c_Thermotogae; 

o_Thermotogales;f_Thermotogaceae; 

g_Mesoaciditoga 

1.3% 18.9% 7.9% 17.5% 12.8% 

 

Figure 2.8: Total sulfur, sodium and potassium trend observed at Whkr1 

Significant correlations measured between total sulfur, sodium and potassium (ppm) and dominant 

phyla Aquificae, Proteobacteria and Thermotogae across the temporal samples at Whkr1.  

Thermotogae correlated with total sulfur (P<0.03) and sodium (P<0.02), Aquificae with potassium 

(P<0.03). 

 

Whkr3 community 

The Whkr3 community (pH 3 group) was dominated at phylum-level by 

Aquificae, Crenarchaeota and Euryarchaeota. The percentage of sequences 

grouping to Aquificae increased between December and October from 60% to 

84.6%. Sequences grouping to Crenarchaeota decreased from 33.1% to 1.1%, and 

sequences grouping to Euryarchaeota increased from 6.2% to 12% between 

December and October (Figure 2.9). Aquificae was represented by two families; 
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Aquificaceae and Hydrogenothermaceae, represented by the genera 

Hydrogenobaculum and Venenivibrio, respectively, which were present across all 

six temporal samples. The percentage of sequence reads grouping to 

Hydrogenobaculum decreased significantly between June and August from 81% to 

2.8%, while Venenivibrio increased from 0.1% to 74.3% (Table 2.5). See 

Supplementary Table 4.3 for full genus-level analysis. 

Based on a P<0.05 significance level, three of the monitored variables, 

temperature, pH and potassium correlated with the dominant phyla Crenarchaeota 

and Aquificae, most significantly with pH which increased across the temporal 

samples (pH 3.37-4.77). pH significantly correlated with Crenarchaeota (P<0.01) 

and negatively correlated with Aquificae (P<0.02) (Figure 2.10 and Table 2.3).  

 

Figure 2.9: Whkr3 phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads 

 

Table 2.5: Whkr3 community percentage of 16S rRNA gene sequence reads 

grouping to Aquificae 

Community composition of families Aquificaceae and Hydrogenothermaceae (phylum Aquificae) 

at Whkr3. Highlighted columns represent the largest genus-level shift in the dominant genera.  

 

Taxonomy Dec Feb April June Aug Oct 

Aquificaceae;g_Hydrogenobaculum 50.8% 56.9% 69.7% 81.0% 2.8% 0.0% 

Hydrogenothermaceae;g_Venenivibrio 3.1% 1.1% 0.1% 0.1% 74.3% 84.1% 
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Figure 2.10: pH trend observed at Whkr3 

Significant correlations measured between pH and dominant 

phyla Aquificae and Crenarchaeota across the temporal samples 

at Whkr3. Crenarchaeota and Aquificae significantly correlated 

with pH (P<0.01, P<0.02).  

 

 

 

 

TeP community 

The TeP community (pH 3 group) was dominated at phylum-level by 

Crenarchaeota, Aquificae and Euryarchaeota. The percentage of sequences 

grouping to Crenarchaeota was consistent at ~80% in the February, June, August 

and October samples. A decrease in Crenarchaeota sequences to 50.2% was 

observed in the April sample. Sequences grouping to Aquificae were constant 

(<10%) except for an increase observed in April (23.7%) and August (14.5%). The 

phylum Euryarchaeota was not observed in February. Sequences grouping to this 

phylum decreased from 18.3% in April to 1.0% in October (Figure 2.11 and Table 

2.6).  

There was no significant correlation between the microbial community and 

physicochemical variables at this site (Table 2.3). Assessment of the 

physicochemical variables revealed no large variations in concentration across the 

temporal samples (Appendix 4.2). 

Figure 2.11: TeP phylum-level community composition (%) based upon the relative 

abundances of 16S rRNA gene sequence reads  
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Table 2.6: TeP community percentage of 16S rRNA gene sequence reads grouping 

to genera 

Taxonomy Feb April June Aug Oct 

k_Archaea;p_Crenarchaeota;c_Thermoprote

i;o_Sulfolobales;f_Sulfolobaceae;g_unknown 
81.4% 50.2% 78.7% 78.1% 86.9% 

k_Archaea;p_Euryarchaeota;c_Thermoplas

mata;o_Thermoplasmatales;f_unknown; 

g_unknown 

0.0% 18.3% 4.2% 3.8% 1.0% 

k_Archaea;p_unknown;c_unknown; 

o_unknown;f_unknown;g_unknown 
15.7% 7.5% 13.6% 3.5% 5.2% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Hydrogenobacter 

0.0% 0.4% 0.0% 0.0% 0.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Hydrogenobaculum 

0.0% 22.6% 3.2% 14.5% 6.2% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Hydrogenothermaceae; 

g_Venenivibrio 

2.9% 0.7% 0.1% 0.0% 0.0% 

k_Bacteria;p_unknown;c_unknown; 

o_unknown; f_unknown;g_unknown 
0.0% 0.4% 0.0% 0.0% 0.2% 

 

pH 5 GROUP 

Waio1 and Waio2 communities  

Both communities at Waio1 and Waio2 (pH 5 group) were dominated at 

phylum-level by Aquificae at 99.4% and 97.5%, respectively (Figure 2.12), which 

was almost exclusively represented by the genus Venenivibrio. The percentage of 

sequences grouping to Aquificae were consistent across the temporal samples at 

both springs (Table 2.7). For full genus-level analysis see Supplementary Tables 

4.4 and 4.5.  

Assessment of the monitored physicochemical variables across the temporal 

samples revealed no large variations in concentrations at both sites (Appendix 4.2). 

Based on a P<0.05 significance level, three of the variables, methane (Waio1), 

bicarbonate and temperature (Waio2) were significantly correlated with Aquificae 

community abundance respective to the sites indicated (Table 2.3). Methane levels 

which were consistent across the temporal samples at ~3 ppm significantly 

correlated with Aquificae community abundance (P<0.04) at Waio1. Bicarbonate 

levels declined over the study period from 271 to 111 ppm at Waio2 which 

significantly correlated with Aquificae community abundance (P<0.05). 
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Temperature (as described above) significantly correlated (P<0.03) with Aquificae 

community abundance at Waio2 (Figure 2.13). 

Figure 2.12: Waiotapu springs phylum-level community composition (%) based 

upon the relative abundances of 16S rRNA gene sequence reads 

 

Table 2.7: Waio1 and Waio2 community percentage of sequences grouping to 

Aquificae 

 

 

 

 

Taxonomy Dec Feb April June Aug Oct 

Waio1 

Aquificae;g_Venenivibrio 
99.6% 99.6% 98.8% 99.2% 99.3% 98.6% 

Waio2 

Aquificae;g_Venenivibrio 
94.2% 99.1% 98.5% 95.9% 97.3% 98.5% 
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Figure 2.13: Methane trend observed at Waio1 and bicarbonate and temperature 

trends observed at Waio2 

Significant correlations measured between methane (µm) and Aquificae (P<0.04) at Waio1. 

Significant correlation observed between Aquificae and bicarbonate (P<0.05) and temperature 

(P<0.03) at Waio2. 

 

Kui3 community 

The Kui3 community (pH 5 group) was dominated at phylum-level by 

Aquificae and Proteobacteria. The community in December was evenly dispersed 

with sequences grouping to Aquificae and Proteobacteria at 45.4% and 53.7%, 

respectively. An increase in Aquificae was observed in February to 85.1% which 

coincided with a decrease in Proteobacteria (12.4%), with community composition 

consistent until June. Aquificae abundance significantly decreased to 4.2% in 

August before returning to 95.1% in October, while Proteobacteria increased in 

August to 91.2% and returned to 1.3% in October (Figure 2.14). 

Aquificae was exclusively represented by two families Aquificaceae and 

Hydrogenothermaceae. The genus Venenivibrio (family Hydrogenothermaceae) 

accounted almost exclusively for the sequences grouping to Aquificae. Dominant 

proteobacterial genera Thiomonas (Betaproteobacteria), Nitratiruptor 

(Epsilonproteobacteria) and Thiovirga (Gammaproteobacteria) almost exclusive ly 

accounted for the changes observed in community composition of the phylum. The 

genus Thiomonas (Betaproteobacteria) decreased over the study period from 43.3% 

in December to 0.7% in October. The genera Nitratiruptor (Epsilonproteobacteria) 

and Thiovirga (Gammaproteobacteria) both spiked in August at 68.3% and 18.7% 

respectively and were unrepresented in the February and October samples (Table 

2.8). For full genus-level analysis see Supplementary Table 4.6. 

Assessment of the chemical dataset indicated consistency in concentrations 

across the majority of variables between December and February, with 

Waio2 Waio1 Waio2 
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concentrations decreasing subsequently in the August sample (Appendix 4.2). The 

association test (based on a P<0.05 significance level) indicated a significant 

correlation (P<0.01) between sulfate and the community abundance of the dominant 

phyla (Aquificae and Proteobacteria) (Table 2.3). The concentration of sulfate 

increased from 71 ppm in December to 89 ppm in April which was consistent across 

June before decreasing to 70 ppm in August and returning to 92 ppm in October 

(Figure 2.15).  

 

Figure 2.14: Kui3 phylum-level community composition (%) based upon the relative 

abundances of 16S rRNA gene sequence reads  

 

Table 2.8: Kui3 community percentage of 16S rRNA gene sequence reads grouping 

to Aquificae and Proteobacteria 

Highlighted rows show the shift in dominant genera representing Aquificae and Proteobacteria. For 

full genus-level analysis see Supplementary Table 4.6 

 

Taxonomy Dec Feb April June Aug Oct 

Aquificae;g_Venenivibrio 44.4% 79.3% 81.5% 79.3% 4.1% 94.4% 

Proteobacteria;g_Thiomonas 43.3% 12.3% 1.9% 3.4% 2.3% 0.7% 

Proteobacteria;g_Nitratiruptor 10.3% 0.0% 0.0% 6.4% 68.3% 0.0% 

Proteobacteria;g_Thiovirga 0.1% 0.0% 13.3% 0.6% 18.7% 0.0% 
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Figure 2.15: Sulfate (ppm) trend observed across 

temporal samples at Kui3 

Significant correlations measured between sulfate (ppm) and 

Aquificae and Proteobacteria (P<0.01) 

 

 

 

 

pH 7 GROUP 

Whgpa community  

The Whgpa community (pH 7 group) was dominated at phylum-level by 

Deinococcus-Thermus and Armatimonadetes (Figure 2.16). The percentage of 

sequences grouping to Deinococcus-Thermus increased from 39.9% in December 

to 63.6% in April and returned to 21.7% in October. The inverse trend was observed 

in the other dominant sequence group, Armatimonadetes. The percentage of 

sequences grouping to Armatimonadetes decreased from 39% in December to 15.7% 

in June returning to 45.7% in October (Table 2.9). For full genus-level analysis, see 

Supplementary Table 4.7. 

Assessment of the temporal variations in chemistry at this site indicated 

consistency across the majority of elements, nutrients and gases (Appendix 4.2). 

The association test indicated significant correlations between two variables, pH 

and methane and the dominant phyla Armatimonadetes and Deinococcus-Thermus, 

respectively (P<0.01) (Table 2.3). Methane concentrations fluctuated across the 

temporal samples, spiking in April (18.2 ppm) and dropping in August (0.6 ppm).  

pH levels followed the trend as described above (Figure 2.17). 
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Figure 2.16: Whgpa phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads  

 

Table 2.9: Whgpa community percentage of 16S rRNA gene sequence reads 

grouping to genera 

For full genus-level analysis see Supplementary Table 4.7 

 

Taxonomy Dec Feb April June Aug Oct 

Armatimonadetes;_gp6  0.1% 0.1% 0.1% 0.1% 0.4% 0.2% 

Armatimonadetes;_gp7 38.9% 30.8% 24.4% 15.6% 20.5% 45.4% 

Deinococcus- Thermus ;g_Thermus 39.9% 56.7% 63.6% 45.1% 30.6% 21.6% 

 

 

 

 

 

 

 

 

 

Figure 2.17: Methane (µm) and pH trends observed across temporal samples at 

Whgpa 

Significant correlations measured between methane (ppm) and Deinococcus-Thermus (P<0.01) and 

pH and Armatimonadetes (P<0.01)  
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Kui1 community 

The Kui1 community (pH 7 group) was dominated at phylum-level by 

Aquificae. Other phyla present in lower abundances included Proteobacteria and 

Thermodesulfobacteria (Figure 2.18). The percentage of sequences grouping to 

Aquificae was constant (~75%) across the December, February, June, August and 

October samples. An increase in Aquificae was observed in April sample (91.9%) 

which coincided with a decrease in the percentage of the other phyla present (Table 

2.10). For full genus-level analysis see Supplementary Table 4.8.  

Physicochemical variables were stable across the temporal samples at this 

site (Appendix 4.2). There was no significant correlation between the 

physicochemical variables assessed and Aquificae community abundance (Table 

2.3).  

 

Figure 2.18: Kui1 phylum-level community composition (%) based upon the relative 

abundances of 16S rRNA gene sequence reads  

 

Table 2.10: Kui1 community percentage of 16S rRNA gene sequence reads grouping 

to Aquificae 

Percentages of sequences grouped to the genus Venenivibrio at Kui1. For full genus-level analysis 

see Supplementary Table 4.8. 

 

Taxonomy Dec Feb April June Aug Oct 

Aquificae;g_Venenivibrio 78.1% 74.6% 91.6% 67.4% 78.5% 75.8% 
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pH 9 GROUP 

Whkr2 community 

The Whkr2 community (pH 9 group) consisted of sequences grouping to the 

phyla Aquificae, Proteobacteria, Thermodesulfobacteria and Deinococcus-

Thermus (Figure 2.19). The percentage of sequences grouping to Aquificae was 

consistent at ~35% over the study period, with a single increase to 63.8% observed 

in February. Sequences grouping to Proteobacteria remained at ~25% across the 

study period, dropping to 6.8% in February following an inverse trend observed in 

Aquificae.  

Aquificae was represented by the families Aquificaceae and 

Hydrogenothermaceae. The percentage of sequences grouping to the family 

Aquificaceae increased from December (37.1%) to February (60.1%) before 

declining to October (23.9%). The inverse trend was observed for sequences 

grouping to Hydrogenothermaceae with the percentage of sequences increasing 

from December (5.9%) to August (20.6%) and declining in October (10.8%) (Table 

2.11). See Supplementary Table 4.9 for full genus-level analysis. 

Aquificae and Proteobacteria community variations correlated with several 

physicochemical variables, including pH, sulfate and potassium, with the most 

significant correlation with temperature. Temperature at Whkr2 decreased from 

69.5 °C in December to 64.5 °C in August before increasing to 65.5 °C in October 

(Figure 2.20 and Appendix 4.2). This trend significantly correlated with Aquificae 

(P<0.05) and negatively correlated with Proteobacteria (P>0.01) (Table 2.3).  

 

Figure 2.19: Whkr2 phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads  
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Table 2.11: Whkr2 community percentage of 16S rRNA gene sequence reads 

grouping to Aquificae 

Percentage of sequence reads grouping to the Aquificaceae and Hydrogenothermaceae (phylum 

Aquificae) at genus-level. Highlighted columns represent the month with the largest observed 

community percentage of the respective families. See Supplementary Table 4.9 for full genus-level 

analysis. 
 

Taxonomy Dec Feb April June Aug Oct 

Aquificaceae;g_Aquifex 9.4% 19.1% 11.0% 3.2% 4.1% 1.3% 

Aquificaceae;g_Hydrogenobacter 27.5% 39.6% 18.5% 25.0% 6.9% 22.5% 

Aquificaceae;g_Hydrogenobaculum 0.2% 1.4% 0.0% 0.0% 0.2% 0.1% 

Hydrogenothermaceae; 

g_Sulfurihydrogenibium 
0.0% 0.1% 0.1% 0.0% 12.6% 6.4% 

Hydrogenothermaceae; 

g_Venenivibrio 
5.9% 3.5% 12.5% 8.0% 7.9% 4.3% 

Hydrogenothermaceae;g_unknown 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 

 

 

 

Figure 2.20: Temperature (°C) trend observed across 

temporal samples at Whkr2 

Significant correlations measured between temperature and 

Aquificae (P<0.05) and Proteobacteria (P<0.01). 

 

 

 

 

Whkr4 community 

The Whkr4 community (pH 9 group) was dominated at phylum-level by 

Deinococcus-Thermus, Aquificae and Thermodesulfobacteria. The percentage of 

sequences grouping to Deinococcus-Thermus and Aquificae were consistent across 

the first four sampling points (at ~60% and 20%, respectively). A shift in 

community dominance was observed between June and August with the percentage 

of sequences grouping to Deinococcus-Thermus decreasing to 3.5%, and Aquificae 

increasing to 74% which was consistent into October. The percentage of sequence 

reads grouping to Thermodesulfobacteria increased over the study period from 3% 

to 14.9% (Figure 2.21 and Table 2.12). See Supplementary Table 4.10 for full 

genus-level analysis. 
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Hotsprings chemistry at this site was variable across the temporal samples, 

with no apparent pattern observed (Appendix 4.2). The association test indicated 

significance between temperature and both dominant phyla (Aquificae and 

Deinococcus-Thermus). Temperature (as described above) significantly correlated 

with Aquificae (P<0.01) and Thermodesulfobacteria (P<0.02) and negatively with 

Deinococcus-Thermus (P<0.02) (Figure 2.22 and Table 2.3). 

Figure 2.21: Whkr4 phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads  

 

Table 2.12: Whkr4 community percentage of 16S rRNA gene sequence reads 

grouping to genera 

Highlighted columns show the largest shift observed in the genus representing the most dominant 

phyla (Deinococcus-Thermus and Aquificae). See Supplementary Table 4.10 for full genus-level 

analysis. 

 

Taxonomy Dec Feb April June Aug Oct 

Aquificae;g _Aquifex 1.0% 1.8% 2.7% 2.0% 8.0% 7.5% 

Aquificae;g_Hydrogenobacter 17.8% 11.6% 10.0% 12.1% 53.3% 59.0% 

Aquificae;g_Venenivibrio 1.8% 1.8% 4.4% 6.4% 12.3% 4.9% 

Aquificae;g_unknown 

 
0.0% 0.0% 0.0% 0.1% 0.2% 0.1% 

Deinococcus-Thermus;g_Thermus 64.9% 63.9% 46.7% 55.5% 3.5% 3.9% 

Thermodesulfobacteria; 

g_Caldimicrobium 
3.0% 1.7% 6.0% 10.8% 10.5% 14.8% 
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Figure 2.22: Temperature (°C) trend observed across 

temporal samples at Whkr4 

Significant correlations measured between temperature and 

Aquificae (P<0.01), Thermodesulfobacteria (P<0.02) and 

Deinococcus-Thermus (P<0.02) 

 

 

 

Ohaaki community 

The Ohaaki community (pH 9 group) was dominated at phylum-level by 

Aquificae and Deinococcus-Thermus. The percentages of sequences grouping to 

Aquificae and Deinococcus-Thermus were consistent across the first four samples 

(February to August) at ~90% and ~4%, respectively. In October, Aquificae 

community composition significantly decreased to 9.5%, while Deinococcus-

Thermus increased to 73.2% (Figure 2.23 and Table 2.13). See Supplementary 

Table 4.11 for full genus-level analysis. 

Physicochemical variables were relatively stable across the temporal 

samples at this site (Appendix 4.2). There was no significant correlation between 

the dominant phyla and the physicochemical variables at this site (Table 2.3).  

Figure 2.23: Ohaaki phylum-level community composition (%) based upon the 

relative abundances of 16S rRNA gene sequence reads  
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Table 2.13: Ohaaki community percentage of 16S rRNA gene sequence reads 

grouping to Aquificae and Deinococcus-Thermus 

Highlighted columns show the largest shift observed in the genus representing the most dominant 

phyla (Deinococcus-Thermus and Aquificae). See Supplementary Table 4.11 for full genus-level 

analysis. 

  

Taxonomy March April June Aug Oct 

Aquificae;g_Hydrogenobacter 92.0% 96.1% 94.1% 93.7% 9.5% 

Deinococcus-Thermus;g_Thermus 7.6% 2.8% 2.2% 3.1% 73.2% 

 

2.3.4 Determining primary and secondary physicochemical drivers 

Based on the significance association test between the physicochemica l 

variables and microbial community composition (Table 2.13), the primary and 

secondary physicochemical drivers were determined (Table 2.14). These drivers are 

described at each of the pH groups below. 

pH 3 GROUP 

 A combination of chemical drivers (total sulfur, potassium and sodium) 

influenced the microbial community at Whkr1, while pH and temperature were the 

primary and secondary physicochemical drivers at Whkr3. No significant 

associations between the dominant phyla and the physicochemical variables at TeP 

were determined. 

pH 5 GROUP 

Temperature and chemical variables were the main driver at the three pH 5 

Group hotsprings. Methane was the primary physicochemical driver at Waio1, 

while temperature and bicarbonate were at Waio2. Sulfate and temperature were 

the primary and secondary physicochemical drivers at Kui3.  

pH 7 GROUP 

pH and methane were the primary and secondary physicochemical drivers 

at Whgpa. No significant associations/physicochemical drivers were determined at 

Kui1.  

pH 9 GROUP 

 Temperature was the primary physicochemical driver at two of pH 9 

hotsprings, Whkr2 and Whkr4. pH and sodium were the secondary drivers at these 

sites, respectively. No significant associations/physicochemical drivers were 

determined at Ohaaki.  
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Table 2.14: Summary table of target hotspring temporal dynamics  

Summary table outlining the dominant phyla and primary and secondary physicochemical variable influencing the community at each target spring. 

Spring 
Temperature/pH 

range/group 

Sample 

Months 
Location Description Dominant phyla 

Primary 

physicochemical 
driver 

Secondary 

physicochemical 
driver 

Observable trends 

Whkr1 

pH 3 Feb, 

April, 

June, Aug, 
Oct 

Whakarewarewa 

Village, Rotorua 

Small pool with foamy 

surface at edge of flowing 

stream over v-catchment to 
spring below. 

p_Proteobacteria  

Total sulfur Potassium/Sodium 
Covariance observed between total sulfur and Aquificae. Increased water 

level observed in August which decreased in October. 
53 - 60.1 °C        

pH 2.91 - 3.12 
p_Aquificae  

  p_Thermotogae  

Whkr3 

pH 3  Dec, Feb, 
April, 

June, Aug, 

Oct  

Whakarewarewa 

Village, Rotorua 

Acidic grey spring with 

surrounding hard sinter 

p_Aquificae  

pH Temperature 

Variation in both pH and temperature covaried with dominant phyla 

Aquificae and Crenarchaeota. The largest increase in pH was observed 

at this site. pH increased from pH 3.37 to 4.77 from December (2015) to 

October (2016). The largest incremental increase was observed between 
June and August (2016) from pH 3.98 to 4.55 

60 - 71 °C           
pH 3.37 - 4.77 

p_Crenarchaeota  

  p_Euryarchaeota  

TeP 

pH 3 
Feb, 

April, 

June, Aug, 

Oct 

Te Puia, 

Rotorua 

Long grey spring surrounded 
by sinter with thick grey 

sediment island in centre  

p_Crenarchaeota  - - 

No large variation observed in physicochemical variables or microbial 

community phyla. Weak associations between variables and dominant 

community phyla. Observed increase in water level in August and 

October 

61.8 - 71.6 °C      

pH 2.44 - 2.58 

Waio1 

pH 5 
Dec, Feb, 

April, 
June, Aug, 

Oct 

Waiotapu 

Thermal 

Wonderland 

Small creamy yellow/green 

spring (Oyster pool) with 
hard sinter covered in thick 

yellow sulfur film 

p_Aquificae  Methane - 
Stable physicochemical conditions and microbial community. No 
observable change in hotspring over study period 64.9 - 68 °C        

pH 4.66 - 5 

Waio2 

pH 5 
Dec, Feb, 

April, 

June, Aug, 
Oct 

Waiotapu 
Thermal 

Wonderland 

Large creamy yellow/green 

spring at edge of Artist's 

Palette covered in thick 
yellow sulfur film 

p_Aquificae  Temperature Bicarbonate 
Stable physicochemical conditions and microbial community. No 

observable change in hotspring over study period 59.4 - 71.9 °C      
pH 4.68 - 5.07 

Kui3 

pH 5 Dec, Feb, 
April, 

June, Aug, 

Oct 

Kuirau Park, 

Rotorua 

Small stagnant shallow pool 
in hollow of vegetation 

thicket with thick leave 

matter at bottom 

p_Aquificae  

Sulfate Temperature 

Weak association between sulfate and Aquificae. Genus-level shift in 

Proteobacteria associated with temperature. Increase in water level 
observed in August and October 

45.8 - 61 °C         

pH 4.47 - 5.27 
p_Proteobacteria  

Whgpa 

pH 7  Dec, Feb, 

April, 

June, Aug, 
Oct 

Atiamuri 

General 

Large deep blue spring with 

surrounding orange biomass 

p_Deinococcus-Thermus  

pH Methane 

Cyclical trend in physicochemical variables, pH and methane associated 

with Deinococcus-Thermus and Armatimonadetes community 
composition. No observable change noted in the spring description. 

Same temperature (~63 °C) and pH (7.55) recorded in December (2015) 

and October (2016) 

60.8 - 65.3 °C     

pH 7.08 - 7.55 
p_Armatimonadetes 

Kui1 

pH 7 Dec, Feb, 

April, 
June, Aug, 

Oct 

Kuirau Park, 
Rotorua 

Large spring in vegetation 
thicket with brown biomass 

p_Aquificae  - - 
No large variation observed in physicochemical variables or microbial 
community phyla. Spring water level increased in August. 57.5 - 63.8 °C     

pH 6.57 - 7.06 

Whkr2 

pH 9 Dec, Feb, 

April, 
June, Aug, 

Oct 

Whakarewarewa 
Village, Rotorua 

Small pool with input from 

above hotspring which flows 

into Puarenga stream below 

p_Aquificae 

Temperature pH 

No large variations in physicochemical variables and community 

composition and structure. Microbial community significantly associated 
with temperature. Vegetation surrounding spring cleared between June 

and August 

64.5 - 69.6 °C     

pH 8.7 -8.97 
p_Proteobacteria  

Whkr4 

pH 9 
Dec, Feb, 

April, 

June, Aug, 
Oct 

Whakarewarewa 

Village, Rotorua 

Medium light blue hotspring 
(Waipuru) surrounded by 

hard white sinter rims 

p_Deinococcus-Thermus  

Temperature Sodium 

Largest recorded increase in temperature (19.5 °C) observed from April 

(61.1°C) to October (80.6°C) associated with shift in the relative 

community abundance of Aquificae and Deinococcus-Thermus. 
Substantial drop in water level (~60cm) between August and October 

61.1 - 80.6 °C     

pH 7.76 - 8.41 
p_Aquificae  

Ohaaki 

pH 9 Mar, 
April, 

June, Aug, 

Oct 

Ohaaki General 

Large creamy white spring 

with blue centre surrounded 
by thick white sinter 

p_Aquificae  

- - 

Shift in dominant phyla observed in October. Physicochemical variables 

stable across the study period. No significant association between 
physicochemical variables and dominant phyla. 

65 - 70.3 °C        

pH 8.41 9.04 
p_Deinococcus-Thermus  
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2.3.5 Meteoric and field observations  

Rainfall and geothermal bore water measurements were collected for the 

course of study (November 2015 - October 2016) (Bay of Plenty Regional Council, 

2015; NIWA, 2016). Four geothermal bores were selected in the Rotorua town 

district based on their proximity to the sampled geothermal fields. These datasets 

were used to monitor seasonal changes in precipitation and associated hydrologica l 

changes to the underlying aquifer that could be correlated with physicochemica l 

changes in the Rotorua hotsprings. Two geothermal bores, M25 and M26, were 

located in close proximity to the sites, Te Puia and Whakarewarewa, while M27 

and M28 were located near Kuirau Park (Figure 2.24).  

Rainfall was on average higher during the austral winter (376.6 mm) than 

summer (312.6 mm) months.  Geothermal bore water levels were overlaid onto the 

rainfall data to link the observed rainfall with fluctuations in groundwater (Figure 

2.25). The water levels in geothermal bores M25 and M26 were consistent over the 

study period at 285 m and 282 m, respectively. The water level in M26 dropped to 

278 m in November, February and August. Geothermal bores M27 and M28 water 

levels fluctuated 0.47 m across the study period in association with rainfall. The 

largest rainfall peaks observed in March and June were associated with an average 

increase of 0.06 m and 0.1 m at M27 and M28 bores, respectively. The water levels 

of M27 and M28 remained unchanged until August after the largest rainfa ll 

recorded in June (72 mm). A reduction in rainfall in mid-August was associated 

with a decrease of 0.34 m and 0.27 m in bore water level at M27 and M28, 

respectively.   

Observational notes were taken at each site during each temporal sampling. 

The water levels of the Rotorua hotsprings remained stable between December and 

June. A visible increase in water level was observed at all these sites during the 

August sampling after a night of heavy rainfall (Figure 2.25). Water levels remained 

consistent at Whkr2, Whkr3, and Kui1 during October, while water levels decrease 

at TeP, Whkr1 and Whkr4 and increased at Kui3.  
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Figure 2.24: Location of geothermal bores in association with target geothermal sites 

in Rotorua (A) Position of geothermal bores M25 and M26 in proximity to Te Puia 
and Whakarewarewa hot springs (B) and M27 and M28 with Kuirau Park 

hotsprings (C)  

(Source: Google Earth)  
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Figure 2.25: Daily rainfall in Rotorua and geothermal bore water level 

Red arrows indicate sampling timepoints. Rainfall data sourced from the NIWA database  (NIWA, 

2016). Geothermal bore water level data sourced from the Bay of Plenty Regional Council website 

(Bay of Plenty Regional Council, 2015).  
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2.4 Discussion 

Geothermal environments are natural systems that present a range of 

extreme physicochemical variables ideal for addressing central questions to 

microbial ecology. The diversity of physicochemical parameters presented by the 

geothermal hotsprings in the Taupo Volcanic Zone (TVZ) made them ideal study 

sites for investigating temporal chemical variations at set temperature and pH 

ranges.  

 

Temporal dynamics in physicochemical variables and microbial communities  

The focus of this study was to link temporal changes in physicochemica l 

conditions to patterns in microbial community composition (i.e. to analyse temporal 

dynamics). By selecting hotsprings within the 60-70 °C range, it was anticipated 

from past experience that microbial communities would be simplified, in terms of 

overall diversity and the removal of photosynthesis as a primary driver. The 

selection of springs at different pH groups allowed comparisons across pH levels. 

Of the 43 chemical elements, nutrients and gases measured in each sample, eight 

chemical components and gases (plus temperature and pH) were association tested, 

based on their variance and observational changes in concentrations across 

temporal samples as well their covariance and correlation with the dominant phyla 

at each site (Table 2.3). The primary and secondary physicochemical variables 

associated with temporal microbial dynamics at each hotspring are discussed in 

detail below (Table 2.14).   

pH 

pH was the primary physicochemical driver at two sites, Whkr3 and Whgpa 

(Table 2.14). It was interesting to note that pH was a primary driver at hotsprings 

representing both acidic and neutral pH groups. The largest pH increase across the 

temporal samples was observed at the Whakarewarewa hotspring, Whkr3. pH at 

this site increased from pH 3.37 in December to pH 4.77 in October, with the most 

significant increase between June and August (pH 3.98-4.55). When pH changes 

along an environmental gradient or temporally, it introduces a selection pressure 

(based on optimal pH of different species), which can cause shifts in the relative 

abundance of microbial species in a community (Jackson et al., 2001; Macur et al., 

2004; Delgado-Serrano et al., 2014). This was observed at Whkr3, where the 

increasing pH was associated with an increase in the relative abundance of 
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Aquificae and a decrease in Crenarchaeota (Figure 2.26). When the pH exceeded 

pH 3.5 in April and kept increasing, the relative community abundance of 

Crenarchaeota started declining. This observation is supported by the optimum pH 

of representative order Sulfolobales (pH 1-3.5) (Albers & Siebers, 2014). In 

contrast to Crenarchaeota, the relative abundance of Aquificae increased respective 

to the increase in pH. This observation is supported by the optimal pH of the 

representative genera, Hydrogenobaculum and Venenivibrio at pH 3-4 and pH 4.8 

-5.8, respectively (Hetzer et al., 2008). Additionally, between the June and August 

samples, a genus-level shift was observed in Aquificae (Figure 2.26). When pH 

reached pH 4.55 in August a significant shift was observed in genus-leve l 

dominance of Hydrogenobaculum to Venenivibrio. This observation again is 

supported by the known optimal pH of Hydrogenobaculum and Venenivibrio at pH 

3-4 and pH 4.8-5.8, respectively (Hetzer et al., 2008). These findings demonstrate 

pH as the primary physicochemical driver shaping the microbial community at 

Whkr3 and highlight temporal dynamics in both the physicochemical conditions 

and microbial community at this site.  

 

Figure 2.26: Aquificae and Crenarchaeota community composition in association 

with pH at Whkr3 

Phylum level community composition of Aquificae and Crenarchaeota at Whkr3 with pH (left) 

Aquificae genus-level community composition of Hydrogenobaculum and Venenivibrio with pH 

(right)  

 

At the Atiamuri hotspring (Whgpa), representing the pH 7 group, a cyclical 

pattern was observed in pH. pH measurements were the same in the December and 

October samples (pH 7.55), with lower values measured across the April and June 

samples. The community composition of Armatimonadetes significantly correlated 

with pH at this site (Figure 2.27 and Table 2.3). This phylum (Armatimonadetes) 

was only recently reclassified from the candidate division OP10 with limited 

phylogenetic data to date describing strains as soil dwelling aerobic oligotrophs. 
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Temperature for optimal growth of this phylum ranges from -3 °C to 79 °C, while 

optimal pH is between pH 4.5 to pH 8.6 (Tamaki et al., 2011; Lee et al., 2014). 

Strains from this phylum have been isolated from geothermal systems in the TVZ 

(Stott et al., 2008; Lee et al., 2011). pH at Whgpa ranged between pH 7.08 and pH 

7.55, which supports the presence of at least some members of the 

Armatimonadetes, however, is unable to justify the temporal pattern observed in 

response to the change in pH (due to limited phylogenetic data) (Supplementary 

Table 4.2). Interestingly, Deinococcus-Thermus community abundance also 

significantly correlated with methane levels at this site (Figure 2.27). Research to 

date on this phylum, however, has not described an association between methane 

concentration and microbial growth, which may suggest that a combination of these 

variables influenced the observed cyclical pattern of the community composition. 

Together, these findings show that the microbial community follows the same 

cyclical trend displayed by the physicochemical conditions. 

 

Figure 2.27: Trend observed in community composition in association with pH and 

methane at Whgpa 

Community composition of Armatimonadetes in association with pH (left) Community composition 

of Deinococcus-Thermus in association with methane (right) 

 

Temperature 

Temperature was the primary physicochemical variable associated with 

microbial community dynamics at two of the Whakarewarewa Village hotsprings, 

Whkr2 and Whkr4 (Table 2.14). Both hotsprings were part of the pH 9 group. 

Temperature in geothermal environments is an important driver of microbia l 

community composition and structure and can be linked with other environmenta l 

factors, such as oxygen solubility (Lacap et al., 2007; Mackenzie et al., 2013; Alsop 

et al., 2014; Sharp, Brady, et al., 2014). Certain microorganisms are restricted by 
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microbial community composition and structure over time (Boothroyd, 2009; 

Normand et al., 2015). This trend was observed at Whkr4, which had the largest 

increase in temperature across the study period. Temperature initially decreased at 

this site from 63.4 °C in December to 61.1 °C in April before increasing 

significantly (19.5 °C) to 80.6 °C in October (Supplementary Table 4.2). The largest 

incremental step in temperature was from 70.3 °C to 78.1 °C which occurred 

between the June and August samples. This significant temperature increase 

coincided with a switch in community dominance from Deinococcus-Thermus to 

Aquificae (Figure 2.28). This observation is supported by the optimal growth 

temperatures of each phyla, at 73 °C and 85 °C, respectively (Albuquerque & da 

Costa, 2014; Gupta, 2014). As temperature exceeded 73 °C between the June and 

August samples, the relative abundance of Deinococcus-Thermus significantly 

decreased in respect to Aquificae. Additionally, an increase in the relative 

abundance of Thermodesulfobacteria was also observed at this site. The optimal 

growth temperature of the representative genus Caldimicrobium is 75 °C, thus 

supporting the increase in relative abundance observed in association with 

increasing temperature (Mori, 2014). Together, we can conclude that temperature 

(based on the optimal growth conditions) was the primary physicochemica l 

parameter driving the observed temporal change in the microbial community at 

Whkr4.  

 

Figure 2.28: Trend observed in community composition in association with 

temperature at Whkr4 

Community composition percentages over temporal samples of Deinococcus-Thermus, Aquificae, 

and Thermodesulfobacteria with temperature.  
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in October. This temperature range was relatively stable in comparison to the trend 

observed at Whkr4. Across the temporal samples, the relative abundance of 

Aquificae declined while Proteobacteria abundance increased (respective to the 

temperature decrease) (Figure 2.29). This observation can be supported by the 

optimal growth temperature of the dominant genera Hydrogenobacter (Aquificae) 

and Hydrogenophilus (Proteobacteria) at 60-85 °C and <65 °C, respectively (Gupta, 

2014; Orlygsson & Kristjansson, 2014). Although variation observed in the 

community composition of the dominant phyla was low, temperature as an 

explanatory variable may have favoured the growth of Proteobacteria over 

Aquificae in the later samples. Notably, a shift in family-level dominance of 

Aquificae was also observed in February and August (Figure 2.29). This trend may 

be explained by the optimal growth temperature for the two families. The 

community composition of the family Aquificaceae spiked in February (69.6 °C) 

while Hydrogenothermaceae spiked in August (64.5 °C) (Table 2.11). Aquificaceae 

has a higher optimal growth temperature at 76 °C, compared to 

Hydrogenothermaceae. The three dominant Aquificaceae genera, Aquifex, 

Hydrogenobacter and Hydrogenobaculum all grow optimally above 65 °C, while 

Hydrogenothermaceae genera (Sulfurihydrogenibium and Venenivibrio) can 

survive at temperatures as low as 40 °C (Gupta, 2014). This switch in family 

dominance during August may also be associated with the increase in rainfall and 

surface flooding at this site (discussed in further section). Together, these 

observations conclude (based on optimal growth conditions) that temperature was 

the primary driver influencing community composition at Whkr2.  

 

Figure 2.29: Trend observed in community composition in association with 

temperature at Whkr2 

Phylum-level community composition of Proteobacteria and Aquificae with temperature (left) 

Family-level community composition of phylum Aquificae and temperature (right) 

 

60

62

64

66

68

70

0

0.2

0.4

0.6

0.8

1

Dec Feb Apri l June Aug Oct

T
e
m

p
e
ra

tu
re

 (°C
)

C
o
m

m
u
n
it
y
 C

o
m

p
o
si

ti
o
n
 

Aquificaceae
Hydrogenothermaceae
Temperature

61

62

63

64

65

66

67

68

69

70

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Dec Feb April June Aug Oct

T
e

m
p
e

ra
tu

re
 (°C

)

C
o
m

m
u
n
it
y
 C

o
m

p
o
si

ti
o
n
 

Proteobacteria
Aquificae
Temperature



 

79 

 

Chemistry 

Alterations to the chemical composition of geothermal environments can 

cause shifts in the dominant species within a community (based on the relative 

concentrations of components required for microbial growth). Major components 

of geothermal hotsprings, such as chloride and sulfate can reflect the aquifer 

conditions and are relatively stable over time (in regards to non-conservatives e.g. 

(iron) which are influenced by shallow processing including boiling and mixing) 

(Pope & Brown, 2014).  

Sulfate was the primary physicochemical variable influencing the microbia l 

community at Kui3 (pH 5 group) (Table 2.14). Increasing sulfate concentration was 

associated with an increase in the relative abundance of Aquificae and a decrease in 

Proteobacteria abundance (Figure 2.30). This observation is supported by the 

physiological requirement of sulfur compounds for the growth of the representative 

Aquificae genus Venenivibrio (Hetzer et al., 2008; Takai & Nakagawa, 2014). 

Additionally, temperature (although not correlated with Proteobacteria community 

composition change) could explain the observed increase of the phylum in the 

August sample. The lowest temperature of 45.8 °C was recorded during August 

which coincided with the increased rainfall (discussed in further section). This was 

associated with a spike in the community abundance of Thiovirga 

(Gammaproteobacteria) and Nitratiruptor (Epsilonproteobacteria) (Table 2.8 and 

Figure 2.30). This observation is supported by the hotsprings temperature 

decreasing to the upper optimal temperatures of these genera at 42 °C and 37 °C, 

respectively (Miroshnichenko et al., 2004; Miroshnichenko & Bonch-

Osmolovskaya, 2006; Kelly & Wood, 2015). Together, we can conclude that 

hotspring chemistry (sulfate) and temperature influenced the temporal variations of 

the microbial community at Kui3. 
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Figure 2.30: Trend observed in community composition in association with sulfate 

and temperature at Kui3 

Phylum-level community composition of Aquificae and Proteobacteria with trend in sulfate at Kui3 

(left) Genus-level community composition of the phylum Proteobacteria and temperature (right)  

 

Hotspring chemical variables, total sulfur and potassium, were the primary 

physicochemical drivers at Whkr1 (pH 3 group) (Table 2.14). The structure of the 

Whkr1 community changed between February and October, where the community 

abundance of Proteobacteria increased respective to a decrease in Aquificae. Total 

sulfur decreased across temporal samples, spiking in June, which supports the 

change observed in the relative community abundance of Aquificae (Figure 2.31). 

The dominant genus representing Aquificae (Hydrogenobaculum) has a 

physiological requirement of sulfur for growth (Shima & Suzuki, 1993). This 

physiological property supports the observation of the decreasing Aquificae 

community abundance respective to decreasing total sulfur levels. The other 

dominant phylum Proteobacteria, represented by the class Gammaproteobacteria, 

and genus Acidithiobacillus are a genus of acidophilic species which can oxidize 

both Fe2+ and sulfide minerals at an optimal pH of <4.0 (Kelly & Wood, 2000). The 

abundance of this phylum increased relative to the decrease in Aquificae community 

abundance. No significant associations between Proteobacteria and the assessed 

elements, nutrients and gases were observed (Table 2.3). This may suggest that this 

community is driven by a combination of chemical variables. Significant 

conclusions could therefore not be made on the primary physicochemical driver at 

this site, however, it can be concluded that the physicochemical conditions and 

microbial community at Whkr1 are temporally dynamic. It should be noted that this 

site is fed by multiple inputs from surrounding features which could explain the 

variability in physicochemical drivers at this site.  
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Figure 2.31: Trend observed in community composition in association with total 

sulfur at Whkr1 

Community composition percentage of Aquificae, Proteobacteria and Thermotogae with total sulfur 

at Whkr1. 

 

Variation in physicochemical variables and rainfall and microbial community 

composition 

Physical changes to hotspring water levels were recorded for the duration 

of this study to link to rainfall and geothermal bore water datasets. It was 

hypothesized that changes to surface water levels caused by seasonal precipitat ion 

would influence the physicochemical variables and microbial community 

composition of target hotsprings. The addition of rainfall over the winter months 

would hypothetically be linked to a decrease in temperature, a dilution in chemical 

components and a possible decrease in pH (increased O2 associated with sulfur 

oxidation). These associations were based on observation only, and not statistica l 

means. Associations were only made at the seven springs located in the Rotorua 

district where geothermal bore water and rainfall datasets were available.  

Although there were increased levels of rainfall and surface flooding in 

Rotorua during August, only two of the four geothermal bores reflected trends 

associated with this increase (Figure 2.25). These geothermal bores, M27 and M28 

were located in close proximity to Kuirau Park (Figure 2.24). The primary 

physicochemical changes at two Rotorua sites, Whkr2 and Kui3 could be 

anecdotally- linked with the increased rainfall during the August sampling. 

Temperature decreased over the winter months (June and August) at both 

hotsprings which was associated with a genus-level shift in dominant phyla. At 

Whkr2 a genus-level shift in Aquificae was described, while at Kui3, a family- leve l 
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shift in Proteobacteria was described and associated with temperature (Tables 2.8 

and 2.11).  

Although a significant change in microbial community was associated with 

temperature and/or pH at Whkr3 and Whkr4, these observations did not reflect the 

idea that increased rainfall modified physicochemical conditions. Temperature at 

Whkr3 and Whkr4 increased across the winter months irrespective of the increase 

in rainfall. pH also increased at both sites (Whkr3 and Whkr4) with the largest 

increase in pH in this study observed at Whkr3 between June and August 

(Supplementary Table 4.2). These observations do not link in with the assumption 

of decreasing temperature and pH from rainfall during August. It was interesting to 

note however, as these sites (Whkr3, Whkr4) are in close proximity with the other 

Whakarewarewa spring Whkr2, which did display a decrease in temperature 

associated with the increased rainfall. This therefore, may highlight differences in 

the hydrology and source water of these springs which in turn may have influenced 

the observations noted in the physicochemical conditions.  

 

Microbial community structure in response to stable physicochemical conditions 

While this study focused on variations in community structure resulting 

from changes in environmental conditions, it is equally important that community 

structure remains stable where physicochemical conditions did not vary. This was 

observed at three of the target hotsprings in this study (Figure 2.14).  

Two of these hotsprings were in the Waiotapu geothermal system, Waio1 

and Waio2 (pH 5 group). These sites had the highest recorded levels of chloride, 

sodium, silica, potassium, calcium and ammonium making them chemically distinct 

from the other geothermal systems. There was no physical indication of change 

observed over the study period (i.e surface flooding). The geochemical conditions 

of these springs were relatively stable between December and October (Appendix 

4.2), with temperature and pH (59.4-71.9 °C, pH 4.56-5.07) supporting the 

dominance of Aquificae (genus Venenivibrio). The representative species of this 

genus was isolated from Champagne Pool located within this geothermal park 

(Hetzer et al., 2007; Hetzer et al., 2008). These findings highlight the persistence of 

fixed microbial communities in response to stable physicochemical environments 

(see Figure 2.12). 
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The physicochemical conditions and microbial communities were also 

stable at the Kui1 (pH 7 Group) and TeP (pH 3 Group) hotsprings. The Kui1 

community was dominated by Aquificae, while archaeal phyla Crenarchaeota and 

Euryarchaeota were dominant at TeP (see Figure 2.18 and 2.11).  There were no 

large variations observed in the physicochemical dataset, and no significant 

correlations between dominant phyla and variables at each site (Table 2.3). Primary 

and secondary driver could therefore not be concluded from this site, suggesting the 

presence of a stable physicochemical environment and microbial community.  

While it is assumed that microbial communities would not change in the 

presence of stable physicochemical conditions, there was one pool in this study 

which did not follow this assumption. The Ohaaki hotspring (pH 9 Group) was 

highly concentrated in silica, potassium and chloride (Appendix 4.2). From March 

to August, the microbial community was dominated by Aquificae before a 

significant shift in community structure to Deinococcus-Thermus was observed in 

October. (see Figure 2.23). The presence of both Aquificae and Deinococcus-

Thermus was supported by the temperature and pH conditions (~68 °C, pH 8.83) at 

this site (Albers & Siebers, 2014; Gupta, 2014), however, observations of the 

physicochemical dataset did not reveal any significant changes in the elements, 

nutrients, gases or temperature and pH during the October sampling which could 

account for the shift in community composition. Consequently, no significant 

correlations were noted between the dominant phyla and physicochemical variables 

assessed (Table 2.3). These findings indicate a change in microbial community in 

response to stable physicochemical conditions, suggesting the influence of an 

unmonitored variable at this site.  

To summarize these findings, six of the target hotsprings displayed temporal 

dynamics in physicochemical variables which were significantly associated with 

changes in the microbial communities. Temperature and pH were the primary 

physicochemical drivers across these hotsprings, with the most dramatic 

community shifts observed between June and August. An increase in surface 

flooding with high rainfall was observed in August, however physicochemical and 

microbial community dynamics could only be associated with two Rotorua 

hotsprings in this study (Whkr2 and Kui3). Of the six target hotsprings where the 

primary physicochemical driver could not be determined, four did not display 
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temporal variations in either the physicochemical environment or microbia l 

community. 
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3 Chapter Three 

Conclusions and future directions  

3.1 Conclusions 

The aim of this research was to study the physicochemical and microbia l 

dynamics of geothermal hotsprings of the Taupō Volcanic Zone (TVZ) through 

time. The over-arching hypothesis of this research was that temporal changes to 

physicochemical variables would influence microbial community composition and 

structure. We showed that physicochemical variables can be dynamic in geothermal 

hotsprings of the TVZ, which can influence the residing microbial communit ies. 

Importantly, temperature and pH were predominant factors influencing microbia l 

community structure at both phylum and genus level of the communities. Chemical 

changes across the springs had weaker associations with the dominant phyla across 

the target hotsprings. To determine how subtle chemical changes can influence 

microbial composition, further in-depth analyses would be required with additiona l 

sampling time points. The temporal microbial community and physicochemica l 

dynamics that were associated with rainfall added another layer of complexity to 

this study and were able to highlight possible differences in the hydrology at 

Whakarewarewa. This further emphasizes that these extreme ecosystems are not 

isolated from their surrounding environment.  

This work provides an overview of the temporal physicochemical and 

microbial community dynamics at hotsprings within the TVZ.  Importantly, this 

dataset will extend the resolution of the 1,000 Springs Project database by inferr ing 

the importance of temporal measurements.  

 

3.2 Future directions 

Widespread geochemical and microbial analysis at geothermal sites in the 

TVZ will be beneficial in furthering our understanding of how these complex and 

extreme environments vary over time and shape the composition and structure of 

the residing microbial communities. Long-term use of these economica lly 

important resources through geothermal power production has caused the 

destruction of many geothermal systems since the early 1900’s. This is an issue 
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when considering the value these resources hold, not only for sustainab le power 

production, but also as part of our biological and cultural heritage. This study 

alongside future studies can therefore provide a better understanding of the system 

to better inform policy and management decisions. 

To extend this project, given additional funding and time, multiple intensive 

24/7 studies at a range of pH’s and TVZ systems, or a long-term study involving 

daily monitoring, would be ideal projects that would dramatically improve our 

understanding of these systems and ecological processes associated with time. By 

increasing sampling time points, subtle changes missed between time points in this 

study would be highlighted and would increase the statistical power in linking 

physicochemical changes with the microbial community. To add another layer to 

this project, a RNA-based functional study would be able to determine the 

community changes, as well as any changes to community function that occur 

temporally in association with physicochemical changes. Ultimately, the 

integration of multiple datasets (i.e. meteoric, physicochemical, microbial (DNA) 

and functional (RNA)) would provide an ideal dataset to thoroughly investigate 

(with increased statistical power) subtle changes in geothermal environments and 

their downstream effects on the geothermal microbial community. 
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4 Appendices 

4.1 Supplementary material for Chapter Two 

 

Supplementary Table 4.1: Sample number log of target pools 

 

Feature 

Name 

1,000 
Springs 

Reference 
Number 

Location System 

Month 

Dec Feb April Jun Aug Oct 

8 th/9 th 4 th/5 th 12 th/13th 14 th/15th 2nd/3rd 11 th/12th 

Whkr1 P1.0656 
Whakareware

wa Village 
Rotorua  P2.0019 P2.0024 P2.0036 P2.0048 P2.0060 

Whkr2 P1.0647 
Whakareware

wa Village 
Rotorua P2.0007 P2.0018 P2.0025 P2.0037 P2.0049 P2.0061 

Whkr3 P1.0653 
Whakareware

wa Village 
Rotorua P2.0008 P2.0017 P2.0026 P2.0038 P2.0050 P2.0062 

Whkr4 P1.0582 
Whakareware

wa Village 
Rotorua P2.0009 P2.0016 P2.0027 P2.0039 P2.0051 P2.0063 

Whgpa P1.0921 
Atiamuri 

General 
Atiamuri P2.0001 P2.0010 P2.0028 P2.0040 P2.0052 P2.0064 

Ohaaki P1.0887 
Ohaaki 
General 

Ohaaki  P2.0021 

(March) 
P2.0022 P2.0034 P2.0046 P2.0058 

TeP P1.0583 

Te Puia  

(Te 
Whakareware

wa Village) 

Rotorua  P2.0020 P2.0023 P2.0035 P2.0047 P2.0059 

Kui1 P1.0502 Kuirau Park Rotorua P2.0004 P2.0013 P2.0029 P2.0041 P2.0053 P2.0065 

Kui2 P1.0557 Kuirau Park Rotorua P2.0005 P2.0014 P2.0030 P2.0042 P2.0054 P2.0066 

Kui3 P1.0379 Kuirau Park Rotorua P2.0006 P2.0015 P2.0031 P2.0043 P2.0055 P2.0067 

Waio1 P1.0285 

Waiotapu 

Thermal 
Wonderland 

Waiotapu P2.0002 P2.0012 P2.0032 P2.0044 P2.0056 P2.0068 

Waio2 P1.0050 

Waiotapu 

Thermal 
Wonderland 

Waiotapu P2.0003 P2.0011 P2.0033 P2.0045 P2.0057 P2.0069 
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Supplementary Figures 4.1: Target hotspring sketches and sample location

Whkr1  Whkr3 TeP Waio1 

Waio2 Kui3 Whgpa  Kui1 

Kui2    Whkr2 Whkr4 Ohaaki  
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Supplementary Figures 4.2: Target hotspring photographs 
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Supplementary Table 4.2: Hotspring temperature and pH measurements 

 

Temperature (°C)     

Site Dec Feb April June August October 

Whkr1  60.1 59.1 57.2 50.8 53 

Whkr3 71 70.3 67.1 66.3 60 60.6 

TeP  71.6 67.4 66.1 61.8 64 

Waio1 64.9 67.5 67.2 67 65.6 68 

Waio2 59.4 67.9 66.5 64.7 66.9 71.9 

Kui3 59.2 61 56.6 51.7 45.8 51.3 

Whgpa 63.3 65.3 63.8 61 60.8 62.7 

Kui1 62.2 63.8 61.4 57.5 62 58.5 

Kui2 70.6 72.4 71.4 68.7 67.9 68.3 

Whkr2 69.5 69.6 66.2 64.7 64.5 65.5 

Whkr4 63.4 61.5 61.1 70.3 78.1 80.6 

Ohaaki   70 70.3 66.5 65 67.9 

pH       

Site Dec Feb April June August October 

Whkr1  2.95 3.06 3.12 3.03 2.91 

Whkr3 3.37 3.31 3.64 3.98 4.55 4.77 

TeP  2.5 2.44 2.48 2.58 2.54 

Waio1 4.56 4.57 5 4.88 4.72 4.66 

Waio2 5.07 4.78 4.92 4.8 4.68 4.77 

Kui3 5.18 5.21 5.27 5.02 4.85 4.47 

Whgpa 7.55 7.3 7.08 7.13 7.09 7.55 

Kui1 6.57 6.62 6.94 7.06 6.6 6.75 

Kui2 7.06 7.29 7.06 7.26 7.04 7.22 

Whkr2 8.93 8.96 8.97 8.7 8.71 8.78 

Whkr4 8.3 8.38 8.39 7.98 7.76 8.41 

Ohaaki   8.84 9.04 8.87 8.41 9 
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Supplementary Table 4.3: Whkr3 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Archaea;p_Crenarchaeota;c_Thermoprotei;o_

Sulfolobales;f_Sulfolobaceae; 

g_unknown 

 

33.1% 34.7% 18.4% 9.8% 6.2% 0.9% 

k_Archaea;p_Euryarchaeota;c_Thermoplasmata

;o_Thermoplasmatales;f_unknown; 
g_unknown 

 

6.2% 6.2% 9.6% 7.3% 10.8% 12.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Aquifex 

 

0.8% 0.0% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquifical

es;f_Aquificaceae; 

g_Hydrogenobacter 

 

5.4% 0.0% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Hydrogenobaculum 

 

50.8% 56.9% 69.7% 81.0% 2.8% 0.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 
o_Aquificales;f_Hydrogenothermaceae; 

g_Venenivibrio 

 

3.1% 1.1% 0.1% 0.1% 74.3% 84.1% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquifical
es;f_Hydrogenothermaceae; 

g_unknown 

 

0.0% 0.0% 0.0% 0.0% 0.5% 0.5% 
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Supplementary Table 4.4: Waio1 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Archaea;p_Crenarchaeota;c_Thermoprotei; 
o_Fervidicoccales;f_Fervidicoccaceae; 

g_Fervidicoccus 

 

0.0% 0.0% 0.2% 0.0% 0.0% 0.1% 

k_Archaea;p_Crenarchaeota;c_Thermoprotei; 

o_Sulfolobales;f_Sulfolobaceae;g_unknown 
 

0.1% 0.1% 0.2% 0.4% 0.2% 0.5% 

k_Archaea;p_Euryarchaeota;c_Thermoplasm
ata;o_Thermoplasmatales;f_unknown; 

g_unknown 

 

0.0% 0.0% 0.5% 0.1% 0.1% 0.4% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_Venenivibrio 

 

99.6% 99.6% 98.8% 99.2% 99.3% 98.6% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_unknown 

 

0.2% 0.2% 0.2% 0.3% 0.2% 0.2% 

k_Bacteria;p_Caldiserica;c_Caldisericia; 

o_Caldisericales;f_Caldisericaceae; 
g_Caldisericum 

 

0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 

k_Bacteria;p_Proteobacteria;c_Deltaproteoba

cteria;o_Desulfurellales;f_Desulfurellaceae; 
g_Desulfurella 

0.0% 0.0% 0.0% 0.0% 0.1% 0.1% 
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Supplementary Table 4.5: Waio2 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Archaea;p_Crenarchaeota;c_Thermoprotei;
o_Sulfolobales;f_Sulfolobaceae;g_unknown 

 
0.0% 0.0% 0.1% 0.7% 1.1% 0.7% 

k_Archaea;p_Euryarchaeota;c_Thermoplasm

ata;o_Thermoplasmatales;f_unknown;g_unkno

wn 
 

0.1% 0.2% 0.0% 0.2% 0.3% 0.2% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_Venenivibrio 

 

94.2% 99.1% 98.5% 95.9% 97.3% 98.5% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_unknown 

 

0.2% 0.3% 0.2% 0.2% 0.2% 0.2% 

k_Bacteria;p_Proteobacteria;c_Betaproteobac

teria;o_Burkholderiales;f_Burkholderiales_inc
ertae_sedis;g_Thiomonas 

 

0.3% 0.0% 0.3% 0.4% 0.2% 0.1% 

k_Bacteria;p_Proteobacteria;c_Deltaproteoba

cteria;o_Desulfurellales;f_Desulfurellaceae;g_

Desulfurella 
 

0.3% 0.1% 0.2% 0.2% 0.2% 0.0% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo

bacteria;o_Acidithiobacillales;f_Acidithiobacil

laceae;g_Acidithiobacillus 

 

0.2% 0.0% 0.1% 0.4% 0.1% 0.0% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo

bacteria;o_Chromatiales;f_Halothiobacillacea

e;g_Halothiobacillus 

 

2.0% 0.1% 0.0% 0.5% 0.1% 0.0% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo
bacteria;o_Chromatiales;f_Halothiobacillacea

e;g_Thiovirga 

 

0.3% 0.0% 0.0% 0.1% 0.0% 0.0% 

k_Bacteria;p_Thermodesulfobacteria;c_Ther

modesulfobacteria;o_Thermodesulfobacteriale

s;f_Thermodesulfobacteriaceae;g_Caldimicrob

ium 

 

0.4% 0.0% 0.0% 0.1% 0.1% 0.0% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o

_Thermotogales;f_Thermotogaceae;g_Mesoaci
ditoga 

 

0.1% 0.0% 0.1% 0.1% 0.0% 0.0% 

k_Bacteria;p_unknown;c_unknown;o_unknow

n;f_unknown;g_unknown 

 
0.7% 0.0% 0.1% 0.5% 0.1% 0.0% 
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Supplementary Table 4.6: Kui3 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Archaea;p_Euryarchaeota;c_Th

ermoplasmata;o_Thermoplasmatal

es; f_unknown; g_unknown 

0.0% 0.0% 0.2% 0.1% 0.1% 0.1% 

k_Bacteria;p_Aquificae;c_Aquifica

e;o_Aquificales;f_Aquificaceae; 

g_Hydrogenobaculum 

0.7% 5.3% 0.0% 0.1% 0.0% 0.1% 

k_Bacteria;p_Aquificae;c_Aquifica

e;o_Aquificales;f_Hydrogenotherm

aceae;g_Venenivibrio 

44.4% 79.3% 81.5% 79.3% 4.1% 94.4% 

k_Bacteria;p_Aquificae;c_Aquifica

e;o_Aquificales;f_Hydrogenotherm

aceae;g_unknown 

0.3% 0.5% 0.5% 0.7% 0.1% 0.5% 

k_Bacteria;p_Caldiserica;c_Caldis

ericia;o_Caldisericales;f_Caldiseri

caceae; g_Caldisericum 

0.1% 0.7% 0.3% 1.0% 0.4% 0.8% 

k_Bacteria;p_Chlorobi;c_Chlorobi

a;o_Chlorobiales;f_Chlorobiaceae;

g_Chlorobaculum 

0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 

k_Bacteria;p_Dictyoglomi;c_Dicty

oglomia;o_Dictyoglomales;f_Dicty

oglomaceae; g_Dictyoglomus 

0.0% 0.1% 0.2% 0.5% 0.1% 0.0% 

k_Bacteria;p_Firmicutes;c_Negati

vicutes;o_Selenomonadales;f_Veill

onellaceae; g_unknown 

0.0% 0.0% 0.0% 0.1% 0.3% 0.0% 

k_Bacteria;p_Proteobacteria;c_Bet

aproteobacteria;o_Burkholderiales

;f_Burkholderiales_incertae_sedis;

g_Thiomonas 

43.3% 12.3% 1.9% 3.4% 2.3% 0.7% 

k_Bacteria;p_Proteobacteria;c_Bet

aproteobacteria;o_unknown;f_unkn

own;g_unknown 

0.0% 0.0% 0.1% 0.4% 0.2% 0.1% 

k_Bacteria;p_Proteobacteria;c_Del

taproteobacteria;o_Desulfurellales;

f_Desulfurellaceae; g_Desulfurella 

0.0% 0.0% 0.1% 0.3% 0.2% 0.4% 

k_Bacteria;p_Proteobacteria;c_Ep

silonproteobacteria;o_Nautiliales;f

_Nautiliaceae; g_Nitratiruptor 

10.3% 0.0% 0.0% 6.4% 68.3% 0.0% 

k_Bacteria;p_Proteobacteria;c_Ga

mmaproteobacteria;o_Chromatiale

s;f_Halothiobacillaceae;g_Thiovirg

a 

0.1% 0.0% 13.3% 0.6% 18.7% 0.0% 

k_Bacteria;p_Proteobacteria;c_Ga

mmaproteobacteria;o_Xanthomona

dales;f_Sinobacteraceae;g_Nevskia 

0.0% 0.0% 0.4% 0.0% 0.0% 0.0% 

k_Bacteria;p_Proteobacteria;c_unk

nown;o_unknown;f_unknown;g_un

known 

0.0% 0.0% 0.1% 2.9% 1.2% 0.0% 

k_Bacteria;p_Thermodesulfobacte

ria;c_Thermodesulfobacteria;o_Th

ermodesulfobacteriales;f_Thermod

esulfobacteriaceae; 

g_Caldimicrobium 

0.1% 0.7% 0.1% 0.2% 0.0% 0.0% 
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k_Bacteria;p_Thermotogae;c_Ther

motogae;o_Thermotogales;f_Therm

otogaceae; g_Mesoaciditoga 

0.2% 0.2% 0.1% 0.3% 0.2% 0.9% 

k_Bacteria;p_Verrucomicrobia;c_

Subdivision3;o_Subdivision3_gener

a_incertae_sedis; 

f_unknown;g_unknown 

0.0% 0.0% 0.1% 0.2% 0.1% 0.1% 

k_Bacteria;p_unknown;c_unknown

;o_unknown;f_unknown;g_unknow

n 

0.3% 0.5% 0.5% 2.5% 2.4% 1.3% 
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Supplementary Table 4.7: Whgpa community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Bacteria;p_Aquificae;c_Aquificae;

o_Aquificales;f_Aquificaceae;g_Aqui

fex 

0.1% 0.2% 0.2% 0.2% 0.4% 0.6% 

k_Bacteria;p_Aquificae;c_Aquificae;

o_Aquificales;f_Aquificaceae;g_Hydr

ogenivirga 

2.2% 1.3% 0.9% 1.0% 0.8% 0.6% 

k_Bacteria;p_Aquificae;c_Aquificae;

o_Aquificales;f_Aquificaceae;g_Hydr

ogenobacter 

1.7% 1.1% 2.2% 1.6% 4.2% 2.5% 

k_Bacteria;p_Aquificae;c_Aquificae;

o_Aquificales;f_Hydrogenothermace

ae;g_Venenivibrio 

0.2% 0.4% 0.7% 0.7% 0.7% 0.2% 

k_Bacteria;p_Armatimonadetes;c_A

rmatimonadetes_gp6;o_unknown;f_u

nknown;g_unknown 

0.1% 0.1% 0.1% 0.1% 0.4% 0.2% 

k_Bacteria;p_Armatimonadetes;c_A

rmatimonadetes_gp7;o_unknown;f_u

nknown;g_unknown 

38.9% 30.8% 24.4% 15.6% 20.5% 45.4% 

k_Bacteria;p_BRC1;c_BRC1_genera

_incertae_sedis;o_unknown;f_unkno

wn;g_unknown 

0.1% 0.0% 0.0% 0.2% 0.4% 0.2% 

k_Bacteria;p_Bacteroidetes;c_Cytop

hagia;o_Cytophagales;f_Flammeovir

gaceae;g_Thermonema 

1.8% 1.0% 0.9% 0.5% 0.2% 0.2% 

k_Bacteria;p_Bacteroidetes;c_Sphin

gobacteriia;o_Sphingobacteriales;f_

Rhodothermaceae;g_Rhodothermus 

0.4% 0.6% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Bacteroidetes;c_unkno

wn;o_unknown;f_unknown;g_unkno

wn 

0.7% 0.0% 0.2% 2.9% 1.7% 2.4% 

k_Bacteria;p_Candidatus 

Calescamantes;c_Candidatus 

Calescibacterium;o_unknown;f_unkn

own;g_unknown 

0.0% 0.0% 0.0% 0.1% 0.1% 0.3% 

k_Bacteria;p_Chloroflexi;c_Anaeroli

neae;o_Anaerolineales;f_Anaeroline

aceae;g_unknown 

0.1% 0.0% 0.0% 0.1% 0.6% 0.0% 

k_Bacteria;p_Chloroflexi;c_Caldilin

eae;o_Caldilineales;f_Caldilineaceae

;g_Caldilinea 

0.1% 0.0% 0.0% 0.1% 0.3% 0.2% 

k_Bacteria;p_Deinococcus-

Thermus; 

c_Deinococci;o_Thermales;f_Therm

aceae;g_Thermus 

39.9% 56.7% 63.6% 45.1% 30.6% 21.6% 

k_Bacteria;p_Firmicutes;c_Bacilli;o

_Bacillales;f_Bacillaceae 

1;g_Anoxybacillus 

0.2% 0.1% 0.0% 0.0% 0.0% 0.1% 

k_Bacteria;p_Proteobacteria;c_Beta

proteobacteria;o_Burkholderiales;f_

Burkholderiales_incertae_sedis;g_Te

pidimonas 

0.2% 0.1% 0.0% 0.0% 0.2% 0.0% 
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k_Bacteria;p_Proteobacteria;c_Beta

proteobacteria;o_Hydrogenophilales

;f_Hydrogenophilaceae;g_Hydrogen

ophilus 

0.2% 0.1% 0.1% 0.1% 0.1% 0.2% 

k_Bacteria;p_Proteobacteria;c_Gam

maproteobacteria;o_unknown;f_unkn

own;g_unknown 

1.6% 0.4% 0.2% 1.0% 3.2% 5.9% 

k_Bacteria;p_Thermodesulfobacteri

a;c_Thermodesulfobacteria;o_Therm

odesulfobacteriales;f_Thermodesulfo

bacteriaceae;g_Caldimicrobium 

0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 

k_Bacteria;p_Thermotogae;c_Therm

otogae;o_Thermotogales;f_Fervidob

acteriaceae;g_Fervidobacterium 

0.0% 0.1% 0.1% 0.0% 0.0% 0.1% 

k_Bacteria;p_Verrucomicrobia;c_Su

bdivision3;o_Limisphaera;f_unknow

n;g_unknown 

0.9% 0.7% 0.2% 1.2% 0.3% 0.3% 

k_Bacteria;p_unknown;c_unknown;o

_unknown;f_unknown;g_unknown 
9.4% 5.3% 5.5% 27.6% 32.6% 16.8% 

k_unknown;p_unknown;c_unknown;o

_unknown;f_unknown;g_unknown 
0.1% 0.2% 0.5% 1.1% 0.2% 0.2% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

109 

 

Supplementary Table 4.8: Kui1 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Archaea;p_Pacearchaeota;c_Pacearchaeota 

Incertae Sedis 

AR13;o_unknown;f_unknown;g_unknown 

0.1% 0.2% 0.0% 0.5% 0.1% 0.2% 

k_Bacteria;p_Aminicenantes;c_Aminicenantes_g
enera_incertae_sedis;o_unknown;f_unknown;g_u

nknown 

0.0% 0.1% 0.0% 0.2% 0.1% 0.1% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquifical

es;f_Hydrogenothermaceae;g_Venenivibrio 
78.1% 74.6% 91.6% 67.4% 78.5% 75.8% 

k_Bacteria;p_Bacteroidetes;c_Cytophagia;o_Cyt

ophagales;f_Flammeovirgaceae;g_Thermonema 
0.1% 0.4% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Bacteroidetes;c_unknown;o_unkno
wn;f_unknown;g_unknown 

2.0% 5.2% 0.3% 1.5% 1.7% 0.9% 

k_Bacteria;p_Caldiserica;c_Caldisericia;o_Cald

isericales;f_Caldisericaceae;g_Caldisericum 
0.1% 0.2% 0.0% 0.1% 0.7% 0.0% 

k_Bacteria;p_Chloroflexi;c_Anaerolineae;o_Ana

erolineales;f_Anaerolineaceae;g_unknown 
0.9% 0.1% 0.1% 0.3% 0.1% 0.4% 

k_Bacteria;p_Chloroflexi;c_unknown;o_unknow
n;f_unknown;g_unknown 

0.2% 0.3% 0.0% 0.4% 0.4% 0.5% 

k_Bacteria;p_Deferribacteres;c_Deferribacteres;

o_Deferribacterales;f_Deferribacteraceae;g_Cal

diterrivibrio 

0.3% 0.1% 0.2% 0.1% 0.1% 0.0% 

k_Bacteria;p_Deinococcus-Thermus; 
c_Deinococci;o_Thermales;f_Thermaceae;g_Mei

othermus 

0.1% 0.3% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Deinococcus-Thermus; 

c_Deinococci;o_Thermales;f_Thermaceae;g_The
rmus 

1.9% 3.4% 1.1% 0.1% 0.6% 0.3% 

k_Bacteria;p_Dictyoglomi;c_Dictyoglomia;o_Di

ctyoglomales;f_Dictyoglomaceae;g_Dictyoglomu

s 

1.5% 0.8% 0.8% 1.1% 1.0% 0.5% 

k_Bacteria;p_Firmicutes;c_Bacilli;o_Bacillales;
f_Bacillaceae 1;g_Anoxybacillus 

0.0% 0.3% 0.0% 0.1% 0.1% 0.2% 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Clostri

diales;f_Clostridiales_Incertae Sedis 
III;g_Thermoanaerobacterium 

0.5% 0.0% 0.2% 0.0% 0.0% 0.0% 

k_Bacteria;p_Nitrospirae;c_Nitrospira;o_Nitros

pirales;f_Nitrospiraceae;g_Thermodesulfovibrio 
0.3% 0.2% 0.1% 1.1% 0.3% 0.3% 

k_Bacteria;p_Nitrospirae;c_Nitrospira;o_Nitros

pirales;f_Nitrospiraceae;g_unknown 
0.1% 0.1% 0.1% 0.2% 0.3% 0.3% 

k_Bacteria;p_Proteobacteria;c_Betaproteobacter

ia;o_Burkholderiales;f_Burkholderiales_incertae

_sedis;g_Tepidimonas 

2.6% 3.0% 0.2% 1.5% 0.6% 2.4% 
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k_Bacteria;p_Proteobacteria;c_Betaproteobacter

ia;o_Burkholderiales;f_Burkholderiales_incertae

_sedis;g_Thiobacter 

0.3% 0.0% 0.1% 0.0% 0.0% 0.1% 

k_Bacteria;p_Proteobacteria;c_Betaproteobacter

ia;o_Hydrogenophilales;f_Hydrogenophilaceae;

g_Hydrogenophilus 

1.2% 1.5% 0.2% 0.6% 0.2% 0.4% 

k_Bacteria;p_Proteobacteria;c_Deltaproteobacte

ria;o_unknown;f_unknown;g_unknown 
0.1% 0.1% 0.1% 0.5% 0.2% 0.4% 

k_Bacteria;p_Proteobacteria;c_Gammaproteoba
cteria;o_Chromatiales;f_Halothiobacillaceae;g_

Thiovirga 

0.1% 0.1% 0.0% 0.1% 0.1% 0.3% 

k_Bacteria;p_Proteobacteria;c_unknown;o_unkn
own;f_unknown;g_unknown 

0.1% 0.2% 0.1% 0.9% 0.4% 0.6% 

k_Bacteria;p_Thermodesulfobacteria;c_Thermo

desulfobacteria;o_Thermodesulfobacteriales;f_T

hermodesulfobacteriaceae;g_Caldimicrobium 

0.9% 1.6% 0.9% 4.2% 4.0% 1.8% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o_T

hermotogales;f_Fervidobacteriaceae;g_Fervidob
acterium 

0.2% 0.2% 0.1% 0.1% 0.4% 0.1% 

k_Bacteria;p_Verrucomicrobia;c_Subdivision3;o

_Limisphaera;f_unknown;g_unknown 
0.3% 0.3% 0.1% 0.0% 0.1% 0.0% 

k_Bacteria;p_unknown;c_unknown;o_unknown;f
_unknown;g_unknown 

6.1% 5.7% 2.9% 16.6% 8.5% 12.8% 
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Supplementary Table 4.9: Whkr2 community composition percentages of sequences 

grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Aquificaceae;g_Aquifex 
9.4% 19.1% 11.0% 3.2% 4.1% 1.3% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Aquificaceae;g_Hydrogenobacter 
27.5% 39.6% 18.5% 25.0% 6.9% 22.5% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific
ales;f_Aquificaceae;g_Hydrogenobaculum 

0.2% 1.4% 0.0% 0.0% 0.2% 0.1% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_Sulfurihydroge
nibium 

0.0% 0.1% 0.1% 0.0% 12.6% 6.4% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_Venenivibrio 
5.9% 3.5% 12.5% 8.0% 7.9% 4.3% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquific

ales;f_Hydrogenothermaceae;g_unknown 
0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 

k_Bacteria;p_Chlorobi;c_Chlorobia;o_Chloro

biales;f_Chlorobiaceae;g_Chlorobaculum 
0.0% 0.0% 0.3% 0.1% 0.2% 0.7% 

k_Bacteria;p_Chloroflexi;c_Anaerolineae;o_A

naerolineales;f_Anaerolineaceae;g_Anaeroline

a 

0.0% 0.0% 0.1% 0.1% 0.2% 0.0% 

k_Bacteria;p_Chloroflexi;c_Anaerolineae;o_A

naerolineales;f_Anaerolineaceae;g_unknown 
0.1% 0.1% 0.0% 0.1% 0.2% 0.1% 

k_Bacteria;p_Chloroflexi;c_Chloroflexia;o_C
hloroflexales;f_Chloroflexineae;g_Chloroflexa

ceae 

0.1% 0.0% 0.3% 0.1% 0.1% 0.4% 

k_Bacteria;p_Deinococcus-Thermus; 

c_Deinococci;o_Thermales;f_Thermaceae;g_T

hermus 

6.6% 12.8% 11.4% 4.9% 1.9% 4.8% 

k_Bacteria;p_Dictyoglomi;c_Dictyoglomia;o_

Dictyoglomales;f_Dictyoglomaceae;g_Dictyogl

omus 

3.9% 1.4% 1.5% 1.0% 3.2% 1.1% 

k_Bacteria;p_Firmicutes;c_Clostridia;o_Clost

ridiales;f_Clostridiales_Incertae Sedis 

III;g_Caldicellulosiruptor 

0.4% 0.3% 0.5% 0.1% 0.3% 0.1% 

k_Bacteria;p_Proteobacteria;c_Alphaproteoba

cteria;o_Rhodospirillales;f_Acetobacteraceae;
g_Acidiphilium 

0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 

k_Bacteria;p_Proteobacteria;c_Betaproteobact

eria;o_Burkholderiales;f_Burkholderiales_ince

rtae_sedis;g_Tepidimonas 

0.5% 0.4% 1.1% 2.4% 0.6% 1.3% 

k_Bacteria;p_Proteobacteria;c_Betaproteobact

eria;o_Burkholderiales;f_Burkholderiales_ince

rtae_sedis;g_Thiomonas 

0.2% 0.0% 0.0% 0.1% 0.2% 0.3% 

k_Bacteria;p_Proteobacteria;c_Betaproteobact

eria;o_Hydrogenophilales;f_Hydrogenophilace

ae;g_Hydrogenophilus 

11.0% 6.0% 18.6% 23.1% 21.2% 27.3% 
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k_Bacteria;p_Proteobacteria;c_Betaproteobact

eria;o_unknown;f_unknown;g_unknown 
0.1% 0.0% 0.0% 0.5% 0.0% 0.0% 

k_Bacteria;p_Proteobacteria;c_Epsilonproteob

acteria;o_Campylobacterales;f_Helicobacterac

eae;g_Sulfurimonas 

0.0% 0.0% 0.0% 0.0% 0.3% 0.0% 

k_Bacteria;p_Proteobacteria;c_Epsilonproteob
acteria;o_Nautiliales;f_Nautiliaceae;g_Nitratir

uptor 

0.0% 0.0% 0.1% 0.0% 3.0% 0.0% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo
bacteria;o_Acidithiobacillales;f_Acidithiobacil

laceae;g_Acidithiobacillus 

2.0% 0.1% 0.3% 0.2% 0.1% 0.2% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo

bacteria;o_Chromatiales;f_Halothiobacillacea
e;g_Thiofaba 

0.0% 0.0% 0.2% 0.2% 0.1% 0.0% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo

bacteria;o_Chromatiales;f_Halothiobacillacea

e;g_Thiovirga 

1.1% 0.1% 3.3% 6.6% 8.1% 2.4% 

k_Bacteria;p_Proteobacteria;c_Gammaproteo

bacteria;o_Xanthomonadales;f_Xanthomonada

ceae;g_unknown 

0.1% 0.0% 0.2% 0.0% 0.0% 0.0% 

k_Bacteria;p_Proteobacteria;c_unknown;o_un

known;f_unknown;g_unknown 
0.1% 0.0% 0.2% 1.0% 0.5% 1.0% 

k_Bacteria;p_Thermodesulfobacteria;c_Therm

odesulfobacteria;o_Thermodesulfobacteriales;f
_Thermodesulfobacteriaceae;g_Caldimicrobiu

m 

15.9% 8.9% 8.0% 9.5% 10.2% 13.3% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o_
Thermotogales;f_Fervidobacteriaceae;g_Fervi

dobacterium 

1.4% 1.1% 2.5% 0.8% 4.4% 1.7% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o_
Thermotogales;f_Thermotogaceae;g_Thermoto

ga 

0.1% 0.1% 0.3% 0.1% 0.2% 0.0% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o_
Thermotogales;f_Thermotogaceae;g_unknown 

0.1% 0.1% 0.1% 0.1% 0.1% 0.2% 

k_Bacteria;p_Verrucomicrobia;c_Subdivision3

;o_Limisphaera;f_unknown;g_unknown 
0.0% 0.0% 0.5% 0.6% 0.2% 0.3% 

k_Bacteria;p_Verrucomicrobia;c_Subdivision3

;o_Subdivision3_genera_incertae_sedis;f_unkn
own;g_unknown 

0.0% 0.0% 0.2% 0.0% 0.3% 0.1% 

k_Bacteria;p_unknown;c_unknown;o_unknown

;f_unknown;g_unknown 
8.7% 3.6% 6.0% 9.8% 9.4% 6.6% 
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Supplementary Table 4.10: Whkr4 community composition percentages of 

sequences grouping to genera 

 

Taxonomy Dec Feb April June Aug Oct 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae;g_Aquife

x 

1.0% 1.8% 2.7% 2.0% 8.0% 7.5% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Aquificaceae; 

g_Hydrogenobacter 

17.8% 11.6% 10.0% 12.1% 53.3% 59.0% 

k_Bacteria;p_Aquificae;c_Aquificae; 

o_Aquificales;f_Hydrogenothermaceae

; g_Venenivibrio 

1.8% 1.8% 4.4% 6.4% 12.3% 4.9% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aq

uificales;f_Hydrogenothermaceae;g_unkno

wn 

 

0.0% 0.0% 0.0% 0.1% 0.2% 0.1% 

k_Bacteria;p_Deinococcus-Thermus; 

c_Deinococci;o_Thermales;f_Thermac

eae; g_Thermus 

64.9% 63.9% 46.7% 55.5% 3.5% 3.9% 

k_Bacteria;p_Bacteroidetes;c_Cytoph

agia;o_Cytophagales;f_Flammeovirga

ceae; g_Thermonema 

0.8% 0.3% 0.1% 0.1% 0.0% 0.0% 

k_Bacteria;p_Bacteroidetes;c_Flavoba

cteriia;o_Flavobacteriales;f_Cryomor

phaceae; g_Fluviicola 

0.0% 0.0% 0.0% 0.0% 0.0% 0.4% 

k_Bacteria;p_Bacteroidetes;c_Flavoba

cteriia;o_Flavobacteriales;f_Schleiferi

aceae;g_Schleiferia 

0.3% 0.6% 1.7% 0.0% 0.0% 0.0% 

k_Bacteria;p_Bacteroidetes;c_unknow

n; o_unknown;f_unknown;g_unknown 
0.3% 7.1% 5.7% 0.0% 0.0% 0.4% 

k_Bacteria;p_Dictyoglomi;c_Dictyogl

omia; 

o_Dictyoglomales;f_Dictyoglomaceae; 

g_Dictyoglomus 

0.4% 0.3% 1.1% 1.9% 5.9% 2.5% 

k_Bacteria;p_Proteobacteria;c_Betapr

oteobacteria;o_Burkholderiales;f_Burk

holderiales_incertae_sedis;g_Tepidimo

nas 

0.6% 1.8% 1.4% 0.1% 0.1% 0.0% 

k_Bacteria;p_Proteobacteria;c_Betapr

oteobacteria;o_Hydrogenophilales;f_H

ydrogenophilaceae;g_Hydrogenophilu

s 

4.3% 2.7% 4.5% 0.6% 1.4% 0.2% 

k_Bacteria;p_Thermodesulfobacteria;

c_Thermodesulfobacteria;o_Thermode

sulfobacteriales;f_Thermodesulfobacte

riaceae;g_Caldimicrobium 

3.0% 1.7% 6.0% 10.8% 10.5% 14.8% 

k_Bacteria;p_Thermotogae;c_Thermot

ogae; 

o_Thermotogales;f_Fervidobacteriace

ae; g_Fervidobacterium 

0.8% 0.5% 1.2% 1.6% 1.5% 1.6% 

k_Bacteria;p_Verrucomicrobia;c_Sub

division3; 

o_Limisphaera;f_unknown;g_unknown 

0.3% 0.5% 0.3% 0.1% 0.0% 0.0% 
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k_Bacteria;p_unknown;c_unknown;o_

unknown; f_unknown;g_unknown 
2.8% 3.7% 11.6% 6.5% 1.4% 2.2% 
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Supplementary Table 4.11: Ohaaki community composition percentages of 

sequences grouping to genera 

 

Taxonomy March April June Aug Oct 

k_Bacteria;p_Acetothermia;c_Acetothermia_g

enera_incertae_sedis;o_unknown;f_unknown;

g_unknown 

0.0% 0.0% 0.0% 0.0% 1.3% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquifi

cales;f_Aquificaceae;g_Hydrogenobacter 
92.0% 96.1% 94.1% 93.7% 9.5% 

k_Bacteria;p_Aquificae;c_Aquificae;o_Aquifi

cales;f_Hydrogenothermaceae;g_Venenivibrio 
0.0% 0.2% 0.1% 0.0% 0.0% 

k_Bacteria;p_Armatimonadetes;c_Armatimon

adetes_gp7;o_unknown;f_unknown;g_unknow

n 

0.2% 0.2% 1.3% 0.9% 0.9% 

k_Bacteria;p_Bacteroidetes;c_Cytophagia;o_

Cytophagales;f_Flammeovirgaceae;g_Thermo

nema 

0.0% 0.0% 0.0% 0.0% 0.2% 

k_Bacteria;p_Bacteroidetes;c_unknown;o_unk

nown;f_unknown;g_unknown 
0.0% 0.0% 0.2% 0.4% 0.0% 

k_Bacteria;p_Deinococcus-Thermus; 

c_Deinococci;o_Thermales;f_Thermaceae; 

g_Thermus 

7.6% 2.8% 2.2% 3.1% 73.2% 

k_Bacteria;p_Dictyoglomi;c_Dictyoglomia;o_

Dictyoglomales;f_Dictyoglomaceae;g_Dictyog

lomus 

0.0% 0.1% 0.0% 0.0% 1.4% 

k_Bacteria;p_Proteobacteria;c_Betaproteobac

teria;o_Hydrogenophilales;f_Hydrogenophila

ceae; g_Hydrogenophilus 

0.1% 0.2% 0.9% 1.1% 2.0% 

k_Bacteria;p_Thermodesulfobacteria;c_Ther

modesulfobacteria;o_Thermodesulfobacteriale

s;f_Thermodesulfobacteriaceae;g_Caldimicro

bium 

0.1% 0.3% 0.3% 0.2% 9.7% 

k_Bacteria;p_Thermotogae;c_Thermotogae;o

_Thermotogales;f_Fervidobacteriaceae;g_Fer

vidobacterium 

0.0% 0.0% 0.0% 0.0% 0.6% 

k_Bacteria;p_unknown;c_unknown;o_unknow

n; f_unknown;g_unknown 
0.1% 0.0% 0.5% 0.3% 0.2% 
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4.2 Supplementary: Full site physicochemical dataset 

Spring Info 

Whkr1 

Sample P2.0019 P2.0024 P2.0036 P2.0048 P2.0060 

Site Whkr1 Whkr1 Whkr1 Whkr1 Whkr1 

Month Feb April June Aug Oct 

Metadata 
Temperature 60.1 59.1 57.2 50.8 53 

pH 2.95 3.06 3.12 3.03 2.91 

Elements 

(ppm) 

B 10 3.832 3.317 3.662 3.389 3.290 

Li 7 2.981 2.591 2.706 2.628 2.284 

Na 23 405.673 348.063 369.386 350.273 344.516 

Mg 24 0.540 0.245 0.368 0.365 0.327 

Al 27 2.092 1.492 1.446 1.792 1.768 

Si 28 128.501 110.109 110.313 118.771 126.581 

S 32 146.332 <5 62.777 <5 <5 

K 39 48.047 41.697 42.947 41.119 40.964 

Ca 43 7.908 3.954 6.187 6.381 5.640 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.024 0.018 0.021 0.028 0.029 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.006 0.001 0.004 0.003 0.003 

Cu 63 0.005 0.003 0.006 0.004 0.005 

Zn 66 <0.001 <0.001 <0.001 0.008 0.026 

As 75 0.228 0.210 0.212 0.248 0.230 

Se 82 0.006 0.006 <0.001 <0.001 0.002 

Br 79 2.062 1.752 1.754 1.853 1.793 

Rb 85 0.355 0.311 0.333 0.343 0.327 

Sr 88 0.229 0.135 0.209 0.167 0.118 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 <0.0001 0.001 0.003 0.003 0.004 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.340 0.296 0.309 0.290 0.303 

Ba 137 0.113 0.045 0.061 0.082 0.069 

Tl 205 <0.00005 <0.00005 0.000 <0.00005 0.000 

Hg 202 0.002 0.002 0.001 0.001 <0.0002 

Pb 207 <0.0002 <0.0002 <0.0002 <0.0002 0.002 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 
 

Cl- 519 502 551 484 521 

SO4
2 337 305 305 303 337 

S2- <0.01 <0.01 <0.01 0 <0.01 

HCO3
- <20 <20 <20 <20 <20 

Nutrients 

(ppm) 

NO2
- 0.028 0.029 0.028 0.004 0.006 

NO3
- 0.001 0.000 0.000 0.001 0.000 

PO4
3- 0.055 0.060 0.004 0.121 0.108 

NH4
+ 0.476 0.600 0.074 0.336 0.026 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.410 0.087 0.196 0.047 0.147 

CO 0.088 0.037 0.037 0.050 0.075 

CH4 0.155 0.282 0.226 0.215 0.277 
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Spring Info 

Whkr3 

Sample P2.0008 P2.0017 P2.0026 P2.0038 P2.0050 P2.0062 

Site Whkr3 Whkr3 Whkr3 Whkr3 Whkr3 Whkr3 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 71 70.3 67.1 66.3 60 60.6 

pH 3.37 3.31 3.64 3.98 4.55 4.77 

Elements 

(ppm) 

B 10 3.899 4.094 4.103 3.767 3.907 4.067 

Li 7 1.780 1.966 1.901 1.801 1.703 1.772 

Na 23 327.751 349.968 354.784 329.598 340.003 350.097 

Mg 24 0.764 0.793 0.502 0.369 0.441 0.336 

Al 27 1.862 2.291 1.751 1.237 0.915 0.590 

Si 28 93.959 104.004 102.651 97.809 111.281 112.120 

S 32 <5 77.397 127.255 <5 <5 <5 

K 39 15.891 17.185 15.907 14.792 14.335 14.572 

Ca 43 6.796 8.406 6.406 4.524 6.629 5.341 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 0.001 0.001 <0.0005 0.001 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.039 0.044 0.041 0.031 0.035 0.026 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.011 0.010 0.006 0.002 0.005 0.003 

Cu 63 0.006 0.011 0.030 0.004 0.025 0.003 

Zn 66 0.011 0.012 0.032 <0.001 0.008 0.009 

As 75 0.004 0.010 0.006 0.009 0.016 0.019 

Se 82 0.005 0.005 <0.001 <0.001 0.001 0.005 

Br 79 1.681 1.709 1.784 1.575 1.772 1.741 

Rb 85 0.123 0.136 0.133 0.117 0.116 0.115 

Sr 88 0.231 0.209 0.111 0.061 0.094 0.055 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.003 0.000 0.001 0.002 0.002 0.004 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.078 0.085 0.078 0.064 0.058 0.055 

Ba 137 0.135 0.118 0.097 0.116 0.082 0.074 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.000 0.001 0.000 <0.0002 0.001 0.001 

Pb 207 0.000 0.001 0.035 <0.0002 0.000 0.002 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 0.000 0.000 

 

Cl- 532 532 507 524 518 519 

SO4
2 208 219 202 200 185 202 

S2- 19 15 15 9 11 18 

HCO3
- 97 109 126 64 111 78 

Nutrients 

(ppm) 

NO2
- 0.029 0.028 0.029 0.012 0.005 0.005 

NO3
- 0.000 0.000 0.000 0.000 0.000 0.000 

PO4
3- 0.024 0.009 0.012 0.004 0.011 0.009 

NH4
+ 2.011 1.231 1.947 0.075 1.119 1.154 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.215 0.125 0.079 0.089 0.064 0.148 

CO 0.081 0.124 0.028 0.041 0.054 0.090 

CH4 6.928 <0.01 5.879 5.076 7.648 7.102 
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Spring Info 

TeP 

Sample P2.0020 P2.0023 P2.0035 P2.0047 P2.0059 

Site TeP TeP TeP TeP TeP 

Month Feb April June Aug Oct 

Metadata 
Temperature 71.6 67.4 66.1 61.8 64 

pH 2.5 2.44 2.48 2.58 2.54 

Elements 

(ppm) 

B 10 4.301 3.726 3.937 3.478 3.489 

Li 7 2.992 2.676 2.590 2.387 2.181 

Na 23 360.216 318.908 316.459 284.424 293.284 

Mg 24 0.492 0.420 0.309 0.249 0.156 

Al 27 5.671 6.296 4.825 4.921 5.146 

Si 28 154.406 132.072 125.694 110.929 125.081 

S 32 99.899 118.319 16.779 <5 <5 

K 39 40.059 35.357 35.153 31.466 31.797 

Ca 43 5.348 7.082 4.821 3.761 2.764 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 0.073 <0.0005 <0.0005 <0.0005 

Fe 54 0.057 0.842 <0.02 <0.02 <0.02 

Mn 55 0.013 0.027 0.012 0.011 0.010 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.009 0.002 0.003 0.002 0.002 

Cu 63 0.006 0.026 0.025 0.005 0.005 

Zn 66 0.010 0.035 0.009 <0.001 <0.001 

As 75 0.332 0.256 0.288 0.235 0.245 

Se 82 0.002 0.006 <0.001 <0.001 <0.001 

Br 79 1.982 1.595 1.655 1.518 1.527 

Rb 85 0.346 0.310 0.315 0.284 0.296 

Sr 88 0.203 0.103 0.146 0.099 0.046 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.001 0.000 0.002 0.002 0.001 

Cd 111 0.000 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.330 0.309 0.301 0.278 0.283 

Ba 137 0.118 0.567 0.125 0.101 0.089 

Tl 205 <0.00005 <0.00005 0.000 <0.00005 0.000 

Hg 202 0.003 0.003 0.001 0.001 0.000 

Pb 207 0.002 0.636 0.000 0.000 0.002 

U 238 0.000 <0.00002 <0.00002 0.000 <0.00002 

 

Cl- 469 426 502 422 465 

SO4
2 387 388 389 370 396 

S2- <0.01 <0.01 <0.01 <0.01 <0.01 

HCO3
- 27 37 <20 33 <20 

Nutrients 

(ppm) 

NO2
- 0.028 0.028 0.028 0.006 0.006 

NO3
- 0.001 0.001 0.000 0.001 0.000 

PO4
3- 0.041 0.050 0.003 0.075 0.079 

NH4
+ 1.112 1.185 0.073 0.671 0.201 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.153 0.028 0.034 0.017 0.072 

CO 0.102 0.056 0.037 0.012 0.059 

CH4 2.158 2.313 1.952 0.410 2.269 
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Spring Info 

Waio1 

Sample P2.0002 P2.0012 P2.0032 P2.0044 P2.0056 P2.0068 

Site Waio1 Waio1 Waio1 Waio1 Waio1 Waio1 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 64.9 67.5 67.2 67 65.6 68 

pH 4.56 4.57 5 4.88 4.72 4.66 

Elements 

(ppm) 

B 10 6.74 6.68 6.60 5.99 6.00 6.09 

Li 7 1.56 1.59 1.57 1.46 1.37 1.42 

Na 23 375.10 367.07 362.67 322.43 337.91 335.08 

Mg 24 0.45 0.54 0.30 0.32 0.24 0.10 

Al 27 0.41 0.37 0.29 0.50 0.38 0.22 

Si 28 188.24 196.07 183.67 171.04 181.14 187.33 

S 32 77.43 <5 67.14 <5 <5 <5 

K 39 63.92 62.40 60.07 56.14 57.80 57.81 

Ca 43 10.10 11.33 10.43 9.78 8.99 8.04 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.01 0.01 0.01 0.02 0.02 0.01 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.01 0.01 0.00 0.00 0.00 <0.001 

Cu 63 0.01 0.01 0.01 0.01 0.00 0.00 

Zn 66 0.01 0.00 0.01 0.02 0.01 <0.001 

As 75 0.45 0.44 0.46 0.43 0.44 0.42 

Se 82 0.01 0.00 0.00 <0.001 <0.001 0.00 

Br 79 2.35 2.43 2.37 2.22 2.14 2.26 

Rb 85 0.19 0.18 0.19 0.18 0.18 0.18 

Sr 88 0.19 0.29 0.18 0.14 0.08 0.06 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.00 0.00 0.00 0.00 0.00 0.00 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.05 0.04 0.04 0.04 0.04 0.04 

Ba 137 0.18 0.16 0.14 0.18 0.22 0.12 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.00 0.00 <0.0002 <0.0002 <0.0002 <0.0002 

Pb 207 <0.0002 0.00 <0.0002 0.00 0.00 0.00 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 715 667 670 705 665 682 

SO4
2 87 95 89 87 91 95 

S2- 0.04 0.04 0.03 0.05 0.03 0.02 

HCO3
- 90 76 83 73 55 49 

Nutrients 

(ppm) 

NO2
- 0.031 0.028 0.028 0.005 0.004 0.005 

NO3
- 0.001 0.000 0.000 0.000 0.001 0.000 

PO4
3- 0.005 0.007 0.008 0.003 0.048 0.007 

NH4
+ 17.530 29.210 26.590 33.100 0.034 32.620 

Iron (ppm) Fe2+ <3 <3 <3 <3 6.6667 <3 

Gases (µm) 

H2 0.465 0.316 0.326 0.119 0.430 0.535 

CO 0.057 0.098 0.049 0.024 0.033 0.031 

CH4 2.168 2.594 3.522 3.155 3.311 3.477 
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Spring Info 

Waio2 

Sample P2.0003 P2.0011 P2.0033 P2.0045 P2.0057 P2.0069 

Site Waio2 Waio2 Waio2 Waio2 Waio2 Waio2 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 59.4 67.9 66.5 64.7 66.9 71.9 

pH 5.07 4.78 4.92 4.8 4.68 4.77 

Elements 

(ppm) 

B 10 20.716 19.415 19.471 17.999 15.347 15.945 

Li 7 7.307 6.983 7.019 6.857 5.266 5.552 

Na 23 1017.501 943.083 928.065 910.773 780.631 805.153 

Mg 24 0.361 0.477 0.282 0.280 0.352 0.127 

Al 27 0.246 0.253 0.256 0.390 0.685 0.320 

Si 28 145.926 150.966 146.797 158.594 138.048 134.310 

S 32 <5 13.779 <5 <5 <5 <5 

K 39 142.113 132.508 130.557 124.056 108.079 115.464 

Ca 43 38.368 37.011 36.782 36.118 35.030 30.636 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 0.001 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.064 0.062 0.065 0.064 0.066 0.056 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.011 0.007 0.006 0.002 0.005 <0.001 

Cu 63 0.006 0.021 0.004 0.003 0.051 0.006 

Zn 66 0.025 <0.001 <0.001 0.002 0.108 0.010 

As 75 2.193 1.320 2.908 1.074 1.153 0.944 

Se 82 0.018 0.015 0.008 0.014 0.012 0.004 

Br 79 7.096 6.723 6.450 6.873 5.416 5.892 

Rb 85 1.259 1.204 1.263 1.261 1.016 1.059 

Sr 88 0.416 0.459 0.356 0.349 0.239 0.213 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.002 0.001 0.003 0.003 0.004 0.004 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 1.056 0.984 0.952 0.928 0.838 0.855 

Ba 137 0.100 0.058 0.036 0.075 0.083 0.032 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.003 0.002 0.000 <0.0002 <0.0002 <0.0002 

Pb 207 <0.0002 <0.0002 <0.0002 <0.0002 0.016 0.003 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 2021 1991 1820 1864 1656 1683 

SO4
2 137 183 153 161 154 155 

S2- 22 22 22 20 18 23 

HCO3
- 271 160 172 175 164 111 

Nutrients 

(ppm) 

NO2
- 0.033 0.028 0.027 0.004 0.004 0.004 

NO3
- 0.001 0.000 0.000 0.001 0.001 0.001 

PO4
3- 0.026 0.013 0.016 0.006 0.061 0.011 

NH4
+ 52.650 31.250 52.940 71.640 0.038 18.500 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 9.748 0.192 3.012 4.914 1.749 1.184 

CO 0.050 <0.01 0.052 0.038 0.056 0.048 

CH4 8.206 0.019 7.463 7.740 4.168 5.476 
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Spring Info 

Kui3 

Sample P2.0006 P2.0015 P2.0031 P2.0043 P2.0055 P2.0067 

Site Kui3 Kui3 Kui3 Kui3 Kui3 Kui3 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 59.2 61 56.6 51.7 45.8 51.3 

pH 5.18 5.21 5.27 5.02 4.85 4.47 

Elements 

(ppm) 

B 10 0.896 1.102 1.104 0.929 0.541 0.601 

Li 7 0.344 0.410 0.417 0.377 0.227 0.236 

Na 23 58.641 66.332 67.006 60.492 42.735 43.067 

Mg 24 1.451 1.715 1.536 1.441 1.074 0.943 

Al 27 0.096 0.450 0.286 0.392 0.404 0.346 

Si 28 78.672 79.918 74.535 70.640 68.988 81.745 

S 32 <5 38.586 <5 <5 <5 <5 

K 39 13.354 14.461 14.123 12.946 9.787 10.756 

Ca 43 9.699 13.563 12.241 13.885 10.309 7.530 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 0.049 <0.02 

Mn 55 0.168 0.208 0.217 0.213 0.154 0.147 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.006 0.006 0.004 0.003 0.004 <0.001 

Cu 63 0.006 0.005 0.004 0.028 0.007 0.001 

Zn 66 <0.001 0.032 0.004 0.074 0.015 0.007 

As 75 <0.001 <0.001 0.008 0.008 0.015 0.008 

Se 82 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Br 79 0.219 0.229 0.274 0.253 0.126 0.085 

Rb 85 0.085 0.091 0.096 0.092 0.071 0.076 

Sr 88 0.265 0.232 0.200 0.146 0.078 0.054 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.001 <0.0001 0.002 0.003 0.004 0.004 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.071 0.078 0.074 0.068 0.053 0.065 

Ba 137 0.134 0.189 0.150 0.166 0.123 0.107 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Pb 207 <0.0002 0.001 0.001 0.010 0.003 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 54 70 115 63 31 27 

SO4
2 71 83 89 89 70 92 

S2- 2 2 1 2 1 2 

HCO3
- 56 77 41 79 140 110 

Nutrients 

(ppm) 

NO2
- 0.029 0.029 0.028 0.006 0.006 0.006 

NO3
- 0.001 0.001 0.001 0.020 0.000 0.003 

PO4
3- 0.055 0.049 0.064 0.043 0.027 0.094 

NH4
+ 1.022 1.484 1.383 1.470 0.071 0.964 

Iron (ppm) Fe2+ <3 3.333 <3 <3 <3 <3 

Gases (µm) 

H2 0.064 0.524 0.027 0.078 0.030 0.040 

CO 0.053 0.095 <0.01 0.045 0.038 <0.01 

CH4 29.806 28.473 3.403 11.175 7.017 0.763 
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Spring Info 

Whgpa 

Sample P2.0001 P2.0010 P2.0028 P2.0040 P2.0052 P2.0064 

Site Whgpa Whgpa Whgpa Whgpa Whgpa Whgpa 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 63.3 65.3 63.8 61 60.8 62.7 

pH 7.55 7.3 7.08 7.13 7.09 7.55 

Elements 

(ppm) 

B 10 8.680 8.685 8.823 8.446 8.198 8.136 

Li 7 3.045 3.260 3.252 3.142 2.894 2.866 

Na 23 366.524 364.932 360.432 339.408 349.498 348.775 

Mg 24 0.492 0.827 0.288 0.097 0.168 0.146 

Al 27 0.674 0.777 0.626 0.251 0.479 0.468 

Si 28 77.405 65.606 74.308 76.366 83.435 112.079 

S 32 <5 <5 <5 <5 <5 <5 

K 39 18.384 18.516 17.464 16.925 16.892 17.053 

Ca 43 4.710 8.352 4.449 1.591 3.244 3.379 

V 51 0.006 0.005 0.003 <0.002 <0.002 <0.002 

Cr 52 0.001 0.003 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.003 0.011 0.003 0.002 0.004 0.004 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.011 0.008 0.003 0.001 0.002 0.003 

Cu 63 0.061 0.076 0.008 0.007 0.004 0.004 

Zn 66 0.010 0.223 0.014 <0.001 0.009 0.006 

As 75 0.651 0.610 0.651 0.598 0.615 0.625 

Se 82 0.005 <0.001 0.004 <0.001 <0.001 <0.001 

Br 79 1.012 0.936 0.970 0.789 0.877 0.935 

Rb 85 0.140 0.135 0.136 0.127 0.133 0.130 

Sr 88 0.142 0.196 0.131 0.055 0.037 0.045 

Mo 98 0.003 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 <0.0001 0.000 0.002 0.003 0.003 0.002 

Cd 111 0.000 <0.00005 0.000 <0.00005 <0.00005 <0.00005 

Cs 133 0.828 0.801 0.804 0.733 0.769 0.750 

Ba 137 0.056 0.164 0.168 0.024 0.082 0.056 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.004 0.003 0.001 0.001 0.001 0.001 

Pb 207 0.001 0.027 0.001 <0.0002 0.001 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 371 324 325 330 317 345 

SO4
2 28 31 36 38 36 29 

S2- <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

HCO3
- 521 539 519 530 525 507 

Nutrients 

(ppm) 

NO2
- 0.229 0.058 0.042 0.035 0.042 0.175 

NO3
- 0.025 0.008 0.003 0.032 0.047 0.105 

PO4
3- 0.233 0.190 0.305 0.199 0.186 0.198 

NH4
+ 0.688 0.977 1.645 1.283 0.636 0.768 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.057 0.100 0.052 0.034 0.016 0.055 

CO 0.038 0.089 0.028 0.034 <0.01 0.063 

CH4 7.707 14.224 18.210 6.891 0.609 4.182 
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Spring Info 

Kui1 

Sample P2.0004 P2.0013 P2.0029 P2.0041 P2.0053 P2.0065 

Site Kui1 Kui1 Kui1 Kui1 Kui1 Kui1 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 62.2 63.8 61.4 57.5 62 58.5 

pH 6.57 6.62 6.94 7.06 6.6 6.75 

Elements 

(ppm) 

B 10 5.919 6.252 6.226 6.076 5.360 5.240 

Li 7 2.177 2.387 2.407 2.500 2.096 2.024 

Na 23 336.338 353.069 356.384 355.865 331.087 320.821 

Mg 24 0.675 0.506 0.300 0.305 0.178 0.259 

Al 27 0.683 0.397 0.342 0.377 0.339 0.380 

Si 28 59.697 68.491 75.601 91.237 96.673 93.773 

S 32 <5 <5 <5 <5 <5 <5 

K 39 23.828 23.984 23.455 22.772 21.723 21.008 

Ca 43 8.163 5.676 4.952 5.607 3.683 4.385 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 0.002 <0.0005 <0.0005 <0.0005 0.002 <0.0005 

Fe 54 0.650 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.024 0.017 0.019 0.021 0.021 0.019 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.011 0.007 0.004 0.002 0.001 0.004 

Cu 63 0.026 0.005 0.004 0.011 0.004 0.002 

Zn 66 0.067 <0.001 0.003 0.031 <0.001 0.007 

As 75 0.110 0.094 0.087 0.091 0.089 0.063 

Se 82 0.004 0.004 0.004 <0.001 <0.001 <0.001 

Br 79 1.268 1.406 1.260 1.281 1.230 1.058 

Rb 85 0.229 0.244 0.239 0.242 0.234 0.205 

Sr 88 0.198 0.248 0.144 0.090 0.039 0.060 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.001 <0.0001 0.004 0.003 0.003 0.003 

Cd 111 0.000 0.000 0.000 <0.00005 <0.00005 <0.00005 

Cs 133 0.343 0.338 0.330 0.329 0.337 0.304 

Ba 137 0.072 0.070 0.021 0.033 0.054 0.074 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.002 0.001 <0.0002 <0.0002 <0.0002 <0.0002 

Pb 207 0.015 <0.0002 <0.0002 0.006 0.001 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 389 394 351 380 343 367 

SO4
2 76 81 86 86 89 109 

S2- 0 1 0 0 0 <0.01 

HCO3
- 391 428 425 369 390 360 

Nutrients 

(ppm) 

NO2
- 0.028 0.028 0.028 0.005 0.005 0.005 

NO3
- 0.002 0.001 0.000 0.000 0.000 0.001 

PO4
3- 0.020 0.018 0.010 0.008 0.005 0.013 

NH4
+ 0.252 0.245 0.174 0.187 0.169 0.073 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.362 0.092 0.031 0.020 0.025 0.035 

CO 0.038 0.086 0.025 0.019 0.029 0.056 

CH4 12.358 9.578 18.234 4.436 4.181 5.088 
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Spring Info   

Kui2 

Sample P2.0005 P2.0014 P2.0030 P2.0042 P2.0054 P2.0066 

Site Kui2 Kui2 Kui2 Kui2 Kui2 Kui2 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 70.6 72.4 71.4 68.7 67.9 68.3 

pH 7.06 7.29 7.06 7.26 7.04 7.22 

Elements (ppm) 

  

B 10 5.361 5.848 5.532 5.263 5.042 5.010 

Li 7 2.322 2.507 2.466 2.441 2.125 2.204 

Na 23 317.532 326.157 324.560 313.862 302.022 304.605 

Mg 24 0.472 0.517 0.286 0.228 0.209 0.116 

Al 27 0.468 0.433 0.302 0.297 0.244 0.218 

Si 28 53.079 59.587 63.160 74.722 94.462 99.190 

S 32 <5 <5 <5 <5 <5 <5 

K 39 27.749 29.215 28.052 26.947 25.948 26.444 

Ca 43 5.535 6.610 5.148 4.410 3.791 3.285 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.022 0.023 0.024 0.021 0.025 0.025 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.009 0.006 0.003 0.027 0.003 <0.001 

Cu 63 0.006 0.007 0.003 0.004 0.004 0.002 

Zn 66 0.013 0.003 0.003 <0.001 <0.001 <0.001 

As 75 0.073 0.058 0.061 0.067 0.063 0.049 

Se 82 0.003 0.003 <0.001 <0.001 0.006 <0.001 

Br 79 1.138 1.121 1.133 1.067 1.074 1.073 

Rb 85 0.246 0.251 0.259 0.258 0.249 0.237 

Sr 88 0.190 0.264 0.142 0.097 0.039 0.025 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 <0.0001 0.001 0.005 0.005 0.003 0.003 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.284 0.306 0.296 0.291 0.298 0.288 

Ba 137 0.073 0.017 0.007 0.037 0.128 0.009 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.002 0.001 <0.0002 <0.0002 <0.0002 <0.0002 

Pb 207 0.004 <0.0002 <0.0002 <0.0002 0.003 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

Cl- 372 328 329 336 329 349 

SO4
2 86 83 87 78 87 88 

S2- <0.01 <0.01 <0.01 0 <0.01 <0.01 

HCO3
- 337 348 336 334 342 337 

Nutrients (ppm) 

NO2
- 0.031 0.029 0.030 0.005 0.005 0.006 

NO3
- 0.003 0.001 0.001 0.011 0.000 0.003 

PO4
3- 0.025 0.026 0.022 0.018 0.016 0.019 

NH4
+ 0.170 0.290 0.266 0.184 0.027 0.099 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.095 1.024 0.064 0.103 0.036 0.035 

CO 0.084 0.074 0.089 <0.01 0.051 0.065 

CH4 4.800 2.565 4.834 2.274 3.757 2.558 
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Spring Info 

Whkr2 

Sample P2.0007 P2.0018 P2.0025 P2.0037 P2.0049 P2.0061 

Site Whkr2 Whkr2 Whkr2 Whkr2 Whkr2 Whkr2 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 69.5 69.6 66.2 64.7 64.5 65.5 

pH 8.93 8.96 8.97 8.7 8.71 8.78 

Elements 
(ppm) 

B 10 5.226 5.233 4.886 4.940 4.710 4.659 

Li 7 2.733 2.780 2.513 2.726 2.401 2.357 

Na 23 449.453 459.518 435.123 459.937 439.953 431.582 

Mg 24 0.455 0.414 0.220 0.110 0.236 0.139 

Al 27 0.583 0.513 0.449 0.350 0.300 0.390 

Si 28 74.916 89.844 77.712 84.531 88.253 85.599 

S 32 <5 <5 <5 43.918 <5 <5 

K 39 26.964 27.260 25.337 25.897 25.909 24.886 

Ca 43 8.721 8.062 6.998 6.054 8.128 6.944 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 0.002 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.037 0.013 0.018 0.008 0.016 0.009 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.004 0.007 0.002 <0.001 0.004 0.002 

Cu 63 0.006 0.006 0.005 0.007 0.005 0.001 

Zn 66 <0.001 <0.001 0.066 <0.001 0.019 <0.001 

As 75 0.133 0.081 0.096 0.096 0.091 0.138 

Se 82 0.009 0.007 <0.001 0.003 0.005 0.004 

Br 79 2.308 2.444 2.245 2.393 2.336 2.315 

Rb 85 0.244 0.246 0.250 0.258 0.256 0.248 

Sr 88 0.265 0.197 0.132 0.096 0.151 0.082 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.001 0.000 0.002 0.003 0.001 0.004 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 0.000 <0.00005 

Cs 133 0.256 0.256 0.253 0.259 0.273 0.254 

Ba 137 0.029 0.069 0.088 0.035 0.038 0.047 

Tl 205 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Hg 202 0.005 0.003 0.003 0.002 0.002 0.001 

Pb 207 <0.0002 0.000 0.002 <0.0002 <0.0002 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 726 675 687 716 707 635 

SO4
2 127 121 126 136 134 147 

S2- 6 7 10 2 >1.01 4 

HCO3
- 55 59 62 61 63 68 

Nutrients 

(ppm) 

NO2
- 0.029 0.028 0.029 0.028 0.005 0.004 

NO3
- 0.001 0.000 0.000 0.000 0.000 0.001 

PO4
3- 0.006 0.008 0.010 0.003 0.001 0.006 

NH4
+ 0.289 0.353 0.416 0.074 0.276 0.241 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.130 0.105 0.130 0.084 0.162 0.135 

CO 0.060 0.117 0.071 0.039 <0.01 0.065 

CH4 1.821 0.282 0.084 0.027 0.200 0.067 

 

 



 

126 

 

Spring Info 

Whkr4 

Sample P2.0009 P2.0016 P2.0027 P2.0039 P2.0051 P2.0063 

Site Whkr4 Whkr4 Whkr4 Whkr4 Whkr4 Whkr4 

Month Dec Feb April June Aug Oct 

Metadata 
Temperature 63.4 61.5 61.1 70.3 78.1 80.6 

pH 8.3 8.38 8.39 7.98 7.76 8.41 

Elements 

(ppm) 

B 10 5.384 5.558 5.133 5.054 4.815 4.605 

Li 7 3.556 3.677 3.443 3.370 3.001 2.965 

Na 23 421.211 438.480 406.451 393.611 394.620 375.951 

Mg 24 0.467 0.453 0.166 0.103 0.447 0.110 

Al 27 0.530 0.275 0.408 0.329 0.505 0.293 

Si 28 131.969 142.969 132.894 141.085 148.242 143.104 

S 32 <5 <5 <5 <5 <5 <5 

K 39 37.854 39.417 35.982 34.684 34.771 31.943 

Ca 43 5.204 4.845 3.680 3.013 7.570 3.250 

V 51 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 0.001 0.001 0.001 <0.0005 0.004 0.003 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.007 0.008 0.002 0.001 0.006 0.002 

Cu 63 0.008 0.013 0.006 0.005 0.012 0.001 

Zn 66 <0.001 0.016 0.003 0.001 0.046 <0.001 

As 75 0.400 0.410 0.397 0.341 0.409 0.277 

Se 82 0.001 0.003 <0.001 <0.001 0.001 0.002 

Br 79 2.291 2.262 2.119 2.019 2.057 1.931 

Rb 85 0.344 0.347 0.336 0.323 0.333 0.292 

Sr 88 0.282 0.205 0.100 0.063 0.163 0.045 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.002 0.002 0.003 0.002 0.002 0.003 

Cd 111 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 

Cs 133 0.416 0.413 0.384 0.394 0.412 0.340 

Ba 137 0.058 0.106 0.010 0.019 0.045 0.025 

Tl 205 0.000 <0.00005 0.001 0.000 0.001 0.000 

Hg 202 0.005 0.004 0.003 0.002 0.003 0.003 

Pb 207 <0.0002 0.002 0.001 <0.0002 0.001 0.000 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 631 583 594 619 605 622 

SO4
2 73 67 74 68 77 69 

S2- 1 0 0 3 0 6 

HCO3
- 199 201 193 192 197 173 

Nutrients 

(ppm) 

NO2
- 0.028 0.028 0.029 0.005 0.005 0.005 

NO3
- 0.000 0.000 0.000 0.001 0.000 0.000 

PO4
3- 0.076 0.053 0.061 0.001 0.039 0.006 

NH4
+ 0.349 0.270 0.225 0.231 0.209 0.243 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.059 0.146 0.064 0.103 0.055 0.075 

CO 0.063 0.112 0.062 0.065 0.075 0.069 

CH4 0.835 <0.01 0.763 0.413 0.100 0.736 
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Spring Info 

Ohaaki 

Sample P2.0021 P2.0022 P2.0034 P2.0046 P2.0058 

Site Ohaaki Ohaaki Ohaaki Ohaaki Ohaaki 

Month Feb April June Aug Oct 

Metadata 
Temperature 70 70.3 66.5 65 67.9 

pH 8.84 9.04 8.87 8.41 9 

Elements 

(ppm) 

B 10 23.399 20.734 26.799 33.412 23.726 

Li 7 8.785 8.009 7.440 10.033 6.206 

Na 23 769.419 733.096 740.695 855.194 675.073 

Mg 24 0.118 0.200 0.308 0.211 0.151 

Al 27 0.321 0.654 0.277 0.195 0.365 

Si 28 165.116 133.255 87.555 92.383 147.367 

S 32 <5 <5 <5 <5 <5 

K 39 107.543 91.560 129.219 150.463 126.395 

Ca 43 3.482 4.052 5.548 5.743 4.542 

V 51 0.004 0.005 0.004 <0.002 <0.002 

Cr 52 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Fe 54 <0.02 <0.02 <0.02 <0.02 <0.02 

Mn 55 <0.0005 <0.0005 0.001 <0.0005 0.001 

Co 59 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 

Ni 60 0.001 0.001 0.005 0.001 0.002 

Cu 63 0.005 0.004 0.006 0.004 0.002 

Zn 66 <0.001 0.003 0.074 0.001 0.003 

As 75 1.335 1.213 1.821 1.963 1.407 

Se 82 0.012 0.005 0.004 0.005 0.011 

Br 79 3.975 3.593 4.455 5.740 4.313 

Rb 85 0.748 0.624 0.960 1.168 0.952 

Sr 88 0.104 0.121 0.187 0.151 0.092 

Mo 98 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 

Ag 109 0.002 <0.0001 0.002 0.004 0.002 

Cd 111 <0.00005 0.000 <0.00005 <0.00005 <0.00005 

Cs 133 0.679 0.570 0.816 1.043 0.784 

Ba 137 0.040 0.140 0.088 0.017 0.116 

Tl 205 0.002 0.002 0.003 0.004 0.003 

Hg 202 0.011 0.012 0.005 0.004 0.006 

Pb 207 <0.0002 0.001 0.001 0.000 0.001 

U 238 <0.00002 <0.00002 <0.00002 <0.00002 <0.00002 

 

Cl- 1047 907 1218 1566 1157 

SO4
2 95 106 64 36 62 

S2- 0 0 0 0 4 

HCO3
- 425 461 247 302 187 

Nutrients 

(ppm) 

NO2
- 0.028 0.028 0.033 0.004 0.005 

NO3
- 0.000 0.000 0.001 0.001 0.000 

PO4
3- 0.978 0.551 0.778 0.257 0.064 

NH4
+ 1.081 0.589 0.717 1.098 0.034 

Iron (ppm) Fe2+ <3 <3 <3 <3 <3 

Gases (µm) 

H2 0.054 0.012 0.034 0.040 0.048 

CO 0.027 <0.01 0.047 0.052 <0.01 

CH4 0.194 0.014 0.031 0.034 0.029 

 


