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Hawaiian montane peatland ecology and history through analysis of testate amoebae 

and Cladocera 

 

By Kevin D. Barrett 

 

Abstract 

Tropical montane peatlands in Hawaiʻi are important repositories of biodiversity and 

water resources, and paleoenvironmenal archives preserved in Hawaiian peatland deposits are a 

rare cache of past terrestrial environments and climate in the middle of the North Pacific. I 

researched the distribution and ecology of testate amoebae, single-celled protists that produce 

their own shells (“tests”) and Cladocera (water fleas) in montane peatlands on Kohala and on 

windward Mauna Loa on Hawaiʻi Island to 1) describe the spatial distribution of testate amoebae 

diversity in relation to Hawaiian peatland envirnmental gradients, 2) develop a new approach for 

peatland paleoecology that integrates testate amoebae (TA) and Cladocera data as proxies for 

peatland water-table depth, and 3) produce new paleorecords of peatland paleohydrology based 

on subfossil TA and Cladocera in Hawaiian peat cores.  

I analyzed correlations between peatland environmental gradients and testate amoebae by 

using taxonomic and functional trait approaches. TA are sensitive to biotic and abiotic peatland 

variations in Hawaiʻi, including composition of peatland surface vegetation, soil bulk density, 

water table depth, and pH.  Sphagnum palustre L. in Kohala generates vertical and chemical 

gradients on the peatland surface that resemble peatland environmental gradients in temperate 

and boreal regions. TA taxonomic diversity was greatest in habitats dominated by emergent 

rushes in the genus Juncus L. and lowest in Sphagnum hummocks.  
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Peatland hydrology, measured as water-table depth, was the dominant environmental 

control on TA distribution in Kohala. Transfer functions relating species assemblage data to 

water-table depth performed well under leave-one-site-out cross-validation (RMSEP = 9.75 cm, 

r2 = 0.62). A peat core spanning the last 300 years shows that peatland water tables dropped from 

1700 to 1850 CE, then rose to a near-surface level between 1900 and 1930 CE, a period 

characterized by anomalously high rainfall in Hawaiʻi. A 4000-yr peat record had evidence of 

abrupt peatland drying and a shift to an oxidizing state from 2.7 to 1.6 thousand years ago (ka) 

that interrupted two periods of high and stable water tables, from 3.3 to 2.7 ka and 1.6 to 1.2 ka. 

The period of drying overlaps with a period of increased aridity inferred from paleorecords on 

Oahu, Maui, and Molokaʻi (from 2.2 to 1.5 ka) and occurred during a period of increased El 

Niño acitivity. These results provide evidence for a centuries-long period of increased aridity in 

Hawaiʻi and point to the occurrence of statewide drought, likely associated with El Niño-like 

conditions in the North Pacific, between 2.2 and 1.5 ka.  
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Introduction 

Peatland services 

Peatlands are globally important terrestrial ecosystems. While covering less than 3% of 

the earth’s land surface, peatlands contain more than 25% of the total terrestrial soil carbon stock 

(Page et al. 2011). This massive carbon stock is credited to the accumulation of partiallydecayed 

and carbon-dense layers of peat. On average, peatlands in the boreal zone hold up to seven times 

more carbon per hectare than neighboring ecosystems on mineral soils; in the tropics they hold 

up to 10 times more carbon than mineral soils (Joosten and Couwenberg 2008). Since living 

peatlands accumulate and store carbon underground over long timescales, and also emit mehane 

(CH4),  and because carbon dioxide (CO2) and CH4 are greenhouse gases, peatlands are also 

crucial regulators of global climate.   

But the value of peatlands extends beyond their role in the global carbon cycle. Peatlands 

improve drinking water (Van der Wall et al. 2011) and regulate local watersheds by storing 

water and reducing overland surface-flow rates during floods (Munang et al. 2014). Due to often 

extreme environmental conditions (anoxia, and in many cases acidity and low nutrients), 

peatland biota can be highly specialized with many species that are found only in peatlands, so 

peatlands represent important reserves of biodiversity. One consequence of anoxia and slow 

decomposition is that peatlands also have the ability to store records of past climate, vegetation, 

and environment within waterlogged soils. Studies of peat archives have greatly contributed to 

our understanding of environmental changes, including the timing and drivers of regional 

vegetation change (Booth et al. 2012), and regional to global climate variability (Booth et al. 

2006, Chambers et al. 2007).  
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Tropical peatlands 

Peatlands also occur broadly in the humid tropics where rainfall is abundant and 

topographic (e.g. flat) and edaphic (e.g. presence of confining layer, such as clay) features result 

in waterlogged soil conditions (Page et al. 2011). Much of the attention on tropical peatlands has 

been focused on their role in the global carbon cycle. This is appropriate given ongoing trends of 

tropical peatland draining and degradation, primarily for agriculture and extraction services, that 

have contributed to alarming amounts of greenhouse gas emissions in recent decades (Hooijer et 

al. 2010), resulting in new multi-national frameworks to mitigate peatland losses and conserve 

existing peatland area (IPCC Special Report, Climate Change and Land, 2019). 

In addition to direct modification of tropical peatlands through land use, anthropogenic 

influence can damage tropical peatland ecological services indirectly through introductions of 

exotic plants and animals, at times intentionally (e.g. domestic animals). For example, the humid, 

high-altitude Andean páramo ecosystem, a biodiverse grassland with numerous wetlands and 

peatlands, contains areas that have been exploited for cattle grazing for > 200 years (Salvador et 

al. 2014). In Hawaiʻi, non-native feral ungulates cause considerable damage to montane 

peatlands, which has prompted major efforts to exclude or curtail ungulate expansion into those 

areas (Medeiros et al. 1991). These disturbances can degrade peatlands as a result of trampling 

and nutrification from animal waste (Sjögersten et al. 2011), which can in turn provide 

opportunities for exotic plant species.  

High-altitude tropical peatlands (hereafter tropical montane peatlands), may be especially 

sensitive to climate change because these ecosystems often occupy a narrow band of suitable 

climate along or atop mountains where changes in precipitation, temperature, and relative 

humidity are expected to be pronounced (Loope & Giambelluca 1998, Buytaert et al. 2011). 
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Crucial ecological services provided by tropical peatlands—carbon storage, water regulation, and 

biodiversity conservation—may be altered or degraded by these climate changes. It is therefore 

imperative to develop a dense network of spatial and temporal environmental biomonitoring 

datasets dedicated to understanding environmental trajectories of tropical peatlands. This can be 

accomplished because these ecosystems retain information about past environments preserved in 

underlying peat.  

 

Bioindicators 

The application of bioindicators is an efficient way to study peatland environmental 

change (Bonn et al. 2016). A bioindicator in this context is a species whose presence and 

abundance require, and can therefore be used to infer, the presence of particular ecological or 

environmental conditions. A useful suite of bioindicators is taxonomically (and morphologically) 

diverse, and each indicator taxon will occupy discrete environmental conditions. Useful 

bioindicators should also be sensitive to environmental perturbations and have rapid generation 

times so that their occurence or absence reflects environmental changes. A group of organisms 

that is abundant in peatlands and has been exceptionally useful as bioindicators in contemporary 

and paleoecological studies of peatlands is the testate amoebae (Mitchell et al. 2008).  

Testate amoebae are free-living, single-celled protists that produce their own shells 

(“tests”). While they are often treated as a uniform ecological group, testate amoebae include 

members from at least three distantly related phylogenetic groups that have distinct 

morphologies: Arcellenida, Euglyphida, and Amphitremida (Kosakyan et al. 2016). Testate 

amoeba species are morphologically discrete and taxonomically diverse. As a functional group, 

testate amoebae are the top predators in the soil microbial loop, and their species assemblages are 
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correlated with differences in availability of the microbial food they prey on (Jassey et al. 2013, 

Krashevska et al. 2008). Testate amoebae are also sensitive to peatland environmental 

conditions, chiefly moisture and pH, which renders the group useful to peatland biomonitoring 

around the globe, including studies in North America (Booth 2008), Europe (Amesbury et al. 

2016), Russia (Bobrov et al. 1999), China (Qin et al. 2013), New Zealand (Charman 1997), 

Patagonia (Van Bellen et al. 2014), and Australia (Zheng et al. 2019). Lastly, the shells of testate 

amoebae are resistant to decay and many tests preserve well in anoxic underground peat. 

Consequently, the testate amoebae assemblage in any given layer of peat is a clue to the peatland 

surface conditions that existed when those individuals were alive, after considering the effects of 

taphonomy, sediment accumulation, and time-averaging. 

 

Testate amoebae in Hawaiian montane peatlands 

Here I focus on testate amoebae as bioindicators in montane peatlands in Hawaiʻi. Testate 

amoebae research in the tropics is not as extensive as for higher latitudes, however the research 

is expanding and the initial results are promising.  Testate amoebae have been extensively 

studied as bioindicators in tropical montane cloud forest soils in Ecuador (Krashevska et al. 

2007, 2008, 2014), and experiments have shown that testate amoebae responded more strongly to 

precipitation exclusion than other soil microorganisms (Krashevska et al. 2012). Peatland testate 

amoebae have now been characterized in both lowland (Peruvian Amazon, Swindles et al. 2014) 

and montane tropical peatlands (Columbian páramo, Liu et al. 2019) and these studies confirmed 

that tropical testate amoebae were reliable environmental and paleoenvironmental indicators.  

Hawaiʻi is an excellent location to extend testate amoebae-based approaches, for several 

reasons. First, montane peatlands exist on all five major Hawaiian islands. Second, the 
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vegetation structure of Hawaiian montane peatlands (i.e. Sphagnum hummock-hollow 

microtopography and sedge tussocks) shares striking similarities with temperate and boreal 

peatlands (Vogl & Henrickson 1971, Canfield 1986), which have been extensively studied 

through analysis of testate amoebae. Third, testate amoebae have not been comprehensively 

described in Hawaiʻi apart from cursory observations at the turn of the 20th century (Richters 

1908). Fourth, microbial diversity in Hawaiian peatlands is unknown, but surveys of microbial 

diversity in Hawaiʻi’s few lakes and a submarine volcano suggest that Hawaiʻi is a hot spot of 

microbial biodiversity and endemism (Donachie et al. 2004). Furthermore, bacterial biomass and 

diversity is higher in Hawaiian forest soils than would be expected of isolated, tropical islands 

with relatively low plant diversity when compared with continental ecosystems (Nüsslein and 

Tiedje 1998). And, finally, paleoenvironmental reconstructions based on the testate amoebae 

approach can complement a rich body of paleoecological research of the vegetation and climatic 

history of the Hawaiian Islands from peat and lake sediment archives (Selling 1948, Athens et al. 

1992, Athens and Ward 1993, Athens 1997, Burney et al. 1995, Hotchkiss 1998, 2004, 

Hotchkiss and Juvik 1999, Uchikawa et al. 2010, Pau et al. 2012, Crausbay et al. 2012, 2014a, b, 

Beilman et al. 2019). 

In this thesis, I use testate amoebae as bioindicators of spatial and temporal 

environmental variability in montane peatlands in Hawaiʻi Island. I focus on the wet forest – 

montane peatland ecosystem complex on Kohala Volcano, where peatlands are numerous, and a 

series of smaller, younger peatlands on Mauna Loa Volcano. In Chapter 1, I describe fine-scale 

environmental heterogeneity and testate amoebae diversity in montane peatlands through 

taxonomic and functional trait frameworks, and I evaluate community-environment relationships 

that are useful for biomonitoring applications. In Chapter 2, I evaluate the relationship between 
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testate amoebae community distribution and peatland hydrology in Hawaiʻi. This assessment 

involves modeling environmental data from species data using a transfer function. I develop a 

novel testate amoebae transfer function that incorporates species data from an unrelated peatland 

functional group, the Cladocera, or “water fleas”. I apply this transfer function to two Hawaiian 

peat core records—a Sphagnum peatland spanning 300 years (Chapter 2) and a non-Sphagnum 

peatland spanning 4,000 years (Chapter 3)—to reconstruct peatland hydrology. This work 

unearths the history of Hawaiian peatlands using a framework that can complement a robust 

portfolio of independent lines of evidence of Hawaiian vegetation and climate change.   
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Abstract 

Our aims were to survey the taxonomic and functional trait diversity of testate amoebae 

(TA) in Hawaiian peatlands and the distribution of TA functional traits along peatland 

environmental gradients. We sampled peatlands within the wet forest – montane peatland 

complex on Kohala Mountain and peatland pockets on windward Mauna Loa. Multiple Factor 

Analysis of environmental and vegetation data and hierarchical agglomerative cluster analysis 

identified five separate peatland habitats: Sphagnum hummocks, sedge-Sphagnum tussocks, 

Sphagnm hollows, Juncus, and a bryophyte-Rhynchospora association. TA communities were 

more taxonomically diverse in emergent Juncus habitats than in Sphagnum hummocks, 

resembling patterns of TA diversity along the hummock-hollow microtopographic gradient in 

high-latitude peatlands. Many TA taxa in Hawaiʻi commonly occur in northern high-latitude 

peatlands, however some taxa common to nothern peatlands were rare or absent in Hawaiʻi. A 

TA functional group with filose pseudopods and compressed tests that is affiliated with early soil 

colonization was correlated with the distribution of early-successional Hawaiian bryophytes (i.e. 

Racomitrium lanuginosum (Hedw.) Brid.), likely due to environmental filtering. Generalized 

additive models were used to assess how key TA functional traits were distributed along peatland 

environmental gradients. Test compression and a trend towards round test shapes positively 

correlated with water table depth (r2 = 0.16, p < 0.001 and r2 = 0.24, p < 0.04; respectively), and 

test biovolume and aperture diameter positively correlated with pH (r2 = 0.22, p < 0.001 and r2 = 

0.24, p < 0.001; respectively). TA taxonomic richness increased, lobose amoebae relative 

abundance increased, test compression decreased, and ovoid test shapes increased with 

increasing mean annual rainfall up to ~2700 mm/yr; at sites with mean annual rainfall >2700 

mm/yr variations in taxonomic richness and functional traits did not correlate with increasing 

rainfall. 
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Introduction 

Hawaiʻi is home to the most isolated tropical highlands in the world. Vertical elevation 

gradients span over 4000 m, with climates ranging from tropical in the lowlands to alpine and 

snow-covered volcanic peaks. Between 1000 and 2300 m, high-elevation (montane) peatlands 

have developed in depressions and relatively flat hillsides and mountain summits where rainfall 

is abundant and an accumulation of clay impedes water drainage (Fosberg 1961). Due to 

waterlogged soils and relative acidity compared with montane forest soils, the montane peatland 

biota is highly specialized (Canfield 1986) and typically limited in range to the peatland 

boundary (Gagné & Cuddihy 1999).  

The similarities between Hawaiʻi’s montane peatlands and peatlands in temperate and 

boreal regions have long been recognized (Skottsberg 1940). One particularly striking example is 

the presence of Sphagnum moss as the dominant understory component in the wet forest – 

montane peatland complex on Kohala in Hawaiʻi Island. The moss is a single population of S. 

palustre L., a carpet moss of mid- to high- latitude peatlands and paludified forests. In Hawaiʻi, 

S. palustre is considered indigenous to Kohala (Karlin et al. 2012), although intentional and 

unintentional human action have led to aggressive expansion of the population to the windward 

flank of Mauna Kea and the island of Oʻahu (Hoe 1971).  

The Hawaiian montane peatlands are therefore an interesting model system to study 

patterns of peatland spatial variability in relation to peatlands at higher latitudes. Paleoecological 

and genetic evidence point to a colonization event of S. palustre to the islands around 20,000 

years ago, but the population has expanded at an accelerated rate in the past two centuries 

(Karlin et al. 2012). There is as much phenotypic diversity in the population of S. palustre in 

Kohala as is found across populations of the species throughout its range (Karlin et al. 2012); 
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thus the moss has created Sphagum hummock-hollow topography in Kohala that is more 

reminiscent of temperate and boreal bogs than of a tropical forest.  

One aspect of peatland ecology that has yet to be explored in Hawaiʻi is the diversity of 

peatland microbes. In this paper, we focused on a group of microbial grazers that are abundant 

and diverse in peatlands, the testate amoebae (TA), which are free-living, single-celled protozoa 

that produce their own protective shells (“tests”). We aimed to describe patterns of TA diversity 

across Hawaiian peatlands differing in vegetation, rainfall, and environmental history. We 

analyzed those patterns in the context of Hawaiian peatland ecology to gain perspective on the 

range of Hawaiian peatland variability and its relationship to peatlands outside the tropics.  

The TA are a useful functional group for assessing peatland dyamics for several reasons. 

(1) They are abundant and morphologically distinguishable to the species level in most cases, 

allowing for detailed species-specific comparisons. (2) They are top predators of the microbial 

food web, and their community composition is correlated with the composition of the microbes 

they consume (Krashevska et al. 2014, Jassey et al. 2013a). (3) The shells that TA produce 

preserve well in peatland sediments, making them ideal for biomonitoring and 

paleoenvironmental investigations (Mitchell et al. 2008). (4) Many of the TA are cosmopolitan, 

which allows for direct species comparisons across multiple sites (i.e. low vs. high latitudes). (5) 

the TA have been used for classifying peatlands in the northern hemisphere for decades (e.g. 

Heal 1964), and there is a rich body of literature on peatland-microbial community interactions 

that is useful for comparison with the patterns of diversity in Hawaiʻi.  

In addition to classical taxonomic approaches, diversity can be interpreted within the 

framework of functional trait space.  This framework involves defining the morphological and 

behavioral diversity within communities to understand how those traits relate to environmental 
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gradients (Violle et al. 2007). The functional diversity framework was originally applied to 

studies of plants, fish, and macro-invertebrates but has recently been applied to studies of 

microorganisms (Fournier et al. 2012, Fournier et al. 2016, Koenig et al. 2017). The study of 

functional traits can complement the taxonomic approach by incorporating information that is 

relevant to competitive interactions and environmental filtering.   

We used taxonomic and functional trait approaches to characterize the diversity of TA in 

the montane peatlands of Kohala Mountain, Hawaiʻi Island. These habitats include Sphagnum – 

dominated peatlands, sedge/shrublands, and wet rush and sedge meadows, all within the Kohala 

wet forest – montane peatland complex. We also investigated patterns of TA diversity in the 

sedgelands of windward Mauna Loa over 50 km southeast of Kohala Mountain. These small 

peatland pockets have no history of Sphagnum occurrence and overlie much younger substrate 

than Kohala peatlands. In northern peatlands, soil moisture and, to a lesser degree, pH, routinely 

emerge as the dominant environmental gradients that structure testate amoebae species and 

functional trait distribution (Mitchell et al. 2008, Fournier et al. 2012). We expected to observe 

comparable species-environment relationships in Hawaiian montane peatlands. We also expected 

differences in species composition and functional traits to emerge among testate amoebae 

communities in peatlands with and without Sphagnum.    

 

Methods 

Study site 

The ten peatland sites (hereafter “macrosites”) sit between 1100 and 1800 m.a.s.l. on 

windward Kohala Mountain (20° 05’ N, 155° 42’ W; nine macrosites) and windward Mauna Loa 

(19° 37’ N, 155° 21’ W; one macrosite), Hawaiʻi (Figure 1). Kohala is the oldest of Hawaiʻi 
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Island’s five shield volcanoes. The most recent basalt and ash on Kohala were deposited 120 to 

460 kya (Sherrod et al. 2007). Conversely, the basalts underlying the Mauna Loa peatlands are 

much younger, and were formed 1.5 to 3.0 kya (Trusdell and Lockwood 2017). Both regions 

experience year-round tradewinds, although they occur more frequently in summer (85-95% of 

the time) than winter (50-80% of the time) (Sanderson 1993). Mean annual rainfall at the 

macrosites in Kohala ranges between 2500 and >4500 mm/yr, while the macrosites on Mauna 

Loa average ~2300 mm/yr (Giambelluca et al. 2013). The summit and windward slopes of 

Kohala also receive frequent cloud cover and fog-driven moisture that can contribute large 

amounts of additional moisture to the system (Scholl et al. 2004, Giambelluca et al. 2011). The 

upland vegetation of both regions is wet forest that is composed of a mixture of Metrosideros 

polymorpha Gaudich. and Cheirodendron trigynum A. Heller, and a mid-story composed 

primarily of tree ferns (Cibotium Kaulf. and Sadleria Kaulf.). Acacia koa Gray is also an 

important component of the canopy at the Mauna Loa sites.  

I collected 107 samples from the surfaces of the ten macrosites in 2015, 2016, and 2018 

for analysis of testate amoebae assemblage composition. Sampling locations (hereafter 

“microsites”) were selected to capture the full range of environmental heterogeneity within each 

peatland macrosite. I collected roughly 10 cm3 of the peatland surface at each microsite to a 

depth of 3-5 cm. When Sphagnum was collected in the sample, I removed the upper 1-2 cm of 

each stem including the capitulum prior to bagging because testate amoebae are often vertically 

zoned in the uppermost portion of Sphagnum stems (Charman & Warner 1997, Booth 2002). I 

carved a bore hole at each microsite to reach the peatland water table. Water table depth (WTD) 

was measured in centimeters relative to the peatland surface after 30 minutes to allow water 

tables to equilibrate. Positive values correspond to WTD below the surface and negative values 



	 18	

correspond to standing water. I estimated local vegetation percent cover visually at each 

microsite within a 30 cm x 30 cm plot surrounding each bore hole. Taxonomy of peatland 

vegetation followed Wagner et al. (1999) updated by Wagner et al. (2005). I measured 

conductivity (EC) and pH directly from the exposed water table using a Hannah 9813-6-series 

dual probe, and I measured bulk density (BD) and loss-on-ignition (LOI) of each surface peat 

sample in the laboratory. 

TA microfossils were isolated from peat following standard practices outlined in Booth et 

al. (2010). Boiled samples were filtered through 300- and 15-μm sieves and the fraction between 

the sieves was retained and stored in glycerine. Subsamples were mounted on microscope slides 

and examined under 100-400X magnification. A minimum of 100 TA individuals were counted 

for each sample and counts were converted to relative abundance in each assemblage. Taxonomy 

of testate amoebae followed Charman, Hendon, & Woodland (2000), modified by Booth (2008), 

and identification was aided with guides by Siemensma (2019) 

 

Functional traits 

I selected six TA functional traits to analyze: phylogeny, biovolume, test shape, test 

compression, aperture position, and aperture diameter.  

(1) Pseudopod morphology (continuous, L/F index: (number of lobose individuals - filose 

individuals)/(lobose + filose individuals)) refers to the broad morphological grouping of 

testate amoebae pseudopods as lobose versus filose. Many TA with filose pseudopods are 

small, produce their own self-secreted tests, and feed on bacteria and fungi, while many 

TA with lobose pseudopods are large, have a wide variety of food preferences, and 

construct their tests from material in the environment. An index of lobose to filose 
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amoebae from +1 (all lobose, stabilized community) to -1 (all filose, developing 

community) may be related to soil development and maturity, e.g. increasing L/F index is 

predicted to reflect increasing humus and food availability, as well as availability of test 

building materials (Bonnet 1964, Wanner et al. 2008). 

(2) Biovolume (continuous: µm3) is the volume of TA tests derived from the geometric 

equations in Fournier et al. (2012). Biovolume is expected to be positively correlated 

with greater soil moisture and/or larger soil pore size (Decloitre 1950, Fournier et al. 

2012)  

(3) Test shape (semi-continuous: 1 – 4, hemisphere to ovoid) may be constrained by soil 

moisture content as a result of hemispheric TA having greater difficulty with mobility in 

thin water films (Bonnet 1964). 

(4) Test compression (semi-continuous: 1 – 4, least compressed to most compressed) is an 

adaptation to thin water films. Wet soils are likely to contain less compressed, round TA 

taxa (Bonnet 1964).  

(5) Aperture position (semi-continuous: 1 – 3, axial to plagiostomic) that is more hidden on 

the test (plagiostomic) is likely to be better defended against desiccation (Bonnet 1964).  

(6) Aperture diameter (continuous: µm3) limits the size of prey than can be ingested by TA 

and is used as a measure of trophic position (Fournier et al. 2012, Payne et al. 2016).  

 

Multiple factor analysis (MFA), a method in the principal components analysis (PCA) family 

that calculates correlations between the structures of different data matrices (Escofier and Pagés 

1994), was used to compare the environment and vegetation datasets to evaluate common 

structures and identify habitat types. The environment data matrix includes continuous measures 
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of WTD, pH, BD, EC, and LOI that were standardized by subtracting the mean and dividing by 

standard deviation. The vegetation data matrix contains proportional cover data that were 

Hellinger-transformed to reduce the problem of double-zeroes for the principal components 

analysis (PCA) involved in MFA.  

Similar microsites were grouped using a hierarchical agglomerative cluster analysis of 

microsite scores extracted from the first two dimensions of the MFA, because these dimensions 

represented the variation in vegetation cover that was most meaningful for our analysis of 

peatland heterogeneity.  Cluster analysis was performed using Ward’s method on Euclidean 

distances between microsites to identify vegetation-based habitat categories. The dendrogram 

was cut at five groups to group microsites into five habitat categories. Descriptions for the 

habitat categories were made according to each group’s common vegetation composition, 

physical characters, and microtopographic features.  

 

Numerical analyses 

Testate amoebae diversity across habitat 

Testate amoebae diversity was evaluated by calculating species richness, Shannon 

diversity (Shannon and Weaver 1998), L/F index, and four functional trait indices—functional 

richness, evenness, divergence, and dispersion—to detect any differences in community 

function. Functional richness (FRich) is a measure of the volume of functional trait space that 

species in a community occupy as calculated by convex-hull volumes (Cornwell et al. 2006). 

Functional evenness (FEve) is a measure of how evenly species abundance is distributed in 

functional trait space. Functional divergence (FDiv) indicates the amount of spread along the 

axis of functional traits, with high values indicative of greater differentiation of niche space 
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among species (Mason et al. 2005). Functional dispersion (FDis) is a multivariate index that 

considers the absolute volume of the trait space (i.e. FRic) as well as the relative distribution of 

species within that space (i.e. FEve and FDiv) (Laliberté and Legendre 2010). FDis is derived 

from the mean distance of each species in the community to the centroid of all species in the 

community in a principal coordinates analysis (PCoA) of the measured functional traits 

(Laliberté and Legendre 2010). Analysis was performed by the function “dbFD” in the R 

package “FD” (Laliberté et al. 2014) and FD was weighted by species relative abundance. The 

differences between communities in each habitat were evaluated post-hoc by Tukey’s Honest 

Significant Difference (TukeyHSD), and p values were corrected for multiple comparisons. 

 

Functional traits and community-weighted means 

The functional composition of testate amoebae communities was interpreted through 

community-weighted means (CMW) of species traits. CMW is computed by the equation:  

CMW = ∑ 𝑝#𝑥#%
#&'  

 

where pi and xi are the relative abundance and functional trait values, respectively, of species i 

and CMW is the weighted mean of the given functional trait within the community (Garnier et 

al. 2008). CMW is a measure of the dominant traits in a community, and has been used to define 

the functional identity of testate amoebae communities (Fournier et al. 2012, Payne et al. 2016). 

The CMW for each trait was standardized by subtracting the mean and dividing by the standard 

deviation. 

 

Community-environment relationships 
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Relationships between environmental variables and community composition were 

evaluated by using generalized additive models (GAM). These models allow for non-linear 

relationships among species and functional trait distributions along environmental gradients. 

Each GAM framework modeled taxonomic (i.e. richness, Shannon diversity) or functional trait 

data (CMWs) as a function of WTD, pH, EC, LOI, BD, and mean annual rainfall (MAR). All 

GAM fitting followed the same process. The initial model included all terms and the model was 

allowed to estimate a smooth spline for the relationship between the independent variable and 

dependent variable. The degree of smoothness was estimated by reduced maximum likelihood, 

which adds a penalty to over-fitting. Terms that did not have significant smooth splines (a = 

0.05) were not plotted. Significant terms were then modeled individually with the dependent 

variables to extract the measure of correlation and significance of the splines. Models were built 

using the gam() function in the ‘mgcv’ R package set with Gaussian distributions for the 

dependent variable (Wood 2011). 

  

Results 

A total of 53 testate amoebae taxa were found in the Hawaiian surface samples prior to 

removal of rare taxa in fewer than 3% of samples (n=9) (Figure 3). Members of the order 

Euglyphida, represented by five genera and 11 morpho-species, are present in 98% of all 

communities and make up 32.4% of the total abundance. The order Arcellenida is represented by 

sixteen genera and 33 morpho-species, is present in all communities, and makes up 66.4% of the 

total abundance. The remaining 1.2% of the total abundance belongs to the recently established 

order Amphitremida (Gomaa et al. 2013), represented by the single taxon Amphitrema 

stenostoma Nüsslin, which is present in 26% of all communities.  
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The most abundant and common taxa were Difflugia pulex Penard 'minor' type (12.9% 

relative abundance, 70.1% relative occurrence), Assulina muscorum Greeff (10.8%, 85.0%), 

Heleopera sylvatica Penard (10.7%, 81.3%) and Cryptodifflugia oviformis Penard (8.0%, 

81.0%). Euglypha Dujardin is present in 93% of communities, Heleopera Leidy in 92%, and 

Centropyxis Stein in 88% of communities.  

 

Habitat classification 

The first MFA dimension explains 16% of total variance and shows a gradient from 

microsites dominated by Sphagnum to microsites dominated by sedges and rushes (Figure 2a). 

The most negative microsite on the first dimension is the tallest Sphagnum hummock (58 cm 

above water table) and the most positive microsite on the first dimension is a pool (WTD = -15 

cm) surrounded by Juncus planifolius R. Br. The two microsites also represent the gradient 

length of pH (3.3 and 5.7, respectively). The second dimension explains 9.2% of variance and 

reflects the gradient of bulk density of the soil, surface wetness, and non-Sphagnum vegetation 

cover. For example, the rush J. planifolius is negatively correlated with the second dimension 

and the tussock-forming sedge Rhynchospora rugosa var. lavarum Gaudich. is positively 

correlated with the second dimension. I cut the dendrogram of microsite scores from the MFA at 

five groups and assigned the grouped microsites to a vegetaion-microenvironment type based on 

shared vegetation composition, microenvironment, and microtopgraphic characteristics. Those 

types were (1) dry-acidic Sphagnum hummocks, (2) Sphagnum hollows, (3) mixed sedge-

Sphagnum tussocks, (4) Juncus, and (5) bryophyte-Rhynchospora. The decision to cut the tree at 

five groups over a more conservative grouping of four, based on cluster height (Figure 2c), was 

made in oder to preserve the separation of Sphagnum hollows and sedge-Sphagnum tussock 
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microsites because 1) one of our aims was to study the diversity of TA in relation to vegetation 

composition and 2) joining two groups made one supergoup with half of all microsites in this 

study. 

 

Some peatland macrosites support a single vegetation-microenvironment type, while 

other macrosites support many different types. For example, Pu‘u O‘o only has bryophyte-

Rhynchospora microsites whereas Alakahi supports four of the five vegetation-

microenvironment types (Figure 2c). 

 

Testate amoebae community composition in peatland habitats 

Sphagnum hummocks were dominated by a relatively small number of TA taxa compared 

to the other habitats. The most commonly occurring and abundant TA taxa in Sphagnum 

hummocks were Heleopera sylvatica Penard, Cyclopyxis arcelloides Penard type, and 

Cryptodifflugia oviformis (Figure 2). These taxa were also common in the sedge-Sphagnum 

tussocks, but were not as abundant as in Sphagnum hummocks. Sedge-Sphagnum tussocks had 

greater abundances of Difflugia pulex “minor” type, Physochila griseola Wailes & Penard, 

Amphitrema stenostoma, and Nebela Leidy species than Sphagnum hummocks.  Sphagnum 

hollows had some of the highest abundances of Difflugia pulex “minor” type and had frequent 

occurrence of Difflugia species, in general, among vegetation-microenvironment types. Juncus 

microsites had the highest abundances of Centropyxis cassis Wallich type and the only 

occurrence of Centropyxis aculeata Ehrenberg type among vegetation-microenvironment types. 

Juncus also had the highest abundances of the genus Arcella Ehrenberg among vegetation-

microenvironment types and the only occurrence of Arcella hemisphaerica Perty. Quadruella 
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symmetrica Wallich type was also only found in Juncus microsites. Bryophyte-Rhynchospora 

microsites had the highest abundances of Assulina muscorum, Euglypha tuberculata type, 

Euglypha strigosa type, and Euglypha rotunda type among vegetation-microenvironment types. 

Corythion dubium Taranek was common in bryophyte-Rhynchospora microsites, but not 

abundant. In general, Difflugia and Nebela are not common in bryophyte-Rhynchospora 

microsites, except for two communities from the macrosite Pu‘u o Umi C (PUC) where Difflugia 

pulex “minor” type was very abundant (Figure 2).  

Testate amoebae taxonomic richness was lowest in the dry-acidic Sphagnum hummocks 

(# species = 11.6) and highest in Juncus microsites (# species = 19.3, Figure 4). Similarly, 

Shannon diversity (SDI) was lowest in dry-acidic Sphagnum hummocks (SDI = 1.7) and highest 

in Juncus microsites (SDI = 2.4). Bryophyte-Rhynchospora microscites had the second lowest 

taxonomic richness and Shannon diversity values (# species = 13.0, SDI = 1.9, Figure 4). 

Sphagnum hollows had lower functional richness than Juncus microsites. Sphagnum hollows had 

lower functional dispersion than Juncus microsites, bryophyte-Rhynchospora microsites, and 

dry-acidic Sphagnum hummocks (Figure 4).  

TA communities with the highest CMWs for test volume and aperture diameter were 

from Juncus microsites. TA communities with the lowest CMWs for test volume were from dry-

acidic Sphagnum hummocks. There were no significant differences in the CMWs of aperture 

diameter among the three Sphagnum habitats and the bryophyte-Rhynchospora microsites 

(Figure 4). CMWs of test shape indicate that bryophyte-Rhynchospora microsites and Sphagnum 

hummocks have TA with more cylindrical or rounded tests than the TA in Sphagnum hollows 

and the sedge-Sphagnum tussock microsites. Sphagnum hummocks had more TA with axial or 

ventral apertures than Juncus and bryophyte-Rhynchospora microsites, which had more TA with 
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terminal and/or cryptic apertures (Figure 4). The clearest differences among CMWs of TA 

functional traits emerged for the Lobose/Filose Index (L/F Index) and the degree of test 

compression. TA taxa were consistently more compressed and more often had filose pseudopods 

in the bryophyte-Rhynchospora microsites than in any other vegetation-microenvironment type 

(Figure 4). 

 

Community-environment relationships 

Bulk density of the peat weakly correlated to taxonomic richness (smooth spline 

summary statistics: r2 = 0.1, p = 0.01) and Shannon diversity (r2 = 0.15, p = 0.04), and had a 

hump-shaped relationship in which the greatest richness and Shannon diversity occurred at 

intermediate bulk density (Figure 5). pH was weakly correlated with Shannon diversity (r2 = 0.1, 

p < 0.01) and the relationship was similarly described by a hump-shape in which Shannon 

diversity was lowest at intermediate pH and increased towards low and high pH (Figure 5). 

Neither taxonomic richness nor Shannon diversity were correlated with WTD. On the other 

hand, functional diversity increased linearly with an increase in WTD, (r2 = 0.14, p < 0.001; 

Figure 5). 

CMW of test biovolume and aperture diameter were positively correlated with pH (r2 = 

0.22, p < 0.001 and r2 = 0.24, p < 0.001; respectively). The increase in test biovolume was 

linearly related to the increase in pH along the full pH gradient, while the increase in aperture 

diameter was linearly related to a pH increase at units > 4.0 (Figure 5). Communities with TA 

having terminal or hidden apertures increased linearly with an increase in soil bulk density (r2 = 

0.1, p = 0.02). Round test shapes increased with an increase in WTD (r2 = 0.24, p = 0.04), and 

this relationship was linear for WTD > 0 cm.  The degree of test compression increased nearly 
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linearly with an increase in WTD (r2 = 0.16, p < 0.001), although there was no increase in test 

compression at WTD > 35 cm. Decreasing mean annual rainfall was also correlated with an 

increase in test compression (r2 = 0.36, p < 0.001). The index of filose to lobose amoebae was 

related to changes in depth to water table, bulk density, and rainfall, but relationships were non-

linear and difficult to parse. In general, wetter sites with greater rainfall had a higher proportion 

of lobose amoebae in their communities than drier sites that receive less rainfall (Figure 5). 

 

Discussion 

Testate amoebae occurrence in Hawaiian peatlands 

This is the first detailed investigation of testate amoebae diversity in Hawaiʻi and the first 

assessment of occurrence in the last century (Richters 1908). The genera Difflugia, Heleopera, 

and Euglypha are particularly well-represented in the peatlands I sampled (Figure 3). The 

diversity and species occurrence of testate amoebae in Hawaiian montane peatlands share 

similarities with peatlands in temperate and boreal latitudes (Amesbury et al. 2018; Figure 3), 

and with other high-elevation tropical peatlands (Liu et al. 2019). The Hawaiian TA 

communities, however, also show some striking contrasts to TA communities from higher-

latitude peatlands. For example, Difflugia pulex reaches higher abundance in Hawaiian peatlands 

than in many temperate and boreal peatlands (Charman et al. 2007, Booth et al. 2008, Van 

Bellen et al. 2014).  

Some common Northern Hemisphere taxa are notably missing or rare in Hawaiʻi. 

Archerella flavum (Archer) Loeblich & Tappan, Hyalosphenia papilio Leidy, and H. elegans 

Leidy are important components of northern peatland testate amoebae communities (Amesbury 

et al. 2018), but are absent or very rare in the peatlands studied here. Archerella flavum and 
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Hyalosphenia papilio are examples of mixotrophic testate amoebae (i.e. combining autotrophy 

and heterotrophy) that have endosymbiotic partnerships with photosynthetic zoochlorellae living 

within their tests. Mixotrophic strategies can provide a competitive edge in food-limited systems 

(Jassey et al. 2013b). A. flavum and H. papilio appear to be infrequent outside of North America 

and Europe (Qin et al. 2013, Swindles et al. 2014, Fournier et al. 2016) and may be restricted to 

the more oligotrophic Sphagnum bogs of those regions. In Hawaiʻi, the only mixotrophic species 

reaching noteworthy abundance is Amphitrema stenostoma, and it is restricted primarily to 

Sphagnum habitat (Figure 3). This may change as trophic dynamics in Kohala forest soils 

respond to ongoing Sphagnum growth.  

No unique or potentially endemic TA species were identified, despite the high degree of 

endemism in the flora of Hawaiian peatlands (Sakai et al. 2002). Free-living protists are often 

highlighted as exemplars of cosmopolitanism, in which “everything is everywhere, but the 

environment selects” (De Wit and Bouvier 2006), however, some species of TA appear to be 

dispersal-limited (Wilkinson 2001, Smith and Wilkinson 2007). The testate amoeba Apodera 

(Nebela) vas Certes is a well-known case of a species apparently restricted to the Southern 

Hemisphere and a handful of tropical locations in the Northern Hemisphere, including Hawaiʻi 

Island (Smith and Wilkinson 2007, Richters 1908). However, I did not find Apodera (Nebela) 

vas at any of the peatland macrosites studied. This absence is perplexing given that 1) A. vas is 

easily detectable, due to its conspicuous test shape of large size (typically > 150 µm, Smith and 

Wilkinson 2007); 2)  Kohala and windward Mauna Loa have suitable habitat (cool and moist 

mossy substrate); and 3) the remaining three testate amoebae taxa recorded by Richters (1908) 

were frequently encountered in this study. Richters (1908) did not describe the sampling location 

(aside from consisting of moss), but it is possible that A. vas is limited to the Hawaiian lowlands 
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as elevation has been shown to be an important constraint on large testate amoebae in insular 

tropical peatlands (Fournier et al. 2016). Given the isolation and heterogenous topography of 

Hawaiʻi, comprehensive studies of testate amoeabae occurrence on the other islands, coupled 

with genetic analysis, will lead to further insight into the role of environmental filtering and 

dispersal limitation on microbial distributions.    

 

Habitat and Diversity 

When analyzing testate amoebae diversity, classifying habitat by environment and 

vegetation was more meaningful than by peatland site, because of the high environmental 

heterogeneity of most of the peatlands sampled (Figure 2b,c). Sphagnum palustre is hummock-

forming in Hawaiʻi, so peatlands with Sphagnum have broader hydrologic and chemical 

gradients than peatlands without Sphagnum. 

Testate amoebae diversity was highest in the minerotrophic Juncus habitat, lowest in dry-

acidic Sphagnum hummocks, and intermediate in wet Sphagnum hollows. This pattern resembles 

that of some northern peatlands, where testate amoebae diversity is highest in fens, lowest in 

Sphagnum hummocks, and intermediate in bog pools (Heal 1964, Lamentowicz et al. 2010). 

Low diversity of testate amoebae in Sphagnum microsites may also be a function of low 

bryophyte diversity. In a study along the fen-bog gradient in the Swiss Alps, Lamentowicz et al. 

(2010) observed a correlation between testate amoebae diversity and bryophyte diversity. It is 

likely that a lack of bryophyte diversity in the monotypic S. palustre carpet (Schomaker 2017) 

likely inhibits microbial diversity in these peatlands. 

 

Phylogenetic grouping 
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TA play an important role in primary succession of young ecosystems because they are 

among the first eukaryotes to arrive on newly exposed land surfaces (Smith 1985, Hodkinson et 

al. 2002). Filose TA are often found in high abundance in new soils prior to an increase of the 

larger TA with lobose pseudopods. This pattern may be attributed to dispersal/colonization 

processes, life strategies, food availability, or availability of test-building materials (e.g. 

sediment particles). In Hawai‘i, the average L/F index was high and positive for all habitats 

(more lobose), except for the bryophyte-Rhynchospora association (more filose, +0.43 to +0.76 

vs. -0.25) (Figure 4). The bryophyte-Rhynchospora association had high abundances of the filose 

amoebae Assulina muscorum, Euglypha rotunda type, Euglypha strigosa type, and Corythion 

dubium and low or zero abundances of the lobose genera Difflugia and Nebela, which were 

common at other habitats. The peatlands on windward Mauna Loa only supported the bryophyte-

Rhynchospora microsites and, therefore, had the lowest community L/F index measures of all 

peatlands in this study. The underlying volcanic substrate of the macrosites sampled on Mauna 

Loa is much younger than Kohala (1.5-3.0 ky vs. 230-460 ky, Trusdell and Lockwood 2017), 

and pedogenesis may influence testate amoebae community composition, for example by 

determining soil carbon stocks and N-mineralization rates (Kitayama et al. 1997). But 

pedogenesis does not explain the low L/F index of bryophyte-Rhynchospora microsites on the 

older Kohala flows. There were also no clear relationships between environmental gradients and 

the L/F index of TA communities (Figure 5). This suggests that the composition of the 

bryophyte-Rhynchospora microsites may constrain the composition of testate amoebae. The 

principal non-Sphagnum moss species in the peatlands was Racomitrium lanuginosum Hedwig., 

which is a widespread carpet moss in Hawaiian montane peatlands and one of the earliest plants 

to colonize montane lava flows (Clarkson 1998). R. lanuginosum has associations with epiphytic 
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cyanobacteria (Pérez et al. 2017), a potential food source of TA species in the genera Euglypha 

and Assulina (Gilbert 1998). Water-holding capacity of the moss may also be a factor. Elumeeva 

et al. (2011) compared water-retention rates of 22 moss species in northern Sweden, including R. 

lanuginosum and several species of Sphagnum. They found that R. lanuginosum had one of the 

lowest water-content capacities (680% of colony dry weight) and Sphagnum fuscum (Schimp.) 

Klinggr., a hummock-forming species, had one of the highest (2,373% of colony dry weight). R. 

lanuginosum colonies also lost water twice as quickly as S. fuscum colonies (Elumeeva et al. 

2011). High water retention and holding capacity in Sphagnum should favor hygrophilous lobose 

amoebae while low water retention and quick desiccation in R. lanuginosum should favor small, 

more compressed, xerophilous amoebae. My observations support this statement as microsites 

with Sphagnum had greater diversity and abundances of Difflugia species than microsites with 

non-Sphagnum bryophytes, which had greater abundances of Assulina and Euglypha species 

(Figure 3).  

 

Community-environment relationships 

Testate amoebae taxonomic diversity and richness did not clearly relate to WTD or pH 

(Figure 5). Instead, variance in taxonomic diversity was more strongly associated with 

differences in microsite vegetation and microtopography (Figure 4). Functional diversity 

increased linearly with increasing WTD (Figure 5), suggesting that TA species may be 

occupying narrower niches in drier microsites through competitive exclusion. Higher functional 

diversity in drier microsites suggests that the collective niche of all TA is broader than the 

collective niche in wetter microsites. In contrast to observations from other studies, test size and 

aperture diameter were unrelated to WTD in Hawaiʻi (Laggoun‐Défarge et al. 2008, Van Bellen 
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et al. 2017). These functional traits were instead positively correlated with pH, suggesting that 

these traits are controlled by food availability in less acidic sites. Test compression was 

positively correlated with WTD, which is consistent with previous observations (Van Bellen et 

al. 2017). Amoebae in the Mauna Loa peatlands had the most compressed tests. These peatlands 

have the lowest mean annual rainfall of all the sites in this study (<2500 mm/yr). At this location, 

cloud-water interception is less abundant and frequent and precipitation is more seasonal than at 

Kohala (Giambelluca et al. 2013). An increased frequency of low-humidity conditions is likely 

to favor tests that are more compressed and better adapted to thin water films, but a broader 

sampling network of peatlands at varying climates is required to assess those regional patterns of 

diversity.  

 

Environmental variability in Hawaiian peatlands 

Floristically, the Kohala montane peatlands differ from the peatlands on Maui, Molokaʻi, 

and Kauaʻi due to the presence of Sphagnum palustre. Outside of Kohala, the principal peat-

forming species is the endemic sedge Oreobolus furcatus H. Mann (Selling 1948, Vogl & 

Henrickson 1971, Canfield 1986). Oreobolus forms dense tussocks that grow to heights > 50 cm, 

interspersed with hollows (Vogl & Henrickson 1971). Oreobolus can be found on Kohala 

northeast of the summit on peatlands deep within the wet forest but in low abundance and 

intermingled with patches of Sphagnum. Oreobolus may have been more abundant in Kohala 

prior to the recent expansion of Sphagnum. For example, Rock (1913) writes of a visit to a “bog” 

near the Kohala summit in 1910 that resembled the montane peatlands on Maui and Kauaʻi, 

which likely refers to an Oreobolus bog. Seven Oreobolus tussocks were sampled in this study 

for TA community composition (PUB4, 6, PUC3, 5, 7, 12; Figure 3). TA composition in 
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Oreobolus was very similar to the TA composition of Sphagnum hummocks, with high 

abundances of Heleopera sylvatica and Cyclopyxis arcelloides type.     

A floristic feature common to the montane peatlands on the Island of Hawai‘i (both on 

Kohala and Mauna Loa) and the montane peatlands on other Hawaiian islands is the bryophyte-

Rhynchospora association. Rhynchospora rugosa var. lavarum tussocks that harbor mosses such 

as Racomitrium lanuginosum and Campylopus Brid. and lichens such as Cladonia P. Brown, are 

recurring features of Maui and Kaua‘i peatlands (Selling 1948, Vogl & Henrickson 1971, 

Canfield 1986). On Hawaiʻi Island, this plant community was associated with a distinct TA 

functional group: amoebae with filose pseudopods, narrow apertures, and compressed tests. This 

community may be the result of a limitation on food availability or a physical constraint on large 

TA. High rainfall appeared to reduce this constraint because TA communities in bryophyte-

Rhynchospora microsites on the wettest peatlands had much higher abundances of lobose 

amoebae, especially Difflugia pulex, than the communities on peatlands with the least rainfall. 

Rainfall amount may therefore be important for structuring TA communities of Rhynchospora 

peatlands on Maui and Kauaʻi.   

 

Conclusions 

This first survey of testate amoebae on the Island of Hawaiʻi in over a century has shown 

that the TA of Hawaiian montane peatlands have similar patterns of taxonomic diversity with TA 

in temperate and boreal peatlands. Hummock-forming Sphagnum palustre produced a vertical 

and chemical gradient in Kohala peatlands that is analogous to the fen – bog gradient in northern 

peatlands. Peatland composition of non-Sphagnum bryophytes, including taxa such as 

Racomitrium lanuginosum, constrained testate amoebae community composition and functional 
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diversity. Early-colonizing Hawaiian bryophytes co-occurred with early-colonizing TA species. 

In peatlands where rainfall is greatest, this relationship between early colonizers weakened. 

Functional diversity, amoeba test shape, and test compression were related to peatland water 

table depth, while test biovolume and aperture diameter were related to pH. Hence, TA 

functional traits and community composition appear to be robust indicators of peatland 

environmental heterogeneity in Hawaiʻi. 
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Figure legends 
 
Figure 1: Site map of Hawaiian peatlands. Nine peatland macrosites were sampled in Kohala 
montane forest. Several small peatland pockets were sampled on windward Mauna Loa along 
Puʻu Oʻo trail and grouped as a single macrosite. Green polygons show the extent of wet forest 
cover in the two sampled areas. Dark green polygons in Kohala map insert are locations of other 
peatlands within the wet forest – montane bog complex. Black lines are 100-ft (30.3 m) elevation 
contours. Mean annual rainfall contours on map inset are from Giambelluca et al. (2013). 
Elevation contours and land cover data are from Hawai‘i GIS Portal (geoportal.hawaii.gov). 
 
Figure 2: A) Multiple factor analysis of microsite environment and vegetation data sets. A) The 
first two dimensions of the MFA, explaining 16% and 9.2% of the total variance, respectively. 
WTD = water table depth (cm), BD = bulk density of the top 3 cm of peat (g/cm3). B) 
Heirarchical agglomerative cluster analysis of microsite scores of the first two dimensions of the 
MFA using Ward’s method. Color blocks indicate five vegetation-microenvironment types 
labeled according to vegetation composition, microenvironment, and mictroopgraphy C) 
Frequency of microsites belonging to the five vegetation-microenvironment types in each 
peatland macrosite.  
 
Figure 3: Top 30 most abundant testate amoebae taxa plotted as relative abundance (%) from the 
107 peatland sampling locations (microsites) on the Island of Hawaiʻi. Microsites are grouped by 
the five vegetation-microenvironment types determined by MFA and cluster analysis. Taxa are 
arranged in columns according to ranked relative abundance at each vegetation-
microenvironment type. 
 
Figure 4: Comparisons of testate amoebae taxonomic and functional diversity, community-
weighted means of functional traits (CMWs), and phylogenetic diversity among the five 
vegetation-microenvironment types. Functional diversity is measured as functional dispersion 
(Lailiberté et al. 2014). Letters signify differences between groups that are significant (p < 0.05, 
TukeyHSD with p-correction for multiple comparisons).  
 
Figure 5: Generalized additive models of A) testate amoebae taxonomic and functional diversity 
measures on environmental variables. Mean annual rainfall (mm/yr) estimates derived from 
Giambelluca et al. (2013). Black circles are the partial residuals of the observations, smoothed 
lines are splines, and shaded area shows one standard error of the spline. Black tick marks on x-
axis represent the values of the microsite environmental measurements. 
 
Figure 6: Generalized additive models of community-weaighted means of functional traits on 
environmental variables. Mean annual rainfall (mm/yr) estimates derived from Giambelluca et 
al. (2013). Figure format follows Figure 5. 
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Figure 1: Site map of Hawaiian peatlands. Nine peatland macrosites were sampled in Kohala 
montane forest. Several small peatland pockets were sampled on windward Mauna Loa along 
Puʻu Oʻo trail and grouped as a single macrosite. Green polygons show the extent of wet forest 
cover in the two sampled areas. Dark green polygons in Kohala map insert are locations of other 
peatlands within the wet forest – montane bog complex. Black lines are 100-ft (30.3 m) elevation 
contours. Mean annual rainfall contours on map inset are from Giambelluca et al. (2013). 
Elevation contours and land cover data are from Hawai‘i GIS Portal (geoportal.hawaii.gov). 
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Figure 2: Multiple factor analysis of microsite environment and vegetation data sets. A) The 
first two dimensions of the MFA, explaining 16% and 9.2% of the total variance, respectively. 
WTD = water table depth (cm), BD = bulk density of the top 3 cm of peat (g/cm3), LOI = loss-
on-ignition (% organic matter). Bottom plot shows microsite scores of the MFA. 
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Figure 2: B) Heirarchical agglomerative cluster analysis of microsite scores of the first two 
dimensions of the MFA using Ward’s method. Color blocks indicate five vegetation-
microenvironment types labeled according to vegetation composition, microenvironment, and 
mictroopgraphy 
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Figure 2: C) Frequency of microsites belonging to the five vegetation-microenvironment types 
in each peatland macrosite.  
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Figure 3: Top 30 most abundant testate amoebae taxa plotted as relative abundance (%) from the 
107 peatland sampling locations (microsites) on the Island of Hawaiʻi. Microsites are grouped by 
the five vegetation-microenvironment types determined by MFA and cluster analysis. Taxa are 
arranged in columns according to ranked relative abundance at each vegetation-
microenvironment type. 
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Figure 4: Comparisons of testate amoebae taxonomic and functional diversity, community-
weighted means of functional traits (CMWs), and phylogenetic diversity among the five 
vegetation-microenvironment types. Functional diversity is measured as functional dispersion 
(Lailiberté et al. 2014). Letters signify differences between groups that are significant (p < 0.05, 
TukeyHSD with p-correction for multiple comparisons).  
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Figure 4: Continued. 
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Figure 4: Continued. 
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Figure 5: Generalized additive models of testate amoebae taxonomic and functional diversity 
measures. Mean annual rainfall (mm/yr) estimates are from Giambelluca et al. (2013). Black 
circles are the partial residuals of the observations, smoothed lines are splines, and shaded area 
shows one standard error of the spline. Black tick marks on x-axis represent the values of the 
environmental measurements. 
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Figure 6: Generalized additive models of community-weighted means of functional traits on 
environmental variables. Figure format follows Figure 5. 
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Figure 6:  Continued. 
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Abstract 

Peatlands in tropical highlands are vital repositories of biodiversity, water resources, and 

terrestrial carbon, but the ecological and climatic history of these ecosystems remains poorly 

understood. We investigated the ecology and paleoecology of testate amoebae and Cladocera 

(water fleas) in a wet forest-montane peatland complex in North Kohala, Hawai‘i Island to 

evaluate their potential as indicators of peatland environmental change. Surface peat was 

collected from a variety of ecohydrological habitats (from water pools to hummocks) and 

analyzed for modern testate amoebae and Cladocera species relative abundance. We identified 

54 taxa from 21 genera of testate amoebae, 4 taxa and genera of Cladocera, and the common peat 

rotifer Habrotrocha angusticollis Murray. Constrained and unconstrained ordination supports the 

hypothesis that surface moisture, measured as depth to water table, is an important control on the 

distribution of testate amoebae and Cladocera. Transfer functions relying on weighted-averaging 

and modern-analog techniques were developed to predict water table depths from species relative 

abundance data, and these perform well under leave-one-site-out cross-validation: RMSEP = 9.8-

10.3 cm, R2 = 0.56-0.63. Including Cladocera abundance data in the models improved RMSEP 

by 1-8% and R2 by 2-12%. A weighted average partial-least-squares transfer function was 

applied to microfossil assemblages from a 0.5 m-long peat core with a 210Pb decay chronology 

anchored by ten measurements of excess 210Pb activity. The microfossils were well-preserved in 

the peat core and assemblages were dominated by taxa that are adapted to variable hydrologic 

conditions. The reconstruction indicates a drying trend from the base of the profile (c. 1700 CE) 

to 1850±40 CE followed by a wetting trend to 1930±5 CE, then a return to drier conditions. The 

results signal that testate amoebae and Cladocera may be useful proxies of Hawaiian peatland 

paleohydrology. 
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Introduction 

Tropical highlands are widespread in both continental (e.g. Northern Andes, Central 

America, Uganda) and island locations (e.g. Madagascar, Indonesia, Caribbean and high 

volcanic Pacific islands). Montane wet and “cloud” forests in these regions harbor unique, 

discontinuous, and often endemic biological communities as well as indispensable fresh water 

resources for downstream regions (Vazquez-Garcia 1995, Merlin & Juvik 1995, Bruijnzeel & 

Scatena. 2011). However, ecosystems in tropical highlands are vulnerable to changes in rainfall, 

cloudiness, and relative humidity, which are compounded by threats of habitat degradation and 

replacement of endemic native biota by exotic species (Loope & Giambelluca 1998).  

In Hawaiʻi, montane wet forests blend into cloud forests and are important refuge for 

ecological resources. Wet forest-montane peatland mosaics develop on the wettest volcanic 

slopes and are home to specialized and often endemic plant species (Sakai et al. 2002). These 

complexes also store large amounts of water due to the buffering capacity of peat soils and 

relatively low topographic relief, which regulates streamflow and the recharge of deep 

groundwater (Price & Waddington 2000). Water retention and regulation in the Hawaiian 

highlands is critical for supporting irrigation and human consumption, but the long-term 

ecohydrological dynamics of these ecosystems are not comprehensively understood.  

Climatological trends in recent decades raise concerns for future stability. For decades, 

precipitation has declined across the state (Frazier & Giambelluca 2017), precipitation extremes 

have increased (Chen & Chu 2014), consecutive days without rain have increased (Chu et al. 

2010), relative humidity has decreased (Diaz et al. 2011), and streamflow has decreased (Oki 

2004). Given these trends, conservation of ecological resources and watershed sustainability 

increasingly depend on understanding the spatial complexity of wet forest-montane peatland 
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ecosystems and the ecohydrological variability that these systems have experienced on a variety 

of timescales.     

We explored the application of testate amoebae and Cladocera remains in peat sediments 

for developing long records of hydrological variability from peatlands in the wet forest-montane 

peatland complex of Kohala Mountain on Hawaiʻi Island. This research built upon our survey of 

testate amoebae in Hawaiian peatlands that identified water table depth and pH controls on 

testate amoebae taxonomic and functional diversity (Chapter 1).  

Testate amoebae are a polyphyletic group of single-celled protists that are defined by 

having a protective shell (“test”). Testate amoebae inhabit the water films of humid soils in 

forests, wetlands, and the benthic zones of lakes, but they reach particularly high abundances and 

diversity in peatlands (Mitchell et al. 2008). Studies of testate amoebae ecology in oligotrophic 

peatlands have confirmed the importance of surface moisture, typically measured as water table 

depth (WTD), in structuring community composition (Schönborn 1963, Meisterfield 1977, 

Charman & Warner 1992, Tolonen et al. 1992). Because the tests are well-preserved in peat 

sediments, past WTD can be quantitatively estimated using transfer functions that relate WTD to 

assemblages of testate amoebae subfossils (Warner & Charman 1994). The Cladocera 

(Crustacea: Branchiopoda) are microscopic crustaceans abundant as both planktonic and littoral 

species in freshwater bodies and are a commonly used paleolimnological tool (Frey & Pamini 

1986). Littoral Cladocera can be abundant in the pools of peatlands (Duigan 1992) and 

“crawling” Cladocera can inhabit bryophytes and leaf litter of tropical cloud forests (Frey 1980).  

The development of species-environment transfer functions is improved by a deep 

understanding of the ecology of species in the local environment (Imbrie & Kipp 1971), 

particularly for organisms that have different relative environmental optima. The vast majority of 
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testate amoebae transfer functions have been developed in mid- to high-latitude peatlands, 

primarily in ombrotrophic Sphagnum bogs (Booth 2008, Qin et al. 2013, Van Bellen et al. 2014, 

Amesbury et al. 2016). However new transfer functions for tropical regions have been 

developed, including the Peruvian Amazon lowlands (Swindles et al. 2014), coastal Panama 

lowlands (Swindles et al. 2018a), and the high-elevation Columbian páramo (Liu et al. 2019), 

and these studies signal the potential for testate amoebae paleohydrology in tropical peatlands. 

Hydrologic variation in tropical highlands can be extreme due to abundant orographic 

precipitation and fog-derived moisture that can inundate peatland surfaces for considerable 

lengths of time (Canfield 1986, Chimner 2004).  

The Cladocera may be useful indicators of saturated conditions in addition to testate 

amoebae and if so they would improve hydrological transfer function performance in tropical 

peatlands. While downcore cladoceran microfossils have been included in paleo-investigations 

as qualitative indicators of past wet conditions (Mitchell et al. 2001, Swindles et al. 2012, 

Słowiński et al. 2016, Booth et al. 2004), inclusion of quantitative cladoceran abundance data in 

peatland hydrological transfer functions has not been explored. 

 

In this paper we aim to achieve the following goals: 

1. Describe testate amoebae and Cladocera communities inhabiting the soils of montane 

tropical peatlands in Kohala, Hawaiʻi 

2. Test the hypothesis that hydrology, measured as depth to water table, is the principal 

control on microfaunal community composition in these tropical montane peatlands 

3. Develop quantitative transfer functions relating microfaunal assemblage data to depth to 

water table and cross-check transfer function models with and without cladoceran data 
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4. Apply a final transfer function to fossil assemblages in a peat core to test the potential for 

paleohydrological reconstructions in Hawaiian peatlands. 

 

Materials and methods 

Study site 

The Kohala forest-montane peatland complex crowns the summit region of Kohala 

Mountain, the oldest of Hawai‘i's five shield volcanoes. The mountain intercepts the prevailing 

trade winds that deliver clouds and abundant rainfall to its windward and summit slopes. Surface 

and ground water from Kohala Mountain is the primary source of drinking water for north 

Hawai‘i and necessary for agriculture and ranchlands in the region. The state recognizes the 

conservation value of Kohala forest and has designated approximately 4000 ha to the Natural 

Area Reserve System (NARS), which is tasked with preserving and managing large tracts of 

important Hawaiian habitat. A mosaic of wet forest and montane peatland pockets occurs on the 

shallowly sloping windward flank of Kohala Mountain. Peatlands developed in level areas that 

are often underlain with an impervious layer of ash and clay that impedes rates of water drainage 

(Fosberg 1961). The surrounding volcanic substrate is heavily cracked and porous, and rainfall 

quickly percolates through the surface. Many of these peatlands are therefore effectively 

ombrogenous. However, heavy and prolonged rain events can inundate the volcanic soils, 

resulting in overland surface water flow (Canfield 1986). 

We selected nine peatlands for sampling testate amoebae and Cladocera on the windward 

side of Kohala (Figure 1). The peatlands sit between 1100 and 1400 m elevation within Kohala 

forest and have a mean annual rainfall ranging from 2500 mm/yr to >4000 mm/yr (Giambelluca 

et al. 2013). In this region, cloud water interception (fog drip) can contribute substantially to the 
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hydrological cycle and total moisture inputs can exceed 5000 mm/yr (Scholl et al. 2004, 

Giambelluca et al. 2011). The ground cover of Kohala forest is distinguished from other 

Hawaiian wet forests by a thick carpet of the moss Sphagnum palustre L. We selected peatlands 

that span the rainfall gradient of the wet forest and variations in surface vegetation (Table 1). 

Woody vegetation composition is nearly consistent among the peatlands and is dominated by 

Metrosideros polymorpha Gaudich., Vaccinium reticulatum Smith, Leptecophylla tameiameiae 

Schltdl., and Cheirodendron trigynum Gaudich., although stem density, tree and shrub height, 

and canopy cover do vary markedly. Ground cover vegetation composition, on the other hand, 

varies widely among peatlands and may be dominated by ground-dwelling bryophytes, such as 

Sphagnum palustre or Racomitrium lanuginosum Hedwig., or endemic and nonnative sedges, 

grasses, and rushes (e.g. Deschampsia nubigena Hillebr., Oreobolus furcatus H. Mann, Carex 

alligata Boott, Rhynchospora chinensis ssp. spiciformis Hillebr., and Juncus planifolius R. Br.). 

 

Field Sampling 

Ninety surface samples were collected from the nine peatlands in 2015, 2016, and 2018 

for analysis of testate amoebae and Cladocera assemblage composition. Sampling locations 

(microsites) were selected to capture the full range of topographic, hydrologic, and vegetative 

habitats within each of the nine peatlands. Roughly 10 cm3 of the surface of the peatland was 

collected at each microsite to a depth of 3-5 cm. When Sphagnum was collected in the sample, 

the upper 1-2 cm of each stem including the capitulum was removed prior to bagging because 

previous studies have observed vertical zonation of testate amoebae in the uppermost portion of 

Sphagnum stems (Charman & Warner 1997, Booth 2002). Moreover, testate amoebae living on 

the lower portion of the living stem are thought to be representative of the death assemblage that 
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is incorporated into the fossil record (Booth 2002). We dug a bore hole at each microsite to reach 

the peatland water table. WTD was measured in centimeters relative to the peatland surface, 30 

minutes after digging to allow water tables to equilibrate. Positive values correspond to WTD 

below the surface and negative values correspond to standing water. We estimated local 

vegetation cover visually at each microsite within a 30 cm x 30 cm plot surrounding each bore 

hole. Taxonomy of peatland vegetation followed Wagner et al. (1990) with updates from the 

Smithsonian website (Wagner et al. 2005). Conductivity and pH were measured directly from 

the exposed water table using a Hannah 9813-6-series dual probe, and bulk density and loss-on-

ignition of each surface sample were measured in the laboratory after drying peat samples at 

90°C for 12 hours to determine dry weight and burning at 550°C for 4 hours to determine 

organic matter loss. 

 

Testate amoebae and Cladocera sample preparation 

Microfossils were isolated from peat following standard practices outlined in Booth et al. 

(2010). One cm3 of each sample was disaggregated in boiling water for 10 min. The boiled 

samples were filtered through 300- and 15-μm sieves and each sieve fraction was retained and 

stored in glycerine. Subsamples were mounted on microscope slides and examined under 100-

400X magnification. Testate amoebae and cladoceran remains were tallied together on the same 

slides, along with the common peatland rotifer Habrotrocha angusticollis Murray that is 

frequently included in testate amoebae transfer functions (Charman 1997, Booth 2002, Qin et al. 

2013). Each subsample of testate amoebae and rotifers had a minimum of 100 individuals 

counted, which has been shown to produce reliable environmental reconstructions from testate 
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amoebae assemblage data (Payne & Mitchell 2009). Cladoceran individuals were counted in 

addition to the 100 minimum and then included in the calculations of relative abundance.  

The preparation outlined above differed from standard preparation of cladocerans for 

paleolimnological studies in two important ways. First, 10% KOH was not used for 

deflocculation (Frey & Pamini 1986), because the boiling method sufficiently disaggregated 

organic matter for viewing cladoceran remains. Second, sieving out the >300 μm fraction of the 

sample likely excluded larger cladoceran remains and some taxa may have been missed (Frey & 

Pamini 1986). However, this method was necessary for identification of testate amoebae and was 

likely to capture the smaller remains, such as post abdomens, from large Cladocera. Identifiable 

remains (i.e. head shields, carapaces, post abdomens, and post abdominal claws) were recorded, 

and the most abundant category of remains for each taxon was used to calculate minimum 

number of individuals (Frey & Pamini 1986). 

 

Testate amoebae and Cladocera identification 

Taxonomy of testate amoebae followed Charman, Hendon, & Woodland (2000), 

modified by Booth (2008), and identification was aided with guides by Siemensma (2019). We 

applied the morphospecies approach for classifying testate amoebae taxa, which involves 

grouping like species into 'types' (Table 2). Difflugia pulex Penard type and Hyalosphenia 

subflava Cash & Hopkinson were split by size class into D. pulex 'minor' type (< 45 μm) and D. 

pulex 'major' type (> 45 μm) and H. subflava ‘minor’ (< 65 µm) and H. subflava ‘major’ (> 65 

µm) because the size classes had different WTD optima. Cladoceran taxonomy followed Dodson 

& Frey (1991).   
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Multivariate analysis 

Patterns in community composition were first explored using non-metric 

multidimensional scaling (NMDS). In contrast to other commonly applied ordination techniques, 

NMDS does not make assumptions about species distributions along environmental gradients 

(McCune & Grace, 2002). Rare taxa, defined as present in fewer than 3% of samples, were 

removed prior to ordination. A single microsite sample collected from a deep water pool (WTD 

= -27 cm) was removed because water tables that high are rarely reported in similar studies.  

The ordination on 89 samples was carried out using the R 'vegan' package (Oksanen et al. 

2016). Community data were square-root transformed to reduce the influence of common taxa 

(Overpeck et al. 1985) and ordinated using the metaMDS() function and Sørenson distance 

metric. Linear relationships between community data and environmental variables were explored 

using the envfit() function. The hypothesis that hydrology is the dominant environmental control 

on testate amoebae species distribution was tested with canonical correspondence analysis 

(CCA). Environmental variables were selected for constrained ordination based on forward 

selection criteria. A series of partial CCAs were run to estimate how variance in the community 

data is partitioned on each variable. The significance of each individual component was 

evaluated with permutation tests (999 permutations). The explanatory power of WTD on species 

distribution was tested by comparing the eigenvalue of the axis constrained by depth to water 

table with the eigenvalue of the first unconstrained axis in the CCA (l1/l2, Juggins 2013). A 

l1/l2 value greater than 1.0 indicates that variable is the main determinant of species distribution 

in the data set (Ter Braak 1986, Juggins 2013). In our previous survey (Chapter 1), we found that 

peatland vegetation composition, especially between Sphagnum and non-Sphagnum sampling 

locations, influenced taxonomic diversity and testate amoebae functional traits. We explored the 
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influence of vegetation on WTD control by dividing the calibration dataset between Sphagnum 

and non-Sphagnum sampling locations and analyzed relationships between taxon assemblages 

and individual environmental variables in each subgroup. 

 

Transfer functions, calibration, and paleohydrological reconstruction 

Microfossil assemblage data were square-root transformed prior to transfer function 

analysis to reduce the influence of commonly occurring taxa (Overpeck et al. 1985) relative to 

taxa with more narrow environmental distributions, which tended to be less common in 

assemblages. We developed transfer functions using weighted averaging with inverse 

deshrinking (Wa.Inv), the same weighted averaging model with tolerance downweighting 

(Wa.Tol.Inv), weighted averaging with partial least-squares regression (Wa-PLS), and the 

modern analog technique (MAT, method: average WTD of k = 7 nearest neighbors based on 

squared chord distance and inverse weighting by distance) using the 'palaeoSig' package in R 

(Telford 2015). We used jack-knifing (‘leave-one-out’, LOO), and bootstrapping cross-validation 

methods to calculate the root mean square error of prediction (RMSEP) and correlation (R2) 

between predicted and observed WTD for each of the models. We also used an additional 

validation method that removes all samples from each peatland macrosite prior to making 

predictions from that peatland’s microsite assemblage data, or ‘leave-one-site-out’ (LOSO) 

cross-validation (Payne et al. 2012). The effect on bias due to uneven sampling of the WTD 

gradient was investigated  by dividing the environmental gradient into ten equal lengths and 

calculating RMSEP using the segmentwise.rmse() function in the ‘palaeoSig’ R package(Telford 

2015). Finally, we compared results between transfer functions that include and exclude 
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Cladocera abundance data to evaluate whether Cladocera counts can improve transfer function 

performance.  

 

Application to short peatland core 

We then applied the best-performing transfer function to a ~0.5 m peat monolith retrieved 

in the year 2000 from Waiʻilikahi (WK), a Sphagnum peatland that was sampled in this study. A 

minimum of 100 testate amoebae and rotifer individuals plus Cladocera remains were counted in 

contiguous 1-cm stratigraphic samples. We interpreted stratigraphy of the profile using 

stratigraphically constrained cluster analysis on Euclidean distances between assemblages. 

Determination of zonation was guided by the broken stick model. The monolith has a series of 

ten excess 210Pb measurements and age estimates were calculated for depth using the CRS model 

and linear interpolation (Table 2). This age model enables comparisons of reconstructed 

hydrology with instrumental and derived Hawaiian climate measures to explore the relative 

potential for paleohydrological reconstructions. 

 

Results 

Ordination, variable selection, and species-environment relationships 

A total of 44 testate amoebae taxa, 1 peatland rotifer taxon, and 3 cladoceran taxa were 

found after the removal of ten rare taxa. The ten taxa removed include the testate amoebae 

Argynnia dentistoma var. laevis Cash & Hopkinson, Centropyxis platystoma Penard type, 

Difflugia lucida Penard, Difflugia pyriformis Perty, Euglypha acanthophora Ehrenberg, 

Euglypha cristata Leidy, Euglypha filifera Penard, Gibbocarina gracilis Penard, Hyalosphenia 

papilio Leidy, and the cladoceran Oxyurella tunuicaudis Sars. The most common testate 
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amoebae taxa were Difflugia pulex Penard 'minor' type, Heleopera sylvatica Penard, 

Cryptodifflugia oviformis Penard, and Assulina muscorum Greeff. The three Cladocera were 

Alona rustica Scott, Chydorus cf. eurynotus Sars, and cf. Alonella spp. A. rustica was by far the 

most abundant of the Cladocera, at more than 90% of all cladocerans observed. 

A 3-dimensional NMDS of the 89 contemporary testate amoebae assemblages was 

chosen (Figure 2a) because adding additional dimensions had little effect on final stress (final 

stress for k=3 dimensions: 14.2 after 40 runs). Community assemblage scores for each peatland 

macrosite generally overlap, except for KHL1 and KHL2, the two rush peatlands, which cluster 

apart from the other macrosites. The pattern of testate amoebae taxa distribution along Axis 1 

resembles the pattern of taxa distribution in ombrotrophic peatlands at higher latitudes. 

Centropyxis aculeata Ehrenberg type, Arcella Penard, and Difflugia Leclerc species are 

positioned on one end of the first axis, along with all Cladocera taxa, and Corythion dubium, 

Trigonopyxis arcula Penard, T. minuta Schönborn & Peschke, Assulina muscorum, and Assulina 

seminulum Ehrenberg are positioned on the opposite end of the first axis (Figure 2b).  

When environmental variables are overlain on the ordination, WTD has the strongest 

correlation with variation in taxon assemblages and is significantly correlateed with the first axis 

(r2=0.52, P<0.001) along with loss-on-ignition (r2=0.12, P<0.01), while pH (r2=0.26, P<0.001) 

and bulk density (r2=0.16, P<0.001) are significantly correlated with the second axis, but not 

particularly strongly (Figure 3b). Vectors representing fine-resolution vegetation cover around 

the microsite sampling locations are associated with the second axis (Figure 3c). Rhynchospora, 

Juncus, Dicanthelium, and Racomitrium vectors are correlated with taxon assemblages that have 

low Axis 2 scores and Sphagnum, Metrosideros, Vaccinium, and Leptecophylla vectors are 

correlated with high Axis 2 scores. 
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The variables WTD, pH, conductivivity, bulk density, and loss-on-ignition together 

explain 21.2% of the variance in the CCA of taxon assemblages (Table 3). WTD accounts for the 

greatest variance in the CCA (9.4%, p < 0.001) followed by pH (6.8%, p < 0.001) (Table 3). 

Variance partitioning from a series of partial CCAs indicates that only up to 1.2% of the variance 

explained by WTD is confounded by any of the other environmental variables explaining 

significant fractions of the variance in the taxon assemblage data set (Table 3). The ratio of 

eigenvalues of the first axis constrained on WTD alone to the first unconstrained axis (l1/l2) is 

0.98. WTD explains a much greater fraction of the variance in taxon assemblages collected from 

non-Sphagnum habitats (n=33) than in habitats with Sphagnum present (n=56; 15.2%, p <0.001 

vs. 9.7%, p < 0.001, respectively). The ratio of the eigenvalue of the axis constrained by an 

environmental variable in a CCA with the eigenvalue of the first unconstrained axis in a CCA 

(l1/l2) is a measure of the explanatory power of that variable (Juggins 2013). A l1/l2 value 

greater than 1.0 indicates that variable is the main determinant of species distribution in the 

dataset (Ter Braak 1986, Juggins 2013). l1/l2 for WTD is greater than 1.0 in the non-Sphagnum 

data set and less than 1.0 in the Sphagnum data set (1.02 vs. 0.89, respectively). 

 

Transfer function 

Among the transfer functions, the best-performing model was the second component of a 

weighted average with partial-least-squares regression (Wa-PLS) model (Table 4).  This model 

has the lowest RMSEP, highest r2, and the lowest maximum bias (Table 4). Including Cladocera 

data in taxon assemblages modestly improved the performance of each of the transfer function 

methods that we tested (Wa.Inv, Wa.Tol.Inv, Wa-PLS, and MAT). Prediction errors were 

reduced by 1-8% and r2 increased by 2-12% (Table 4), depending on the model, with the modern 
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analog technique improving the most. The Wa-PLS model also performed well testing for spatial 

autocorrelation in the calibration dataset (Figure 4). Our final RMSEPLOSO of 9.75 cm is well 

below the standard deviation of the depth to water table gradient (sdWTD = 15.63 cm) in this study 

and within the range of other developed transfer functions (Payne et al. 2012), indicating the 

model has suitable predictive power. However, segment-wise analysis warns that predictive 

capacity does not extend to the driest segment of the environmental gradient (WTD >50 cm) 

which suffers from under sampling and very high RMSEP values (Figure 5) even though these 

samples are dominated by species whose relative abundance peaks in drier microsites compared 

to other species. 

 

Subfossils in a peat core 

Within the peat monolith, the most abundant subfossil testate amoebae taxa were 

Sphenoderia fissirostris Penard, Cryptodifflugia oviformis, Difflugia pulex “minor” type, and 

Hyalosphenia subflava “major” and ‘minor’ (Figure 6). The cladocerans Alona rustica and cf. 

Alonella spp. were also present, but in low abundances. Fossil tests were well-preserved, and 

taxon richness was similar to the modern data set. Four biostratigraphic zones were determined 

to be significant in the record based on the broken-stick model. Zone 4 from the base (47 cm) to 

33 cm consists of high Hyalosphenia subflava “minor” relative abundance and increasing 

relative abundance of Trigonopyxis arcula Penard. Reconstructed water-table depths suggest a 

drying trend but with a high degree of variability. Zone 3 extends from 33 to 17 cm depth and 

has high relative abundance of Hyalosphenia subflava “major”, Difflugia pulex “major” type, 

and Cryptodifflugia oviformis. Cladocera abundance reaches its peak and reconstructed water 

tables reach their shallowest depth during this interval. Zone 2 from 17 to 4 cm depth is marked 
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by an abrupt shift to dominance of the dry taxon Pseudodifflugia fulva (Archer) Penard type, 

Cyclopyxis arcelloides Penard type, and Assulina muscorum. Nebela Leidy species and 

Amphitrema stenostoma Nüsslin also increase in relative abundance. Reconstructed water tables 

are relatively deep and stable throughout this zone. The onset of Zone 1 from 4 cm to the core 

surface is marked by an increase of Sphenoderia fissirostris, which reaches peak relative 

abundance of > 50% at the core top, and an increase in reconstructed water table height. 

 

Discussion 

The relative positions of testate amoebae taxa at the extremes of the hydrological gradient 

in ordination, as well as relative water table depth optima, closely resemble the findings of 

studies of testate amoebae at higher latitudes (Charman 1997, Charman & Warner 1997, Booth 

2008, Amesbury et al. 2016). Trigonopyxis arcula, Assulina seminulum Ehrenberg, and 

Corythion dubium Taranek are unambiguous indicators of dry conditions, while Centropyxis 

aculeata Penard type, Arcella hemisphaerica Perty, and Difflugia bacillifera Penard are 

indicators of standing water. However, Hyalosphenia subflava occupies moderately to very dry 

environments in other published datasets (Booth 2008, Amesbury et al. 2016), but has a more 

complex relationship with wetness in Hawaiian peatlands. Shorter test length H. subflava 

“minor” (50-65 µm) inhabit environments of intermediate wetness and longer H. subflava 

“major” (70-85 µm) inhabit very wet environments, including pools. Swindles et al. (2018a) 

observed H. subflava “minor” (< 60 µm) and H. subflava “major” (> 60 µm) in a Panamanian 

peatland with nearly identical hydrological optima to the taxa here. Different test lengths of H. 

subflava appear to be common in tropical peatlands and may suggest the existence of a species 

complex (Swindles et al. 2014, 2018a, 2018b). All members of the Cladocera group are also 
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positioned on the extreme wet end of the hydrological gradient and are reliable indicators of 

saturated conditions. Elsewhere these species are commonly found in the littoral region of lakes 

and pools within bogs (Santos-Wisniewski et al. 2008, Hannigan & Kelly-Quinn 2014). 

Constrained ordination and variance partitioning support the hypothesis that depth to 

water table is strongly and significantly (p < 0.001) related to testate amoebae and Cladocera 

distribution. However, a large proportion of the variance remains unexplained by the variables 

measured. Factors such as the influence of fog-driven moisture, edaphic features, and cation 

concentrations, particularly between Sphagnum and non-Sphagnum sampling locations, may 

affect species distributions. The finding here that the relationship between testate amoebae and 

hydrology was considerably stronger for non-Sphagnum habitats is interesting, given that strong 

hydrological controls are generally identified in temperate and boreal Sphagnum peatlands. Some 

peatlands lacking Sphagnum, or where Sphagnum is locally present, demonstrate that hydrology 

is not always the primary influence on species distribution (Booth 2001, Booth et al. 2008, Payne 

2011). Variations in pH and nutrients may be more important in some of those systems (Mitchell 

et al. 2008). The pH of Hawaiian peatlands is somewhat low, even at microsites without 

Sphagnum (mean±SD = 4.4±0.6 units, across all microsites that have no Sphagnum). Low pH is 

a common feature of Hawaiian wet forest soils in general (Kitayama and Mueller-Dombois 

1994) and other tropical montane forests soils (Krashevska et al. 2007), so hydrology may be the 

greatest source of natural variation in these systems.   

The importance of depth to water table in our study as an environmental factor is also 

indicated by l1/l2 values of 0.98 for all assemblages and 1.02 for assemblages in non-Sphagnum 

habitats (Juggins 2013). The  l1/l2  in Sphagnum, however, is 0.89 and suggests that testate 

amoebae may be strongly influenced by secondary variables in these habitats, such as 



	 70	

conductivity (Table 2). Lack of sphagna diversity in Kohala may also contribute because only a 

single species of Sphagnum, S. palustre, forms the hummocks and hollows of Kohala whereas 

many species of sphagna would be found in temperate peatlands. The lack of sphagna diversity 

may inhibit comparable patterns of testate amoebae diversity (Lamentowicz et al. 2010) and 

thereby reduce the information content in these assemblages. This species of Sphagnum also 

forms particularly tall hummocks in Hawai‘i which reflect dry conditions from a depth to water 

table perspective but may be insulated from “dryness” on the scale that is important to testate 

amoebae (e.g. water film thickness). Nevertheless, high l1/l2 in non-Sphagnum microsites is 

promising for paleohydrology in Hawai‘i because Sphagnum is not an important component of 

the Kohala flora prior to recent centuries (Karlin et al. 2012) or to the peatland flora of the other 

major islands.  

Differences in temporal grain among samples and our timeline of sample collection over 

a four-year period may also be a source of uncertainty in our species-environment analysis. 

Hawaiian climate is sensitive to fluctuations in El Niño variability, and interannual rainfall can 

vary considerably. Testate amoebae and Cladocera are certainly sensitive to seasonal and 

interannual moisture fluctuations changes, but we did not identify obvious differences in 

assemblages based on sampling year. This is likely an artefact of focusing sampling during 

summer months which experience reduced interannual rainfall variation relative to winter 

months (Chu & Chen 2005). The samples collected also integrate living and dead tests, and 

probably reflect a few years of integration. Measurements of long-term water table variability 

can improve transfer function development and interpretation (Woodland et al. 1998, Swindles et 

al. 2015, Swindles et al. 2018a) so we installed water level loggers in two peatlands beginning in 
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2015 to begin tracking daily peatland water table fluctuations. These data will be analyzed in 

future papers. 

 

Transfer function statistics 

Our results demonstrate that hydrology is an important determinant of testate amoebae 

and Cladocera distribution in Hawaiian peatlands, although other factors such as pH contribute. 

Due to the spatial structure of the dataset, it is preferable to use LOSO over LOO cross-

validation, because the latter overlooks spatial dependences among samples within a site and so 

produces overly-optimistic evaluations of transfer functions from clustered datasets (Payne et al. 

2012). We found the second component of a Wa-PLS model performed best under LOSO cross-

validation (Figure 4). Because our dataset suffers from under-sampling at the extreme dry end of 

the water table gradient (WTD > 50 cm), the transfer function is not currently capable of 

predicting accurate WTD from the “driest” assemblages (Figure 5). These assemblages are 

pulled from Sphagnum hummocks where other variables, such as humidity, may be more related 

to the factors directly affecting testate amoebae. We need to analyze additional testate amoebae 

communities from dry habitats, from both Sphagnum and non-Sphagnum microsites, to better 

estimate WTD from species data at this end of the gradient. 

 

Cladocera 

Cladocera data did improve each of the transfer function models that we tested, albeit 

modestly. These taxa are reliable indicators of wet conditions and, depending on taxonomic 

diversity, may inform other environmental signals such as acidity and food availability. 

Including cladoceran counts in testate amoebae calibration datasets has the potential to improve 
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other hydrological transfer functions, particularly from peatlands prone to flooding. Because a 

high density of cladoceran remains and multiple taxa can be isolated from peat using the 

standard testate amoebae preparation, analysts do not need to substantially modify their current 

methods to incorporate these data. 

 

Fossil core 

Testate amoebae and Cladocera microfossils are well-preserved in a Hawaiian peat 

sediment core. H. subflava appears to be a dominant testate amoebae taxon in fossil assemblages 

from lowland tropical peatlands (Swindles et al. 2014, Biagioni et al. 2015), as well as the 

montane tropical peatland here, but was not encountered in a high-elevation Columbian páramo 

peat core (Liu et al. 2019). One explanation for the high abundance of H. subflava (“major” and 

“minor”) in the Hawaiian peat core is that peatland surface moisture conditions in the past were 

highly variable at seasonal to inter-annual timescales (Sullivan and Booth 2011). The subsequent 

reduction of H. subflava “major” and “minor” abundances correlates with Sphagnum peat 

appearance in the core. Testate amoebae communities may then have been altered by the 

expansion of Sphagnum at the site. Sphagnum expansion and peat growth apparently accelerated 

in recent centuries (Karlin et al. 2012), and likely replaced tussock-forming sedges, grasses, and 

a diversity of ground-dwelling bryophytes. Sphagnum may have altered surface hydrology by 

stabilizing the water table due to its extreme moisture-holding potential. 

While care should be taken to avoid over-interpreting the timing of these inferred 

hydrological shifts without finer age control, there is utility in comparing broad trends with 

available instrumental records. Dinapoli & Morrison (2017) combined spatiotemporal drought 

uncertainty estimates in Kohala (Frazier & Giambelluca 2017) with a model of rainfall history 
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(Diaz et al. 2016) and identified the period 1800-1850 CE as prone to more frequent drought, 

and the timing corresponds with a lowering of water tables in our reconstruction. Wet conditions 

and high water tables in the beginning of the 20th century have support from the instrumental 

record, which shows that Hawai‘i had an anomalously high rainfall period from 1906-1923 CE 

(Chu & Chen 2005).  

Lake and peatland records in Hawai‘i have already revealed substantial shifts in climate 

and vegetation in the past few thousand years, and these variations have been linked to 

variability in the El Niño-Southern Oscillation. For example, paleorecords identify greater 

aridity, drought, and forest canopy dieback events between 2.3 and 1.5 kya (Crausbay et al. 

2014, Pau et al. 2012, Burney et al. 1995), a period that coincides with heightened El Niño 

frequency (Conroy et al. 2008). El Niño activity in the Pacific is believed to have declined 

during the Medieval Climate Anomaly (1.3 to 0.7 ka, Graham et al. 2007), and there is evidence 

that drought conditions were less frequent in Hawai‘i (Crausbay et al. 2014, Pau et al. 2012). El 

Niño activity increased after the MCA (Cobb et al. 2003), however this time period coincides 

with extensive land use change on the Hawaiian Islands and proxies derived from vegetation are 

difficult to untangle from anthropogenic disturbance (Crausbay et al. 2014, Pau et al. 2012). 

Testate amoebae-inferred records hence have the potential to shed light on hydrological 

dynamics during this period, especially on Hawai‘i Island, which currently lacks high-resolution 

Holocene records of climate and vegetation change. 

 

Conclusions 

Hawai‘i is experiencing a century-long drying trend that has deepened in recent decades. 

If current trends continue, there will be added pressure on water resources. Tropical montane 
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forests and peatlands are an integral component of the hydrological system in Hawai‘i by 

intercepting orographic moisture, buffering surface water runoff, recharging below ground 

aquifers, and providing freshwater to the islands. Peatlands are also important archives of 

hydrological variability in these critical ecosystems. We found that testate amoebae and 

Cladocera are reliable indicators of hydrology in Hawaiian peatlands and so can be used as 

paleohydrological proxies. We found that WTD control on testate amoebae and Cladocera was 

stronger in non-Sphagnum microsites than in Sphagnum, counter to observations in temperate 

and boreal peatlands. A transfer function to estimate water table depth from species assemblage 

data performs reasonably well under cross-validation (RMSEPLOSO=9.75 cm, R2LOSO=0.62). The 

inclusion of Cladocera data modestly improved transfer function  performance, improving 

RMSEP up to 8% and R2 up to 12%.  

Fossil assemblages in a 0.5-m peat profile are well-preserved. A water-table-depth 

reconstruction suggests a drying trend from the base of the profile (at least 1700 CE) to 1850±40 

CE followed by a wetting trend to 1930±5 CE, then a return to drier conditions, and these trends 

have support from modeled and instrumental records. This work lays the foundation for testate 

amoebae and Cladocera paleoecology in Hawaiian peatlands and suggests that fossil remains of 

testate amoebae and Cladocera are useful complements in multi-proxy studies of hydrological 

and climatic change in Hawai‘i.  
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Table 1: Site details and metadata for the nine peatlands, including descriptions of dominant 
vegetation cover. MAR = mean annual rainfall, ET = annual evapotranspiration, WTD = water-
table depth. *MAR and ET estimates are derived from Giambelluca et al. (2013). 
Site Name 
Code 

*MAR 
(mm/ 
yr) 

*ET 
(mm/ 
yr) 

WTD  
Range 
(cm) 

pH 
Range 

n Peatland 
description 

Dominant plant taxa 

Puʻu Kawila 
(PK) 2550 840 -9-58 3.2-4.8 17 

Sphagnum 
peatland in 
cinder cone 
depression 

Sphagnum palustre, 
Lycopodiella cernua, 
Deschampsia 
nubigena, 
Metrosideros 
polymorpha 

Puʻu o  
Umi A 
(PUA) 

3600 640 -8-15 3.7-4.6 5 

Sphagnum 
peatland, 
sedges in 
valley 

Rhynchospora, 
Sphagnum palustre, 
Panicum, Holcus 
lanatus 

Puʻu o  
Umi B 
(PUB) 

3840 750 -5-39 3.6-4.4 10 

Open sedge 
peatland, 
Sphagnum 
hummocks 

Sphagnum palustre, 
Racomitrium, 
Oreobolus furcatus, 
Rhynchospora 

Puʻu o  
Umi C 
(PUC) 

3740 720 -9-33 3.5-4.7 16 

Open sedge 
peatland, 
Sphagnum 
hummocks 

Sphagnum palustre, 
Racomitrium,  
Oreobolus furcatus, 
Rhynchospora 

Waiʻilikahi 
(WK) 3800 700 0-26 4.0-4.2 5 

Open 
Sphagnum 
peatland 

Sphagnum palustre, 
Rhynchospora, 
Dicranopteris linearis 

Kaiholena 
(KL) 3420 700 -6-45 3.3-4.5 13 

Forested 
Sphagnum 
peatland 

Sphagnum palustre, 
Deschampsia 
nubigena, 
Metrosideros 
polymorpha, Cibotium 

Alakahi 
(AK) 3200 630 -13-57 3.4-5.9 9 

Forested 
Sphagnum 
peatland 

Sphagnum palustre, 
Deschampsia 
nubigena, 
Metrosideros 
polymorpha, 
Leptecophylla 
tameiameia, 
Dicranopteris linearis 

KHL1 2760 760 -15-28 4.2-5.7 9 
Sedge and 
rush 
peatland 

Juncus planifolius, 
Machaerina 
angustifolia, 
Rhynchospora, 
Racomitrium 

KHL2 2960 760 -1-29 4.1-5.5 6 
Sedge and 
rush 
peatland 

Juncus planifolius, 
Rhynchospora, Carex 
alligata, Racomitrium 
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Table 2: Unsupported activities of 210Pb and 137Cs and 210Pb ages calculated by CRS 
modeling for the core WK. Parentheses show 210Pb measurement error and age error 
propagated through CRS model. 

Depth interval 
(cm) 

210Pb Age 
(±error)  

(CE) 

Unsupported 210Pb  
(±error) 
(Bq/kg) 

137Cs 
(Bq/kg) 

0 2000 (1) 1180  - 
0-5 1998 (1) 1112 (60) 42 
5-10 1992 (1) 915 (134) 47 
10-14 1988 (1) 815 (132) 58 
14-18 1984 (1) 723 (28) 107 
18-21 1976 (1) 563 (28) 297 
21-24 1961 (2) 355 (21) 778 
24-27 1939 (5) 177 (16) 678 
27-30 1905 (20) 62 (12) 280 
30-32 1879 (90) 28 (13) 132 
32-37 - - 42 
37-42 - - 12 
42-47 - - 8 
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Table 3: Explained variance and variance partitioning of the variables depth to water 
table, pH, and conductivity, based on a CCA of surface taxon assemblages. Results 
are for the full, Sphagnum-only, and non-Sphagnum-only datasets. Parentheses () 
indicate the percentage of total explained variance that is shared with a confounding 
variable. Significance: ***(p < 0.001), **(p < .01), ns (not significant). 
 Dataset 

Variable name 
Full 
n = 89 

Sphagnum 
n = 56 

Non-Sphagnum 
 n = 33 

Depth to water table 9.4*** (1.6) 9.7*** (2.9) 15.2*** (0.8) 
pH 6.9*** (2.8) 6.5*** (3.1) 10.8*** (0.8) 
Conductivity 2.1 ns (0.2) 4.3** (0.1) 3.7 ns (0.7) 

l1/l2 of CCA 
constrained on depth to 
water table 

0.98 0.87 1.02 
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Table 4: Transfer function performance statistics for the testate amoebae plus Cladocera calibration data 
set given three cross-validation techniques: LOO = leave-one-out, BOOT = bootstrapping at 999 cycles, 
LOSO = leave-one-site-out. Parentheses ( ) show the improvement of RMSEPLOSO and r2

LOSO of testate 
amoebae plus Cladocera transfer function over testate amoebae without Cladocera transfer function 

Method RMSEP 
LOO 

r2 

LOO 
Avg.Bias 
LOO 

Max.Bias 
LOO 

RMSEP 
BOOT 

r2 

BOOT 
RMSEP 
LOSO 

r2 

LOSO 
Wa.Inv 9.99 0.59 0.10 36.49 10.22 0.59 10.27  

(-0.13) 
0.56 
(+0.01) 

Wa.Tol.Inv 10.12 0.58 0.32 35.95 10.54 0.59 10.12 
(-0.40) 

0.58 
(+0.04) 
 

Wa-PLS 
(Comp. II) 

9.37 0.64 0.44 28.53 9.97 0.65 9.75  
(-0.54) 

0.62 
(+0.05) 

MAT (k=7) 9.65 0.63 -1.10 35.38 10.35 0.65 9.85  
(-0.80) 

0.63 
(+0.08) 



	 86	

Figure legends 
 
Figure 1: Site map of Kohala wet forest-peatland complex indicating locations of the nine 
peatland locations in this study (highlighted in yellow). Light green shows the extent of wet 
forest vegetation cover, and dark green polygons indicate montane peatland vegetation cover. 
Solid grey contours are 100 ft (30.3 m) elevation contours and dashed grey contours are the 
interpolated mean annual rainfall contours (mm/yr). Vegetation and elevation GIS layers 
downloaded from HI Statewide GIS Program (geoportal.hawaii.gov). Rainfall contours are from 
Giambelluca et al. (2013). 
 
Figure 2: Surface sample testate amoebae and Cladocera relative abundances (%) arranged 
according to depth to water table at each sampling location.  
 
Figure 3: First two axes of a 3-dimensional NMDS of surface sample assemblages using 
Sørenson dissimilarity metric. A) Sample scores for the nine peatlands (codes link to table of 
descriptions of the nine peatlands). B) Species scores for testate amoebae taxa (black text) and 
Cladocera taxa (blue text) with environmental vectors overlain. WTD = depth to water table, BD 
= bulk density, LOI = loss-on-ignition, EC = conductivity. C) Vectors representing fine-
resolution vegetation cover (orange) and environmental variables (black). 
 
Figure 4: Leave-one-site-out cross-validation of a weighted average partial least-squares  
regression transfer function (2nd component). Plots on the right show the results of predicting 
water-table depth from biological assemblage data at each peatland from a calibration dataset 
that excludes that peatland. Plot on the left shows all samples from leave-one-site-out cross-
validation. Dashed line is a 1:1 realtionship. Solid black line is the linear trend of the data points.  
 
Figure 5: Sampling bias evaluated by dividing the water table depth gradient into 10 equal 
segments and calculating RMSEP for each segment. Gray bars represent the frequency of 
samples in the gradient segment, green lines represent the RMSEP for the segment, red dashed 
line is the RMSEPLOO for the entire gradient length, and the black dashed line is the average of 
the RMSEP values of each segment along the gradient, also called the segment-wise RMSEP.  
 
Figure 6: Stratigraphic diagram of testate amoebae and Cladocera assemblages in fossil core 
WK plotted against depth with 210Pb age of the peat. Taxa present in fewer than three samples 
are excluded from the plot. Zonation is based on stratigraphically constrained cluster analysis 
(CONISS) and is derived from Euclidean distances. 
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Figure 1: Site map of Kohala wet forest-peatland complex indicating locations of the nine 
peatland locations in this study (highlighted in yellow). Light green shows the extent of wet 
forest vegetation cover, and dark green polygons indicate montane peatland vegetation cover. 
Solid grey contours are 100 ft (30.3 m) elevation contours and dashed grey contours are the 
interpolated mean annual rainfall contours (mm/yr). Vegetation and elevation GIS layers 
downloaded from HI Statewide GIS Program (geoportal.hawaii.gov). Rainfall contours are from 
Giambelluca et al. (2013). 
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Figure 2: Surface sample testate amoebae and Cladocera relative abundances (%) arranged 
according to depth to water table at each sampling location. (1/2) 
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Figure 2: Surface sample testate amoebae and Cladocera relative abundances (%) arranged 
according to depth to water table at each sampling location. (2/2) 
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Figure 3: First two axes of a 3-dimensional NMDS of surface sample assemblages using 
Sørenson dissimilarity metric. A) Sample scores for the nine peatlands (codes link to table of 
descriptions of the nine peatlands). B) Species scores for testate amoebae taxa (black text) and 
Cladocera taxa (blue text) with environmental vectors overlain. WTD = depth to water table, BD 
= bulk density, LOI = loss-on-ignition, EC = conductivity. C) Vectors representing fine-
resolution vegetation cover (orange) and environmental variables (black). 
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Figure 4: Leave-one-site-out cross-validation of a weighted average partial least-squares  
regression transfer function (2nd component). Plots on the right show the results of predicting 
water-table depth from biological assemblage data at each peatland from a calibration dataset 
that excludes that peatland. Plot on the left shows all samples from leave-one-site-out cross-
validation. Dashed line is a 1:1 realtionship. Solid black line is the linear trend of the data points.  
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Figure 5: Sampling bias evaluated by dividing the water table depth gradient into 10 equal 
segments and calculating RMSEP for each segment. Gray bars represent the frequency of 
samples in the gradient segment, green lines represent the RMSEP for the segment, red dashed 
line is the RMSEPLOO for the entire gradient length, and the black dashed line is the average of 
the RMSEP values of each segment along the gradient, also called the segment-wise RMSEP.  
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Figure 6: Stratigraphic diagram of testate amoebae and Cladocera assemblages in fossil core 
WK plotted against depth with 210Pb age of the peat. Taxa present in fewer than three samples 
are excluded from the plot. Zonation is based on stratigraphically constrained cluster analysis 
(CONISS) and is derived from Euclidean distances. 
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Abstract 

Here we present a detailed analysis and paleohydrological interpretation of the subfossil 

remains of testate amoebae and Cladocera in a Hawaiian montane peatland. Subfossils were 

analyzed in a ~4 ka peat core from an open peatland in the wet forest-montane bog complex on 

Kohala Mountain, Hawaiʻi Island. A transfer function based on weighted averaging with partial 

least-squares regression was developed for Kohala and used to reconstruct past water-table depth 

from fossil assemblages. Subfossil concentrations were low in the core; however the taxa 

preserved were well-defined paleoenvironmental indicators. Peatland conditions were wetter 

than present between 3.4 and 2.7 ka (calendar years BP) and 1.6 to 1.2 ka. A pronounced dry 

period and poor-preservation environment occurred 2.7 to 1.6 ka. These results provide evidence 

for a centuries-long period of increased aridity in Hawaiʻi and point to the occurrence of 

statewide drought, likely associated with El Niño-like conditions in the North Pacific.  
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Introduction 

Peatlands develop in areas where waterlogged conditions slow rates of decomposition, 

resulting in net accumulation of partially decomposed organic matter. Peatlands cover roughly 

3% of the global land surface but store 25% of global soil carbon (Limpens et al. 2008). The vast 

majority of peatland area is in temperate to subarctic latitudes, particularly in the Northern 

Hemisphere (Yu 2012), where cool and wet climates promote peat development. However, peat 

can also form in the humid tropics under high-rainfall and high-temperature conditions 

(Andriesse 1988) at both lowland and montane altitudes. Most tropical peatlands occur in 

lowlands in Southeast Asia and the Amazon, where they are typically forested, ombrogenous 

(only rain inputs), and very large in size (Page et al. 2006). Tropical montane peatlands lie in 

depressions or on shallow slopes of the tropical humid highlands of continental (e.g. Northern 

Andes, Costa Rica, Uganda) and island (e.g. Galapagos, Hawaiian Islands, Caribbean Islands) 

locations. These peatlands tend to be smaller and dominated by herbaceous tussock plants and 

bryophytes, and may be ombrogenous or geogenous (surface water and/or groundwater inputs) 

(Canfield 1986, Chimner 2004, Squeo et al. 2006). Despite their small size, tropical montane 

peatlands can be numerous and are important players in the global carbon cycle (Chimner and 

Karberg 2008) and in local hydrological cycles for both montane and downstream regions 

(Buytaert et al. 2006). 

In Hawaiʻi, montane peatlands are found between 1000 and 2300 m elevation on all five 

major islands. These peatlands include some of the few remaining intact natural ecosystems in 

Hawaiʻi (Loope et al. 1991, Van Reese & Reed 2014); however, continued pressure from feral 

ungulates, such as wild pigs (Loope et al. 1991), and climate change (Loope & Giambelluca 

1998) threaten long-term peatland stability.  
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Descriptions of Hawaiian peatland history span over a half century, beginning with 

Selling’s seminal work on Quaternary Hawaiian pollen (1948). Selling (1948) noted noted long 

peat sections composed of the principal Hawaiian peatland sedge, Oreobolus furcatus, with short 

intervals of dark, organic-rich layers derived from bryophytes. Burney & Burney (2003) 

described sediment lithology in radiocarbon-dated peat cores from Kauaʻi that revealed 

alternating layers of humified peat, clay, and wood deposited throughout the Holocene. Burney 

et al. (1995) provided detailed peat lithology of an East Maui montane peatland that had 

transitions from organic-rich layers with diatoms to fibrous peat to fine-grained, organic-rich 

peat over the past 5000 years. A new peatland multi-proxy record from East Molokaʻi found 

evidence for wet and stable peatland conditions in the early and mid Holocene, and a shift to dry 

conditions in the late Holocene (Beilman et al. 2019).  

Peatland and lake sediment records of pollen (Selling 1948, Burney et al. 1995, 

Hotchkiss 1998, Hotchkiss & Juvik 1999, Pau et al. 2012, Crausbay et al. 2014) and biomarkers 

(Uchikawa et al. 2010, Crausbay et al. 2014, Beilman et al. 2019) across all five major Hawaiian 

Islands have revealed vegetation and climate change throughout the Holocene. In particular, 

records spanning the past few thousand years on Maui, Oahu, and Molokaʻi show evidence of 

synchronous wetting and aridification (Burney et al. 1995, Uchikawa et al. 2010, Pau et al. 2012, 

Crasubay et al. 2014, Beilman et al. 2019). The hydroclimate of Hawaiʻi Island has not been 

investigated in detail.  

Here we present the results from a detailed analysis of testate amoebae and Cladocera 

subfossils in a dated peat core from a montane peatland on Hawaiʻi Island. Testate amoebae are a 

group of single-celled protozoa that produce decay-resistant shells (“tests”) that have been 

widely applied as paleoenvironmental and paeohydrological indicators in temperate and boreal 
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peatlands (Booth 2008, Lamarre et al. 2013, Amesbury et al. 2016), and increasingly in the 

tropics (Swindles et al. 2014, Liu et al. 2019). Analysts have routinely confirmed the sensitivity 

of testate amoebae assemblage composition to soil moisture conditions at the surface and near-

surface of peatlands, and records of subfossil testate amoebae in peat cores have been useful for 

infering peatland surface moisture histories, especially when integrated within multi-proxy 

investigations (e.g. Booth et al. 2012, Swindles et al. 2018). Our recent research suggests that 

testate amoebae are distinctly distributed along gradients of depth to water table in Hawaiian 

montane peatlands and that fossil assemblages of tesate amoebae are preserved in downcore peat 

deposits (Chapter 2). We also determined that analysis of Cladocera (water flea) subfossils 

improved transfer functions relating depth-to-water-table estimates to species assemblage data 

(Chapter 2). We apply this transfer function to a fossil testate amoebae and Cladocera 

chronology from Kohala Mountain, Hawai‘i to infer a history of peatland environmental change 

and compare the reconstruction with paleoenvironmental records from other Hawaiian Islands.  

   

Study site 

Vegetation 

The peatland site is “Kohala 1” (KHL1), a gently sloping, open montane peatland in the 

Kohala State Forest Reserve on Kohala Mountain, 5 km southeast of the summit. KHL1 sits atop 

120-230 kya tephra-fall deposits from the Hāwī Volcanic Series (Wolfe & Morris 1996). The 

surrounding forest is composed of stunted Metrosideros polymorpha Gaudich., Vaccinium 

reticulatum Smith, and Leptecophylla tameiamaeia Schltdl., with some dense thickets of 

Dicranopteris linearis NL Burm. The forest understory is primarily a monotypic carpet of 

Sphagnum palustre L. KHL1, however, is one of the few Sphagnum-free peatlands on the 
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mountain. Surface vegetation is a lawn of Juncus planifolius R. Br., with Machaerina 

angustifolia Gaudich., Rhynchospora chinensis ssp. spiciformis Hillebr., and tussocks of 

Rhynchospora rugosa var. lavarum Gaudich. and the moss Racomitrium lanuginosum Hedwig. 

J. planifolius is a nonnative rush of temperate South American or Australian origin first recorded 

in Hawaiʻi in 1930 (Wagner et al. 1990).  

 

Hydrology 

KHL1 is likely underlain by a clay hardpan that impedes water drainage (Fosberg 1961). 

The surrounding volcanic substrate is porous and rainfall quickly percolates through the surface. 

However, heavy and prolonged rain can inundate forest soils, and we have observed overland 

surface water flow into KHL1. The hydrologic budget is probably somewhere between 

ombrogenous and soligenous. 

 

Climate 

KHL1 has a high-elevation tropical climate with estimated annual rainfall at 2800 mm/yr 

and annual temperature of 15.7°C. KHL1 is frequently surrounded by cloud cover, so fog-driven 

moisture likely contributes substantially to the hydrological input (Scholl et al. 2004, 

Giambelluca et al. 2011). Local climate is heavily influenced by two major sources of moisture: 

northeast tradewinds that deliver orographically lifted rain year-round and large “Kona storms” 

derived from subtropical cyclones that occur more frequently during winter months (Chu et al. 

1993). These broad climatic patterns are sensitive to modes of Pacific climate variability, 

particularly in the El Niño-Southern Oscillation and Pacific Decadal Oscillation systems (Chu 

and Chen 1995).  
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Methods 

Collection, preparation, and identification 

A 2.6-m-long peat core was collected from KHL1 in 2015 near the center of the peatland 

using a Russian peat-corer with a 50-cm-long barrel. Each core segment was stored frozen at the 

University of Hawai‘i-Mānoa until subsamping and analysis. Ninety surface peat samples were 

collected from nine Kohala peatlands, including 15 from KHL, in 2015, 2016 and 2018 for 

analysis of modern testate amoebae and Cladocera to produce a species-environment transfer 

function (Chapter 2).   

For the peat core, one cm3 of peat was subsampled every 2 cm from depths 0-100 cm 

below the peat surface and every 4 cm for 100-260 cm depth. Microfossils were isolated from 

peat following standard practices outlined in Booth et al. (2010). The peat sample was 

disaggregated in boiling water for 10 min. The boiled samples were filtered through 300- and 15-

μm sieves and the fraction between the sieves was retained and stored in glycerine. Subsamples 

were mounted on microscope slides and examined under 100-400X magnification. Testate 

amoebae and cladoceran remains were tallied together on the same slides, along with the 

common peatland rotifer Habrotrocha angusticollis Murray. The most abundant category of 

cladoceran remains (i.e. head shields, carapaces, post abdomens, and postabdominal claws) for 

each taxon was used to calculate minimum number of individuals (Frey 1986). A minimum of 50 

testate amoebae and Cladocera individuals was attempted for each sample, however very low 

subfossil concentrations at certain depth intervals impeded counting efforts and the minimum 

was occasionally unmet (undercounts marked below). A 50-count minimum has been shown to 

capture the broad environmental signal from testate amoebae assemblage data (Payne and 

Mitchell 2009), and assemblages were evaluated with species-area curves as subsamples were 
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counted to inspect relative abundance stability. Additional microfauna and invertebrate remains 

(e.g. chironomids) were tallied for added stratigraphic information. 

Taxonomy of testate amoebae followed Charman, Hendon, & Woodland (2000), 

modified by Booth (2008), and identification was aided with guides by Siemensma (2019). We 

applied the morphospecies approach for classifying testate amoebae taxa following the procedure 

in Chapter 2, however Hyalosphenia subflava Cash & Hopkinson was lumped as a single taxon 

instead of separating the “minor” and “major” size classes. Cladoceran taxonomy followed 

Dodson and Frey (1991).   

 

Core stratigraphy 

To complement the subfossil record, qualitative descriptions of the peat-contributing 

vegetation were made by identifying plant macrofossils. This analysis did not follow the standard 

protocol for quantitative analysis of peatland macrofossils (Mauquoy et al. 2010), because 

subsample material was limited to 1 cm3 of peat and because macrofossil remains were often 

decayed and in low abundance. Plant macrofossils that were collected on the 300 µm sieve 

during the subfossil protocol outlined above were transferred to a glass petri dish and viewed 

under a dissecting microscope at 10 – 20X magnification. The only plant macrofossils that were 

identified to the source material were moss leaves and Oreobolus furcatus H. Mann, which has a 

characteristic red hue (Selling 1948). Remains of monocot leaves were coded as “graminoids” 

and leaf remains that had sori were coded as “pteridophytes.” Each layer of peat was then 

assigned to “moss”, “Oreobolus”, “graminoid”, or “pteridophyte” based on the category that had 

the most remains. However, many samples lacked identifiable plant macrofossils and were 
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therefore assigned to the category of the nearest stratigraphic neighbor that did have macrofossil 

remains.     

 

Radiocarbon Dating and Age-Depth Modeling 

Radiocarbon (14C) analysis was performed on seven bulk peat samples (Table 1). Fine 

roots were picked out from peat subsamples, which were then treated with an Acid-Alkalic-Acid 

sequence to remove any added organic and inorganic carbon. Peat sample 14C was analyzed at 

the Lawrence Livermore National Lab's Center for Accelerator Mass Spectrometry (LLNL-

CAMS). 14C ages were calibrated to calendar years BP using IntCal13 (Reimer et al. 2013) with 

year 0 BP = 1950 CE by convention. The age-depth model was produced by a Bayesian analysis 

on millions of Markov Chain-Monte Carlo simulations using the probability distributions of the 

ages with a precise surface age of -65 cal yr (BP), and a prior of 20 yr/cm for stratigraphic 

accumulation using the R package “rbacon” (Blaauw and Christen 2011). 

 

Transfer function 

The second component of a weighted-average with partial least-squares regression (WA-

PLS) was the best-performing transfer function model from Chapter 2 and was chosen to 

reconstruct water-table depths from fossil assemblages in KHL1. This model has a leave-one-

site-out cross-validated root-mean-square-error of prediction (RMSEP) = 9.75 cm and r2 = 0.62. 

We interpreted stratigraphy of the profile using stratigraphically constrained hierarchical cluster 

analysis on Sørenson distances between assemblages (Grimm 1987). Determination of zonation 

was guided by the broken stick model. 
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Results 

Stratigraphy and Chronology 

The base of the peat (255 cm) is dated to 3.9 ka (calendar years before BP, Figure 2, 

Table 1). The underlying clay layer (265 cm) is dated to 9.8 ka and the radiocarbon date was 

discarded by Bacon as an outlier (Figure 2). The bottom ~10 cm of the peat core is 

predominantly composed of silt and clay (Figure 3). This zone (265 to 255 cm) likely reflects a 

period of soil development and slow sedimentation rate prior to the development of the peatland. 

Plant remains from pteridophytes and mosses were found in the silt-clay layer, as well as testate 

amoebae and cladoceran remains, but these were in low abundances. Between 255 and 220 cm, 

the abundance of preserved moss leaves increases, including taxa such as Thuidium delicatulum 

Hedwig., Distichophyllum freycinetii Schwägr., and cf. Ectropothecium spp. Sull, and peat 

accumulates at 1.13 mm/yr. Between 220 and 195 cm is a layer of graminoids, followed by a 

layer of mosses between 195 and 185 cm, and then another layer of graminoids between 185 and 

155 cm. Oreobolus macrofossils increase at after 155 cm and then disappear by 140 cm. From 

210 to 140 cm the peat core accumulates peat at the fastest rate in the record (1.27 mm/yr, Figure 

3). The mosses cf. Ectropothecium spp. and T. delicatulum reappear between 130 cm and 110 

cm, and accumulation rate decreases to the slowest rate in the record (0.25 mm/yr, Figure 3). 

Sedimentation rate increased above this interval, but was lower than rates in the lower portion of 

the record. Between 104 cm and 94 cm there were many remains of pteridophytes and woody 

fragments. Graminoids were the most common plant remains between 94 cm and the top of the 

core.   
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Subfossil testate amoebae and Cladocera 

No undescribed taxa were encountered in the core compared with the calibration dataset 

from Chapter 2 (Figure 4). Testate amoebae in general were low in concentration, so it was often 

necessary to count multiple slides per sample. This may reflect an issue with preservation 

(Mitchell et al. 2008), which appears to be common in tropical peat (Swindles et al. 2014, 

Swindles et al. 2016). However, the preserved taxa have well-defined moisture optima (e.g. 

Assulina muscorum Greeff, Trigonopyxis arcula Penard, and Cladocera; Chapter 2). Cladocera 

were present throughout much of the core, including the surface. Four significant biostratigraphic 

zones were identified by the cluster analysis and broken-stick model (Figure 4). Zone 

composition is described below. 

 

Zone 1 (255 – 133 cm): Zone 1 is characterized by high abundances of the cladocerans Alona 

rustica Scott and cf. Alonella spp. and the rotifer Habrotrocha angusticollis Murray (Figure 4). 

Difflugia globulosa (Dujardin) Penard was also present in this zone.  Centropyxis cassis Wallich 

type, Trigonopyxis arcula, and Cyclopyxis arcelloides Penard type had greater abundances in the 

deeper portion of Zone 1 than in the upper portion of the Zone 1 (Figure 4), which are 

intermediate and dry-indicator taxa in Hawaiʻi (see Chapter 2), suggesting that drier conditions 

occurred during that period. Reconstructed water table at the beginning of the zone was low 

below the surface (~ 20 cm, Figure 4) and then reached the highest level of the record in the 

upper portion of the zone (~ -13 cm), reflecting a period of saturated peatland conditions with 

standing water.  
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Zone 2 (132 – 103 cm): The beginning of Zone 2 is characterized by an abrupt decline in 

cladoceran abundance to near zero where it remained until Zone 3 (Figure 4). Subfossil 

concentrations were very low in this zone. Relative abundances of Assulina muscorum and 

Trigonopyxis arcula reached the highest values of the record in this zone. Relative abundance of 

Hyalosphenia subflava was high, but variable. Reconstructed water table abruptly dropped at the 

beginning of the zone to ~ 25 cm, stayed low below the peatland surface eventually dropping to 

the lowest depth in the record (~ 40 cm), and then abruptly increased at the end of Zone 2 

(Figure 4).   

 

Zone 3 (102 – 69 cm): Zone 3 is characterized by abundant and assemblages of cladocerans 

(Figure 4). Testate amoebae have low abundances. Amphitrema stenostoma Nüsslin occurs in 

small numbers alongside Hyalosphenia subflava and Habrotrocha angusticollis. The 

reconstructed water table curve is high for this zone (between 8 and -1 cm, Figure 4), suggesting 

that saturated conditions or long periods of standing water were common, similar to the upper 

portion of Zone 1. 

 

Zone 4 (68 cm – surface): Zone 4 marks a reduction in cladoceran abundance to ~5-10%. 

Testate amoebae taxonomic diversity was highest in this zone (Figure 4). Hyalosphenia subflava 

and Centropyxis cassis type were the most abundant testate amoebae. Species of Difflugia and 

Euglypha also occurred, but their overall abundance was low. Quadruella symmetrica Wallich., 

an indicator of high pH, appeared at the surface of the core, but in low abundance. The water-

table reconstruction indicates near-surface water table for most of the zone and moderate drying 

in the upper ~20 cm (Figure 4).  
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Other microfauna 

Concentrations of chironomid mandibles and egg cases of copepods and tardigrades were 

related to zones defined by testate amoebae and Cladocera (Figure 5). Chironomids were most 

frequent in Zone 1 and Zone 3 and copepods were most frequent in Zone 4 when the water table 

curve reflects wet conditions. Chironomids and copepods were rare in Zone 2 when the water 

table was low, then spiked in occurrence at the transition to Zone 3 (Figure 5). Tardigrades were 

abundant at the onset of Zone 2 and Zone 4, and at the end of Zone 3. 

 

Discussion 

Peat began accumulating at KHL1 3.9 ka during a period of the Holocene that other 

Hawaiian paleovegetation records point to being anomalously wet (Burney et al. 1995, Crausbay 

et al. 2014). The testate amoebae and Cladocera assemblages suggest that this period was of 

“intermediate” surface wetness (Figure 4). From 4.0 to ~3.3 ka the peatland water table remained 

relatively low and mosses were common on the peatland surface. After ~3.3 ka cladocerans 

became more abundant and dry-intermediate testate amoebae taxa, such as Centropyxis, 

Cyclopyxis and Assulina, became less abundant. The highest reconstructed water tables occur ~3 

ka in this record. This also when remains of chironomids and copepods are at a local maximum 

(Figure 5). Chironomids and copepods are semi-aquatic invertebrates and their presence in the 

peat record indicates flooding on the peatland surface. This is supported by coherent changes in 

abundance of Cladocera (Figure 4). Peat accumulation rate is also greatest during this lower 

portion of the record. A wet period between 3.3 to 2.7 ka has been observed in other Hawaiian 

paleorecords. Crausbay et al. (2014) observed a rapid increase in sedimentation rate in a high-
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elevation lake core on Maui after 3.2 ka and a multi-proxy paleorecord from a montane peatland 

on Molokaʻi that sediment accumulation rate quickened between 3.5 to 2.5 ka, which they 

attribute to high and stable peatland water tables (Beilman et al. 2019).  

There are several lines of evidence of peatland drying between 2.7 and 1.6 ka. Subfossils 

of testate amoebae were difficult to find in this section of the core; however, the taxa that were 

encountered were reliable indicators of dry conditions (e.g. Assulina muscorum and Trigonopyxis 

arcula, Chapter 2). A parsimonious explanation for low test concentrations is that lower average 

water table and oxidation of surface peat enhanced microbial activity that degraded tests. 

Conversely, cladoceran exoskeletons are composed of chitin and are very well-preserved in 

humified peat. Hence, absence of Cladocera likely reflects environmental filtering due to dry 

conditions rather than taphonomic loss. In addition, chironomids and copepods are rare during 

this interval. Tardigrades, on the other hand, reach their highest concentration. Tardigrades 

inhabit a wide array of environments but are particularly abundant in wet moss. This has support 

from the peat stratigraphy which suggests that mosses were abundant during this period (Figure 

3). Vegetation change at KHL1 in response to peatland drying could involve mosses colonizing 

dried-up hollows between sedge tussocks. Peat accumulation rate slowed during this dry interval 

and then increased after 1.6 ka (Figure 3). On East Maui, a drought regime began ca. 2.5 ka that 

resulted in dieback of wet forest tree species (Crausbay et al. 2014). A second Maui pollen 

record suggests treeline altitude lowered after 2.2 ka and the altitudinal limits of wet rainforest 

species shifted below the position of the peatland (Burney et al. 1995, Crausbay 2011). A 

geochemical record from lowland Oahu likewise indicates that aridification increased after 2 ka 

(Uchikawa et al. 2010). Drying at KHL1 and other Hawaiian paleorecord locations coincided 

with a Holocene maximum of El Niño-Southern Oscialltion (ENSO) frequency, duration, and 
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severity between 2.2 and 1.5 ka (Conroy et al. 2008). El Niño drives the drought regime in 

Hawaiʻi. El Niño events reduce precipitation, particularly in winter, by hindering the 

development of subtropical cyclones, and disrupting the origin and movement of mid-latitude 

frontal storm systems into the island chain (Chu and Chen 2005). A reduction in winter storm 

frequency in Hawaiʻi between 2.2 and 1.5 ka has evidence from hydrogen stable isotopes in a 

Molokaʻi peat record that suggest a shift in contribution from winter storm-derived rain to 

tradewind-derived rain (Beilman et al. 2019).  

Surface re-wetting at 1.6 ka appeared to have occurred rapidly, although it is possible that 

re-wetting was gradual, and the ecological response was non-linear. Re-wetting was 

accompanied by a pulse of chironomids and copepods. Cladoceran diversity increases, which 

suggests that saturated conditions and food availability supported a stable cladoceran 

community. Assemblages become more testate amoebae-dominated towards the top of the peat 

profile, reflecting a more or less stable water table close to the surface. Today, the surface of 

KHL1 is still quite wet, with water occasionally pooling after heavy rainfall. This record shows 

that the modern environment is following a longer trend of relatively wet peatland surface 

conditons for the history of this site, although current conditions are not as wet as it was from 3.3 

to 2.7 ka. There is also a clear message in the archive that abrupt peatland drying can occur and 

has occurred in the past, resulting in a thousand year-long state shift and reductions in carbon 

accumulation rate. In the context of this record, Hawaiian montane peatland resilience to drivers 

of environmental change, such as drought, is not certain. The system eventually recovered, but 

only as drought conditions abated at other montane sites (Crausbay et al. 2014), and testate 

amoebae did not return to pre-drying levels of taxonomic diversity for another 400 years. 
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Conclusion 

Testate amoebae and Cladocera subfossils were analyzed in a ~4 ka peat core from a 

Hawaiian montane peatland. Paleoenvironmental signals were extracted from the fossil 

assemblages despite low subfossil concentration. Cladocera were present throughout much of the 

core and are useful indicators of saturated peatland conditions, confirming the utility of including 

these data in peatland paleoenvironmental reconstructions. We found that, over 4000 years, 

peatland WTD was highest and most stable between 3.3 and 2.7 ka, corresponding to a regional 

Holocene wet period recorded in Maui and Molokaʻi paleorecords. This wet stage was followed 

by an abrupt shift to drier conditions and an oxidizing state between 2.7 and 1.6 ka. These results 

strengthen evidence of statewide drought during a Holocene maximum of ENSO event frequency 

and severity. This is the first use of testate amoebae and Cladocera proxies for peatland 

paleohydrology in Hawaiʻi and this method should be applied to peatland studies on other 

Hawaiian Islands, particularly as part of a multi-proxy approach, to better understand Hawaiian 

environment and climate history. 
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Table 1: 14C and calendar ages for KHL1. 14C dates were obtained from bulk peat sediment 
and ages were calibrated using IntCal13 (Reimers et al. 2013)  

Lab ID Depth interval  
(cm) 

14C Age Calibrated age (cal yr BP) 
median probability, 2s 

CAMS-
175931 

19-20 370 ± 30 463, 317-502 

CAMS-
175932 

63-64 1165 ± 30 1112, 985-1177 

CAMS-
178952 

105-106 1745 ± 30 1642, 1567-1716 

CAMS-
175933 

139-140 2860 ± 30 2992, 2880-3066 

CAMS-
175934 

208-209 3315 ± 30 3537, 3460-3613 

CAMS-
173294 

254-255 3645 ± 35 3943, 3872-4083 

CAMS-
178953 

264-265 8815 ± 40 9823, 9691-10146 
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Figure legends 
 
Figure 1: Site map of Hawaiian peatlands surveyed for transfer function development 
(highlighted in yellow) and the location of the KHL1 peat core. Green polygon is extent of wet 
forest cover where the peatlands lie. Dark green polygons are locations of other peatlands within 
the wet forest – montane bog complex. Black lines are 100-ft (30.3 m) elevation contours and 
dashed lines are estimated mean annual rainfall (mm/yr) isohyets from Giambelluca et al. 
(2013). Land cover data were downloaded from the Hawai‘i Statewide GIS Program 
(geoportal.hawaii.gov) 
 
Figure 2: Results of Bayesian Monte Carlo – Markov Chain using probability distributions of 
radiocarbon ages from IntCal13 curve (Reimers et al. 2013) using the R package “rbacon” 
(Blaauw and Christen 2011).  
 
Figure 3: Age-depth model for KHL1 derived from Bayesian Monte Carlo – Markov Chain as 
shown in Figure 2 plotted with average acumulation rate estimates (mm/yr). Also plotted is the 
stratigraphy of peat-contributing plant macrofossils corresponding to depths on the y-axis. 
 
Figure 4: Stratigraphic diagram of testate amoebae and Cladocera subfossils in a Hawaiian peat 
core with coarse assessment of peat-contributing vegetation. Assemblages are plotted as relative 
abundances (%) by depth (cm). Zonation was determined by constrained cluster analysis on 
Sørenson distances between fossil assemblages. Reconstructed depth to water table curve based 
on the second component of a weighted average partial-least-squares regression transfer function 
is plotted to the right of the stratigraphic diagram with RMSEP error depicted by gray lines.  
 
Figure 5: Reconstructed depth to water table (cm) for the past 4ka based on testate amoebae and 
Cladocera subfossils and a weighted average partial-least-squares regression (2nd component) 
transfer function developed in Chapter 2. Sample-level reconstructed water table estimates are 
plotted as points. Smooth line is a 10% span LOESS smoothing of water table estimates. The 
water table curve is plotted against age of sediment determined by the age-depth model. The 
following panels are, from left to right, testate amoebae plus the rotifer Habrotrocha 
angusticollis relative abundance versus Cladocera relative abundance (%), chironomid mandible 
segments (counts/microscope slide), copepod egg cases (counts/microscope slide), and 
tardigrade egg cases (counts/microscope slide). Dashed lines signify the zones in the testate 
amoebae and Cladocera stratigraphy (Figure 4).  
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Figure 1: Site map of Hawaiian peatlands surveyed for transfer function development 
(highlighted in yellow) and the location of the KHL1 peat core. Green polygon is extent of wet 
forest cover where the peatlands lie. Dark green polygons are locations of other peatlands within 
the wet forest – montane bog complex. Black lines are 100-ft (30.3 m) elevation contours and 
dashed lines are estimated mean annual rainfall (mm/yr) isohyets from Giambelluca et al. 
(2013). Land cover data were downloaded from the Hawai‘i Statewide GIS Program 
(geoportal.hawaii.gov) 
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Figure 2: Results of Bayesian Monte Carlo – Markov Chain using probability distributions of 
radiocarbon ages from IntCal13 curve (Reimers et al. 2013).  One date was flagged as an outlier 
by bacon. 
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Figure 3: Age-depth model for KHL1 derived from Bayesian Monte Carlo – Markov Chain as 
shown in Figure 2 plotted with average acumulation rate estimates (mm/yr). Also plotted is the 
stratigraphy of peat-contributing plant macrofossils corresponding to depths on the y-axis. 
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Figure 4: Stratigraphic diagram of testate amoebae and Cladocera subfossils in a Hawaiian peat 
core with coarse assessment of peat-contributing vegetation. Assemblages are plotted as relative 
abundances (%) by depth (cm). Zonation was determined by constrained cluster analysis on 
Sørenson distances between fossil assemblages. Reconstructed depth to water table curve based 
on the second component of a weighted average partial-least-squares regression transfer function 
is plotted to the right of the stratigraphic diagram with RMSEP error depicted by gray lines.  
 
 
 
 
 

0

250

200

150

100

50

0

D
ep

th
 (

cm
)

20

A
m

ph
itr

em
a 

st
en

os
to

m
a

A
rc

el
la

 a
re

na
ria

10

A
rc

el
la

 h
em

is
ph

ae
ric

a

20 50

A
ss

ul
in

a 
m

us
co

ru
m

20

C
en

tro
py

xi
s 

ca
ss

is
C

en
tro

py
xi

s 
ec

or
ni

s

10

C
en

tro
py

xi
s 

ac
ul

ea
ta

C
or

yt
hi

on
 d

ub
iu

m

20

C
ry

pt
od

iff
lu

gi
a 

ov
ifo

rm
is

20

C
yc

lo
py

xi
s 

ar
ce

llo
id

es

D
iff

lu
gi

a 
ba

ci
lli

fe
ra

10

D
iff

lu
gi

a 
gl

ob
ul

os
a

20

D
iff

lu
gi

a 
ob

lo
ng

a

10

D
iff

lu
gi

a 
pr

is
tis

20

D
iff

lu
gi

a 
pu

le
x 

"m
in

or
"

D
iff

lu
gi

a 
pu

le
x 

"m
aj

or
"

10

E
ug

ly
ph

a 
ro

tu
nd

a

10

E
ug

ly
ph

a 
tu

be
rc

ul
at

a

20 50

H
ab

ro
tro

ch
a 

an
gu

st
ic

ol
lis

20

H
el

eo
pe

ra
 p

et
ric

ol
a

H
el

eo
pe

ra
 ro

se
a

10

H
el

eo
pe

r s
yl

va
tic

a

20 50 80

H
ya

lo
sp

he
ni

a 
su

bf
la

va

20

N
eb

el
a 

co
lla

ris

10

P
hy

so
ch

ila
 g

ris
eo

la

N
eb

el
a 

m
ili

ta
ris

P
hr

yg
an

el
la

 a
cr

op
od

ia
10

P
la

gi
op

yx
is

 la
bi

at
a

20
P

se
ud

od
iff

lu
gi

a 
fu

lv
a

20

Q
ua

dr
ul

el
la

 s
ym

m
et

ric
a

20 50

Tr
ig

on
op

yx
is

 a
rc

ul
a

Tr
in

em
a 

lin
ea

re

20 50 80

A
lo

na
 ru

st
ic

a

20 50

A
lo

ne
lla

 s
pp

.
O

xy
ur

el
la

 te
nu

ic
au

di
s

C
hy

do
ru

s 
cf

. e
ur

yn
ot

us

0 100 200 300

0

200

150

100

50

0

D
ep

th
 (

cm
)

A
m

ph
itr

em
a 

st
en

os
to

m
a

A
rc

el
la

 a
re

na
ria

A
rc

el
la

 h
em

is
ph

ae
ric

a

50

A
ss

ul
in

a 
m

us
co

ru
m

C
en

tro
py

xi
s 

ca
ss

is
C

en
tro

py
xi

s 
ec

or
ni

s

C
en

tro
py

xi
s 

ac
ul

ea
ta

C
or

yt
hi

on
 d

ub
iu

m

20

C
ry

pt
od

iff
lu

gi
a 

ov
ifo

rm
is

20

C
yc

lo
py

xi
s 

ar
ce

llo
id

es

D
iff

lu
gi

a 
ba

ci
lli

fe
ra

D
iff

lu
gi

a 
gl

ob
ul

os
a

D
iff

lu
gi

a 
ob

lo
ng

a
D

iff
lu

gi
a 

pr
is

tis

20

D
iff

lu
gi

a 
pu

le
x 

"m
in

or
"

D
iff

lu
gi

a 
pu

le
x 

"m
aj

or
"

E
ug

ly
ph

a 
ro

tu
nd

a
E

ug
ly

ph
a 

tu
be

rc
ul

at
a

50

H
ab

ro
tro

ch
a 

an
gu

st
ic

ol
lis

H
el

eo
pe

ra
 p

et
ric

ol
a

H
el

eo
pe

ra
 ro

se
a

H
el

eo
pe

r s
yl

va
tic

a

50

H
ya

lo
sp

he
ni

a 
su

bf
la

va
N

eb
el

a 
co

lla
ris

P
hy

so
ch

ila
 g

ris
eo

la

N
eb

el
a 

m
ili

ta
ris

P
hr

yg
an

el
la

 a
cr

op
od

ia

P
la

gi
op

yx
is

 la
bi

at
a

P
se

ud
od

iff
lu

gi
a 

fu
lv

a

Q
ua

dr
ul

el
la

 s
ym

m
et

ric
a

50
Tr

ig
on

op
yx

is
 a

rc
ul

a
Tr

in
em

a 
lin

ea
re

50
A

lo
na

 ru
st

ic
a

50

A
lo

ne
lla

 s
pp

.
O

xy
ur

el
la

 te
nu

ic
au

di
s

C
hy

do
ru

s 
cf

. e
ur

yn
ot

us

0 200

0

250

200

150

100

50

0

D
ep

th
 (

cm
)

20

A
m

ph
itr

em
a 

st
en

os
to

m
a

A
rc

el
la

 a
re

na
ria

10

A
rc

el
la

 h
em

is
ph

ae
ric

a

20 50

A
ss

ul
in

a 
m

us
co

ru
m

20

C
en

tro
py

xi
s 

ca
ss

is
C

en
tro

py
xi

s 
ec

or
ni

s

10

C
en

tro
py

xi
s 

ac
ul

ea
ta

C
or

yt
hi

on
 d

ub
iu

m

20

C
ry

pt
od

iff
lu

gi
a 

ov
ifo

rm
is

20

C
yc

lo
py

xi
s 

ar
ce

llo
id

es

D
iff

lu
gi

a 
ba

ci
lli

fe
ra

10

D
iff

lu
gi

a 
gl

ob
ul

os
a

20

D
iff

lu
gi

a 
ob

lo
ng

a

10

D
iff

lu
gi

a 
pr

is
tis

20

D
iff

lu
gi

a 
pu

le
x 

"m
in

or
"

D
iff

lu
gi

a 
pu

le
x 

"m
aj

or
"

10

E
ug

ly
ph

a 
ro

tu
nd

a

10

E
ug

ly
ph

a 
tu

be
rc

ul
at

a

20 50

H
ab

ro
tro

ch
a 

an
gu

st
ic

ol
lis

20

H
el

eo
pe

ra
 p

et
ric

ol
a

H
el

eo
pe

ra
 ro

se
a

10

H
el

eo
pe

r s
yl

va
tic

a

20 50 80

H
ya

lo
sp

he
ni

a 
su

bf
la

va

20

N
eb

el
a 

co
lla

ris

10

P
hy

so
ch

ila
 g

ris
eo

la

N
eb

el
a 

m
ili

ta
ris

P
hr

yg
an

el
la

 a
cr

op
od

ia
10

P
la

gi
op

yx
is

 la
bi

at
a

20
P

se
ud

od
iff

lu
gi

a 
fu

lv
a

20

Q
ua

dr
ul

el
la

 s
ym

m
et

ric
a

20 50

Tr
ig

on
op

yx
is

 a
rc

ul
a

Tr
in

em
a 

lin
ea

re

20 50 80

A
lo

na
 ru

st
ic

a

20 50

A
lo

ne
lla

 s
pp

.
O

xy
ur

el
la

 te
nu

ic
au

di
s

C
hy

do
ru

s 
cf

. e
ur

yn
ot

us

0 100 200 300

Cladocera

Relative abundance (%)

KHL1 Subfossil Stratigraphic Diagram

0

250

200

150

100

50

0

D
ep

th
 (

cm
)

20

A
m

ph
itr

em
a 

st
en

os
to

m
a

A
rc

el
la

 a
re

na
ria

10

A
rc

el
la

 h
em

is
ph

ae
ric

a

20 50

A
ss

ul
in

a 
m

us
co

ru
m

20

C
en

tro
py

xi
s 

ca
ss

is
C

en
tro

py
xi

s 
ec

or
ni

s

10

C
en

tro
py

xi
s 

ac
ul

ea
ta

C
or

yt
hi

on
 d

ub
iu

m

20

C
ry

pt
od

iff
lu

gi
a 

ov
ifo

rm
is

20

C
yc

lo
py

xi
s 

ar
ce

llo
id

es

D
iff

lu
gi

a 
ba

ci
llif

er
a

10

D
iff

lu
gi

a 
gl

ob
ul

os
a

20

D
iff

lu
gi

a 
ob

lo
ng

a

10

D
iff

lu
gi

a 
pr

is
tis

20

D
iff

lu
gi

a 
pu

le
x 

"m
in

or
"

D
iff

lu
gi

a 
pu

le
x 

"m
aj

or
"

10

E
ug

ly
ph

a 
ro

tu
nd

a

10

E
ug

ly
ph

a 
tu

be
rc

ul
at

a

20 50

H
ab

ro
tro

ch
a 

an
gu

st
ic

ol
lis

20

H
el

eo
pe

ra
 p

et
ric

ol
a

H
el

eo
pe

ra
 ro

se
a

10

H
el

eo
pe

r s
yl

va
tic

a

20 50 80

H
ya

lo
sp

he
ni

a 
su

bf
la

va

20

N
eb

el
a 

co
lla

ris

10

P
hy

so
ch

ila
 g

ris
eo

la

N
eb

el
a 

m
ilit

ar
is

P
hr

yg
an

el
la

 a
cr

op
od

ia

10

P
la

gi
op

yx
is

 la
bi

at
a

20

P
se

ud
od

iff
lu

gi
a 

fu
lv

a

20

Q
ua

dr
ul

el
la

 s
ym

m
et

ric
a

20 50

Tr
ig

on
op

yx
is

 a
rc

ul
a

Tr
in

em
a 

lin
ea

re

20 50 80
A

lo
na

 ru
st

ic
a

20 50

A
lo

ne
lla

 s
pp

.
O

xy
ur

el
la

 te
nu

ic
au

di
s

C
hy

do
ru

s 
cf

. e
ur

yn
ot

us

0 100 200 300

graminoid
pteridophyte/wood

moss
Oreobolus
silt & clay

0

50

100

150

200

250

−2002040
Water table (cm)

A
ge

 (c
al

 y
r B

P)

Reconstructed water table

0

50

100

150

200

250

−2002040
Water table (cm)

A
ge

 (c
al

 y
r B

P)

Reconstructed water table
Reconstructed 

water table curve

WETTERDRIER



	 120	

 
 
 
Figure 5: Reconstructed depth to water table (cm) for the past 4ka based on testate amoebae and 
Cladocera subfossils and a weighted average partial-least-squares regression (2nd component) 
transfer function developed in Chapter 2. Sample-level reconstructed water table estimates are 
plotted as points. Smooth line is a 10% span LOESS smoothing of water table estimates. The 
water table curve is plotted against age of sediment determined by the age-depth model. The 
following panels are, from left to right, testate amoebae plus the rotifer Habrotrocha 
angusticollis relative abundance versus Cladocera relative abundance (%), chironomid mandible 
segments (counts/microscope slide), copepod egg cases (counts/microscope slide), and 
tardigrade egg cases (counts/microscope slide). Dashed lines signify the zones in the testate 
amoebae and Cladocera stratigraphy (Figure 4).  
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Supplemental Information and Data 

List of tables: 

Appendix 1: Table of all testate amoebae nomenclature and notes on identification. 

Appendix 2: Table of testate amoebae functional traits. 

Appendix 3: Table of testate amoebae counts. 

Appendix 4: Table of Habrotrocha angusticollis (rotifer) and Cladocera counts. 
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Appendix 1: Table of all testate amoebae taxa and notes on identification. * = taxa that were 
rare and removed from analysis. 1Hyalosphenia subflava “major” was grouped with 
Hyalosphenia subflava “minor” in Chapters 1&3. 
Species name Notes Authority 
Amphitrema stenostoma  Nüsslin 
Arcella arenaria  Greef 
Arcella hemisphaerica  Perty 
Argynnia dentistoma var. laevis  Cash & Hopkinson 
Assulina muscorum  Greef 
Assulina seminulum  Ehrenberg 
Bullinularia indica  Penard 
Centropyxis aculeata type Any Centropyxis with spines Ehrenberg 
Centropyxis cassis type Centropyxis aerophila, Centropyxis 

sylvatica, Charman et al. (2000) 
Wallich 

Centropyxis ecornis  Ehrenberg 
*Centropyxis platystoma type Charman et al. (2000) Penard 
Corythion asperulum Like C. dubium, but with spines Schönborn 
Corythion dubium  Taranek 
Cryptodifflugia oviformis  Penard 
Cyclopyxis arcelloides type Following the description in Booth 

(2008) 
Penard 

Difflugia bacillifera  Penard 
Difflugia globulosa Following the description in Booth 

(2008) 
(Dujardin) Penard 

*Difflugia lucida  Penard 
Difflugia oblonga  Ehrenberg 
Difflugia pristis type Following the description in 

Charman et al. (2000) 
Penard 

Difflugia pulex "minor" type Following the description in 
Charman et al. (2000) 

Penard 

Difflugia pulex "major" type Like "minor," but > 45 µm in 
length 

 

*Difflugia pyriformis  Perty 
*Euglypha acanthophora  Ehrenberg 
*Euglypha cristata  Leidy 
*Euglypha filifera  Penard 
Euglypha laevis  Ehrenberg 
Euglypha rotunda type Following the description in 

Charman et al. (2000) 
Ehrenberg 

Euglypha strigosa type Following the description in 
Charman et al. (2000) 

Ehrenberg 

Euglypha tuberculata type Following the description in 
Charman et al. (2000) 

Dujardin 

*Gibbocarina gracilis  Penard 
Heleopera petricola  Leidy 
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Heleopera rosea Likely includes H. petricola var. 
amethystea 

Penard 

Heleopera sphagni  Leidy 
Heloopera sylvatica  Penard 
*Hyalosphenia papilio  Leidy 
Hyalosphenia subflava "minor"  Cash & Hopkinson 
1Hyalosphenia subflava "major" Like "minor," but > 65 µm in 

length 
 

Nebela collaris type Nebela bohemica Ehrenberg 
Nebela flabellulum  Leidy 
Nebela militaris  Penard 
Nebela parvula  Cash 
Nebela tincta  Leidy 
Phryganella acropodia type Following the description in Booth 

(2008) 
(Hertwig & Lesser) 
Hopkinson 

Physochila griseola  Jung 
Plagiopyxis labiata  Penard 
Pseudodifflugia fulva type Following the description in 

Charman et al. (2000) 
Archer 

Quadruella symmetrica type Following the description in 
Charman et al. (2000) 

Wallich 

Sphenoderia fissirostris  Penard 
*Tracheuglypha dentata  Deflandre 
Trigonopyxis arcula  Penard 
Trigonopyxis minuta 

 
Schönborn & 
Peschke 

Trinema enchyles  Ehrenberg 
Trinema lineare  Penard 
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Appendix 2: Table of testate amoebae functional functional traits. Aperture position, test 
shape, and test compression indices are from Fournier et al. (2012) and Fournier et al. (2015). 
Test biovolume and aperture diameter are from a combination of the above references and my 
own measurements. 
Species name Lobose/ 

Filose 
Aperture 
position 

Test 
shape 

Test 
compression 

Biovolume 
(µm3) 

Aperture 
diameter 
(µm) 

Amphitrema 
stenostoma F 2 4 2 53603 15 
Arcella arenaria L 1 2 2 194828 35 
Arcella 
hemisphaerica L 1 1 1 86590 37 
Argynnia 
dentistoma var. 
laevis L 2 4 3 260538 20 
Assulina muscorum F 2 2 4 15708 15 
Assulina seminulum F 2 2 4 43978 20 
Bullinularia indica L 3 4 3 932660 67 
Centropyxis 
aculeata type L 3 4 3 89316 62 
Centropyxis cassis 
type L 3 4 3 101137 40 
Centropyxis ecornis L 3 4 3 471239 54 
Corythion 
asperulum F 3 3 4 12435 13 
Corythion dubium F 3 3 4 12435 13 
Cryptodifflugia 
oviformis L 2 4 2 1047 5 
Cyclopyxis 
arcelloides type L 1 1 2 27143 35 
Difflugia bacillifera L 2 4 2 204753 31 
Difflugia globulosa L 2 1 1 110447 64 
Difflugia oblonga L 2 4 2 229074 23 
Difflugia pristis 
type L 2 4 2 26808 24 
Difflugia pulex 
"minor" type L 2 4 2 7854 18 
Difflugia pulex 
"major" type L 2 4 2 58316 23 
Euglypha laevis F 2 4 3 8252 10 
Euglypha rotunda 
type F 2 4 3 17999 12 
Euglypha strigosa 
type F 2 4 3 35736 16 
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Euglypha 
tuberculata type F 2 4 2 45946 20 
Heleopera petricola L 2 4 3 77493 37 
Heleopera rosea L 2 4 3 90569 41 
Heleopera sphagni L 2 4 3 175824 43 
Heloopera sylvatica L 2 4 3 45643 23 
Hyalosphenia 
subflava L 2 4 2 12763 14 
Nebela collaris type L 2 4 3 128506 30 
Nebela flabellulum L 2 4 3 265301 32 
Nebela militaris L 2 4 3 76718 17 
Nebela parvula L 2 4 3 160810 26 
Nebela tincta L 2 4 3 126241 26 
Phryganella 
acropodia type L 1 1 2 28953 31 
Physochila griseola L 2 4 2 147781 21 
Plagiopyxis labiata L 3 4 4 58434 25 
Pseudodifflugia 
fulva type L 2 4 3 9687 13 
Quadruella 
symmetrica type L 2 4 3 62492 20 
Sphenoderia 
fissirostris F 3 3 3 12435 10 
Trigonopyxis arcula L 1 1 2 207738 31 
Trigonopyxis 
minuta L 1 1 2 67348 25 
Trinema enchyles F 3 3 3 34472 16 
Trinema lineare F 3 3 3 6809 12 

 
 
 
References: 
 
Fournier, B., Lara, E., Jassey, V. E., and E. A. Mitchell, E. A. 2015. Functional traits as a new 
approach for interpreting testate amoeba palaeo-records in peatlands and assessing the causes 
and consequences of past changes in species composition. The Holocene 25: 1375-1383. 
 
Fournier, B., Malysheva, E., Mazei, Y., Moretti, M., and E. A. Mitchell. 2012) Toward the use of 
testate amoeba functional traits as indicator of floodplain restoration success. European Journal 
of Soil Biology 49: 85-91. 
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Appendix 3: Table of testate amoebae count data for all microsites. Chapter 2 transfer 
function excludes count data from all PO (Pu’u O’o) microsites. 
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AK1 0 0 0 0 0 0 0 1 2 0 0 
AK2 0 0 0 0 12 0 2 0 3 0 1 
AK3 0 0 0 0 1 0 0 0 5 0 0 
AK4 0 4 0 0 3 0 0 6 11 0 2 
AK5 0 0 0 0 8 2 1 0 2 0 0 
AK6 0 0 0 0 3 0 0 0 5 0 0 
AK7 0 0 0 0 0 0 0 0 0 0 0 
AK8 0 0 0 0 0 0 0 0 2 0 0 
AK9 0 0 0 0 14 0 0 0 0 0 0 
KHL1.1 0 0 0 0 0 0 0 1 1 0 0 
KHL1.2 0 0 2 0 6 0 0 0 33 0 0 
KHL1.3 0 0 0 0 1 0 0 0 73 0 0 
KHL1.4 1 4 1 0 1 0 0 0 43 0 0 
KHL1.5 0 1 1 0 0 0 0 9 9 0 0 
KHL1.6 0 3 1 0 2 0 0 4 28 0 0 
KHL1.7 0 1 0 0 9 0 0 0 15 0 0 
KHL1.8 0 2 14 0 0 0 0 1 8 0 0 
KHL1.9 0 0 0 0 11 0 0 0 0 0 0 
KHL2.1 4 0 3 0 2 0 0 0 23 0 0 
KHL2.2 0 3 4 0 0 0 0 1 24 0 0 
KHL2.3 0 0 0 0 0 0 0 0 8 0 0 
KHL2.4 0 0 0 0 2 0 0 0 3 0 0 
KHL2.5 0 0 0 0 9 0 0 0 0 0 4 
KHL2.6 0 0 0 0 0 0 0 0 14 0 0 
KL1 0 0 0 0 12 0 0 0 0 0 0 
KL10 0 0 0 0 6 0 0 0 1 0 0 
KL11 0 1 0 0 8 0 2 0 3 0 0 
KL12 0 0 0 0 17 0 0 0 5 0 0 
KL13 0 0 0 0 2 0 0 0 1 0 0 
KL2 0 0 0 0 7 0 0 0 4 0 0 
KL3 1 0 0 0 5 0 0 0 2 0 0 
KL4 0 0 0 0 2 0 0 0 6 0 0 
KL5 24 0 0 0 5 0 0 0 7 0 0 
KL6 0 0 0 0 0 0 0 0 7 1 0 
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KL7 3 1 0 0 0 0 0 0 3 0 0 
KL8 17 0 0 0 1 0 0 0 0 0 0 
KL9 22 0 0 0 6 0 0 0 5 0 0 
PK1 1 0 0 0 26 1 0 0 4 0 0 
PK10 0 0 0 0 2 0 0 0 2 0 0 
PK11 0 0 0 0 7 0 0 0 0 0 0 
PK12 1 0 0 0 11 0 0 0 5 0 0 
PK13 1 1 0 0 5 0 0 0 6 0 0 
PK14 0 0 0 0 2 0 0 0 0 0 0 
PK15 0 0 0 0 9 0 0 0 3 0 0 
PK16 0 0 0 0 19 0 0 0 1 0 0 
PK17 0 0 0 0 2 0 0 0 10 0 0 
PK2 0 0 0 0 13 0 0 0 0 0 0 
PK3 1 0 0 0 12 0 0 0 2 0 0 
PK4 0 0 0 0 2 0 0 0 0 0 0 
PK5 0 0 0 0 24 0 0 0 1 0 0 
PK6 0 1 0 0 0 0 0 0 0 0 0 
PK7 0 0 0 0 7 0 0 0 0 2 0 
PK8 0 0 0 0 2 0 0 0 1 0 0 
PK9 1 0 0 0 1 0 0 0 1 0 0 
PO1 0 0 0 0 11 3 0 0 3 0 0 
PO10 0 0 0 0 13 0 0 0 2 0 0 
PO11 0 0 0 0 8 1 0 0 2 0 0 
PO12 0 0 0 0 28 12 0 0 13 0 0 
PO13 0 1 0 0 2 0 1 0 5 0 0 
PO14 0 0 0 1 57 0 0 0 6 0 0 
PO15 0 0 0 0 23 1 0 0 3 0 0 
PO16 0 0 0 1 17 1 0 0 4 0 0 
PO17 0 0 0 1 13 0 0 0 4 0 0 
PO2 0 0 0 0 26 0 2 0 5 1 0 
PO3 0 0 1 0 20 1 1 0 4 0 0 
PO4 0 0 0 0 37 3 0 0 11 0 0 
PO5 0 0 0 0 17 2 0 0 0 0 0 
PO6 0 0 0 0 7 0 1 0 0 0 0 
PO7 0 0 0 0 26 2 0 0 0 0 0 
PO8 0 0 0 2 47 13 0 0 0 0 0 
PO9 0 0 0 3 12 4 0 0 6 0 0 
PUA1 0 0 0 0 1 0 0 0 2 0 0 
PUA2 0 0 0 0 17 0 0 0 0 0 0 
PUA3 0 0 0 0 0 0 0 0 1 0 0 
PUA4 0 0 0 0 9 0 0 0 0 0 0 
PUA5 2 0 0 0 2 0 0 0 1 0 0 
PUB1 1 0 0 0 32 0 0 0 7 0 0 
PUB10 2 0 0 0 5 0 1 0 7 0 0 
PUB2 0 0 0 4 58 3 1 0 6 0 3 
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PUB3 0 0 0 0 10 0 0 0 1 2 0 
PUB4 10 0 0 0 6 0 0 0 3 0 0 
PUB5 0 0 0 0 20 0 0 0 2 0 0 
PUB6 2 0 0 0 11 0 0 0 6 0 0 
PUB7 1 0 0 0 6 0 0 0 9 0 0 
PUB8 0 0 0 0 49 4 0 0 4 3 0 
PUB9 0 0 0 0 24 0 0 0 0 0 3 
PUC1 0 0 0 0 1 0 0 0 1 0 0 
PUC10 4 0 0 0 4 0 0 0 1 0 0 
PUC11 0 0 0 0 32 1 0 0 0 0 1 
PUC12 0 0 0 0 46 0 5 0 3 0 4 
PUC13 1 0 0 0 13 0 0 0 0 0 0 
PUC14 0 0 0 0 35 0 0 0 1 0 1 
PUC15 0 0 0 0 43 1 0 0 0 0 8 
PUC16 0 0 0 0 38 2 0 0 0 0 5 
PUC2 0 0 0 0 6 0 0 0 3 0 0 
PUC3 0 0 0 0 0 0 0 0 1 0 0 
PUC4 0 0 0 0 6 0 0 0 1 0 0 
PUC5 1 0 0 0 2 0 0 0 0 0 0 
PUC6 15 0 0 0 0 0 0 0 0 0 0 
PUC7 1 0 0 0 1 0 0 0 1 0 0 
PUC8 1 0 0 0 0 0 1 0 0 0 0 
PUC9 0 0 0 0 34 0 0 0 3 0 0 
WK1 1 0 0 0 9 0 0 0 3 1 2 
WK2 17 0 0 0 2 0 0 0 0 0 0 
WK3 6 0 0 0 5 0 0 0 1 0 0 
WK4 5 0 0 0 36 0 0 0 3 1 0 
WK5 0 0 0 0 15 0 0 0 2 0 0 
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AK1 0 3 11 0 4 0 7 3 38 0 2 
AK2 0 0 13 1 1 0 11 3 12 0 3 
AK3 1 11 23 0 1 0 10 20 1 0 1 
AK4 0 4 3 0 1 3 3 8 17 5 1 
AK5 0 51 13 0 0 0 0 5 0 0 2 
AK6 1 27 62 0 0 0 0 34 0 10 3 
AK7 44 11 2 0 0 0 0 0 0 1 0 
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AK8 3 28 3 0 0 0 0 26 1 4 10 
AK9 21 13 4 0 0 0 0 0 0 0 5 
KHL1.1 0 4 0 0 3 0 4 14 6 0 0 
KHL1.2 0 2 3 7 0 2 3 8 0 0 0 
KHL1.3 0 1 2 0 1 0 7 3 0 0 0 
KHL1.4 2 7 15 0 0 0 0 2 0 0 1 
KHL1.5 0 1 18 0 1 0 15 14 0 0 1 
KHL1.6 0 11 13 2 5 0 15 6 0 0 0 
KHL1.7 2 2 25 0 0 0 1 0 0 2 4 
KHL1.8 0 4 8 0 2 17 1 3 1 2 5 
KHL1.9 11 0 0 0 0 0 0 0 0 0 7 
KHL2.1 3 6 2 0 2 2 7 3 3 3 6 
KHL2.2 0 4 1 0 7 7 4 0 0 4 0 
KHL2.3 0 2 0 1 0 1 0 0 0 2 2 
KHL2.4 3 1 0 3 0 2 4 1 0 2 1 
KHL2.5 8 2 23 0 0 0 0 6 0 5 5 
KHL2.6 0 16 4 0 0 0 1 3 0 2 7 
KL1 2 15 33 0 0 0 0 3 4 0 12 
KL10 0 5 2 0 0 0 1 23 1 0 1 
KL11 0 11 1 0 0 0 1 33 0 1 1 
KL12 1 1 2 0 0 0 0 5 4 0 12 
KL13 0 12 21 0 8 0 15 5 17 0 0 
KL2 2 8 32 0 0 0 0 5 3 0 11 
KL3 1 21 1 0 4 0 3 39 3 2 13 
KL4 0 11 9 0 2 0 9 29 17 0 4 
KL5 0 6 12 0 0 0 1 17 0 0 4 
KL6 0 1 9 0 0 1 8 51 15 0 2 
KL7 0 15 0 0 2 0 15 39 6 0 2 
KL8 0 8 2 0 0 0 3 28 0 0 5 
KL9 1 5 5 0 0 0 0 27 2 0 4 
PK1 2 13 2 0 2 0 0 0 0 0 0 
PK10 1 41 6 0 6 0 1 5 0 3 5 
PK11 2 4 0 0 0 0 0 9 1 1 29 
PK12 3 2 1 1 2 0 2 18 0 3 9 
PK13 1 1 2 0 1 0 1 2 0 1 5 
PK14 0 14 34 0 0 0 0 3 0 0 1 
PK15 3 28 2 0 0 0 0 0 0 0 17 
PK16 2 21 16 0 0 0 0 2 0 0 2 
PK17 5 1 36 0 0 0 0 3 0 0 1 
PK2 3 72 2 0 0 0 0 0 0 0 8 
PK3 3 4 2 0 0 0 0 17 0 6 29 
PK4 0 21 46 0 2 0 0 2 0 0 1 
PK5 0 0 0 0 0 0 0 0 0 0 23 
PK6 0 52 22 0 1 0 0 19 0 0 4 
PK7 4 1 3 0 0 0 0 1 0 0 16 
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PK8 0 11 2 0 2 0 3 42 0 3 6 
PK9 2 39 1 0 1 0 1 9 0 0 20 
PO1 0 0 1 1 1 0 0 0 0 0 2 
PO10 5 1 0 0 3 0 0 0 0 2 14 
PO11 2 2 0 0 0 0 2 0 0 0 0 
PO12 7 3 3 0 0 0 0 0 0 0 5 
PO13 0 0 0 1 0 0 0 0 0 0 0 
PO14 3 0 1 0 1 0 0 0 0 0 6 
PO15 1 1 4 0 0 0 0 0 0 0 0 
PO16 6 3 24 0 0 0 0 0 0 0 0 
PO17 3 0 0 0 1 0 0 0 0 7 3 
PO2 0 1 0 0 0 0 0 0 0 0 1 
PO3 0 0 2 0 0 0 0 0 0 0 2 
PO4 2 0 1 0 2 0 0 0 0 0 0 
PO5 2 1 0 0 0 0 0 0 0 0 0 
PO6 0 0 0 0 0 0 0 0 0 0 0 
PO7 0 0 5 0 0 0 0 0 0 0 0 
PO8 0 0 13 0 0 0 0 0 0 0 0 
PO9 1 0 0 0 0 0 0 0 0 0 4 
PUA1 0 0 0 10 5 0 0 1 0 1 3 
PUA2 0 4 0 0 3 0 0 6 0 1 0 
PUA3 0 4 1 0 0 0 0 9 0 1 8 
PUA4 1 10 1 0 0 0 0 2 0 0 30 
PUA5 0 3 0 9 0 0 0 46 1 1 12 
PUB1 1 4 5 0 0 0 1 41 0 0 2 
PUB10 0 6 1 10 2 0 10 7 12 0 1 
PUB2 4 0 12 0 3 0 1 3 0 0 14 
PUB3 14 4 1 0 0 0 1 10 0 0 42 
PUB4 3 34 20 0 0 0 0 24 0 0 9 
PUB5 0 5 0 0 0 2 0 30 2 0 2 
PUB6 0 0 6 6 1 0 4 18 0 0 0 
PUB7 0 5 3 1 1 0 6 24 2 1 6 
PUB8 1 1 6 0 5 0 1 0 2 1 47 
PUB9 2 4 5 0 0 0 0 11 1 0 15 
PUC1 0 15 0 2 8 6 0 30 6 0 0 
PUC10 0 24 0 0 1 0 0 5 0 0 18 
PUC11 2 36 1 0 0 0 0 16 0 0 10 
PUC12 0 0 4 0 1 0 0 0 0 0 27 
PUC13 2 4 0 1 1 0 0 28 0 0 6 
PUC14 2 1 0 0 0 0 0 0 0 0 10 
PUC15 38 0 1 0 0 0 0 0 0 3 26 
PUC16 4 3 0 0 1 0 0 4 0 0 25 
PUC2 0 11 0 1 0 0 0 72 7 0 6 
PUC3 0 7 5 0 9 0 2 37 1 0 6 
PUC4 0 0 0 19 0 0 1 45 0 0 2 
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PUC5 0 6 1 9 3 0 0 73 0 0 7 
PUC6 0 1 0 1 0 0 0 73 0 0 3 
PUC7 0 35 8 0 0 0 0 0 0 0 3 
PUC8 0 3 0 8 0 0 2 14 3 0 0 
PUC9 1 3 0 0 0 0 2 32 7 2 6 
WK1 2 10 0 0 3 0 0 9 0 0 31 
WK2 0 1 0 7 0 0 1 62 0 0 2 
WK3 0 0 0 18 1 0 0 51 0 1 7 
WK4 1 5 1 0 0 0 0 25 0 0 15 
WK5 4 7 0 0 0 0 1 75 0 0 20 
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AK1 0 0 0 1 0 8 19 0 0 0 0 
AK2 3 2 0 2 0 11 0 1 0 0 1 
AK3 0 1 0 0 0 6 1 3 0 2 0 
AK4 0 3 0 8 1 0 3 5 0 1 0 
AK5 0 16 0 0 0 1 0 0 0 0 1 
AK6 0 4 0 0 0 0 0 0 0 0 0 
AK7 0 18 2 13 0 7 0 0 0 0 0 
AK8 0 4 0 2 0 16 0 3 0 1 0 
AK9 2 7 1 10 0 21 0 1 0 0 0 
KHL1.1 0 0 0 0 0 0 58 0 0 0 0 
KHL1.2 0 0 11 9 0 7 1 2 0 0 0 
KHL1.3 1 11 1 20 0 5 0 1 0 0 0 
KHL1.4 1 6 6 17 0 3 7 2 0 0 0 
KHL1.5 0 0 0 0 0 1 3 0 0 0 0 
KHL1.6 0 0 0 0 0 1 3 1 0 0 0 
KHL1.7 1 9 2 2 0 1 0 0 0 0 0 
KHL1.8 0 4 4 0 0 1 0 3 0 0 0 
KHL1.9 26 103 0 1 0 1 0 5 0 0 0 
KHL2.1 2 5 0 6 0 0 1 4 0 0 0 
KHL2.2 3 5 16 3 0 0 0 0 0 0 0 
KHL2.3 3 0 39 2 0 12 0 4 0 0 0 
KHL2.4 0 15 5 11 0 0 4 14 0 0 0 
KHL2.5 15 24 1 2 0 3 0 8 0 0 0 
KHL2.6 1 7 0 2 0 2 0 0 0 0 0 
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KL1 0 2 0 0 0 13 1 5 2 1 2 
KL10 1 11 0 3 0 32 0 2 0 0 0 
KL11 0 3 0 0 0 20 1 5 0 0 1 
KL12 0 19 5 5 0 16 0 1 0 1 0 
KL13 0 8 0 0 0 5 4 2 0 0 0 
KL2 0 2 0 0 0 14 0 9 0 0 1 
KL3 0 0 0 0 0 0 1 1 0 0 0 
KL4 0 0 0 0 0 2 2 0 0 0 1 
KL5 1 0 0 0 0 9 3 3 0 1 0 
KL6 0 0 0 1 0 3 1 1 2 2 2 
KL7 0 3 0 0 0 8 0 0 0 0 1 
KL8 0 5 0 8 0 14 1 2 1 0 0 
KL9 0 4 0 4 0 13 0 4 0 0 0 
PK1 0 8 0 3 0 38 1 0 1 0 0 
PK10 0 1 0 0 0 32 0 2 0 1 0 
PK11 0 17 0 0 0 18 4 5 0 0 0 
PK12 1 5 4 0 0 3 4 3 0 0 0 
PK13 0 5 0 13 0 31 0 8 0 0 0 
PK14 0 0 0 0 0 43 0 1 0 0 0 
PK15 0 8 0 0 0 19 0 9 0 1 0 
PK16 0 3 0 0 0 28 0 2 0 0 0 
PK17 0 1 2 0 0 15 0 0 0 3 0 
PK2 0 8 0 0 0 24 0 0 0 0 0 
PK3 1 0 5 13 3 16 0 3 0 2 2 
PK4 0 0 0 0 0 44 0 3 0 4 1 
PK5 0 15 0 0 0 60 0 0 0 0 0 
PK6 0 0 0 0 0 21 0 1 0 0 0 
PK7 0 17 0 0 0 45 0 3 1 0 0 
PK8 0 1 2 0 0 7 0 4 0 0 0 
PK9 0 2 0 0 0 18 0 1 0 1 0 
PO1 19 24 0 0 0 0 0 0 0 0 0 
PO10 15 20 0 0 0 1 0 1 0 0 0 
PO11 0 2 6 2 1 0 1 0 0 0 0 
PO12 0 15 6 13 0 3 0 3 0 0 0 
PO13 3 2 13 0 0 0 0 0 0 0 0 
PO14 1 0 24 0 0 0 0 1 0 0 0 
PO15 1 5 6 0 0 0 0 0 0 0 0 
PO16 0 6 3 0 0 5 0 7 0 0 0 
PO17 2 6 3 0 0 0 0 3 0 0 0 
PO2 11 8 0 0 0 3 1 0 0 0 0 
PO3 18 18 0 0 0 3 0 1 0 0 0 
PO4 7 10 0 0 0 0 0 0 0 0 0 
PO5 2 3 0 0 3 4 1 2 0 0 0 
PO6 17 11 0 0 0 2 0 0 0 0 0 
PO7 0 0 5 0 2 3 3 2 0 0 0 
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PO8 1 1 0 0 0 2 0 1 0 0 0 
PO9 5 5 11 1 0 4 0 3 0 0 0 
PUA1 0 0 25 7 0 18 0 0 0 0 0 
PUA2 0 0 1 79 0 27 0 1 0 1 0 
PUA3 0 3 0 25 0 25 0 25 0 0 0 
PUA4 0 5 0 0 0 23 0 14 0 0 0 
PUA5 1 9 3 0 0 4 0 13 0 1 0 
PUB1 0 1 4 16 3 32 0 4 0 0 4 
PUB10 0 2 4 1 0 3 19 0 0 0 0 
PUB2 4 58 1 10 0 7 7 9 4 0 0 
PUB3 1 10 2 0 0 6 0 3 0 0 0 
PUB4 0 0 1 0 0 12 1 6 0 0 5 
PUB5 0 0 0 2 0 15 0 6 0 0 3 
PUB6 0 0 6 0 0 41 1 2 0 0 0 
PUB7 0 0 6 2 0 11 0 7 0 0 0 
PUB8 10 18 3 3 0 13 3 17 1 0 3 
PUB9 0 50 3 0 0 4 1 6 1 0 0 
PUC1 0 0 2 0 0 0 11 0 0 0 0 
PUC10 0 4 1 7 0 21 0 13 1 0 0 
PUC11 0 9 0 4 0 13 1 10 1 0 0 
PUC12 0 74 0 0 0 3 0 10 5 0 0 
PUC13 0 16 5 3 0 15 0 2 0 0 1 
PUC14 0 46 1 16 0 14 0 2 1 0 0 
PUC15 0 38 0 0 0 0 0 1 2 0 0 
PUC16 0 50 0 1 0 2 0 3 2 0 0 
PUC2 0 0 6 0 0 12 0 3 0 0 0 
PUC3 0 0 1 0 0 37 0 6 0 0 0 
PUC4 0 1 12 1 2 11 2 2 0 0 0 
PUC5 0 1 2 0 0 3 0 2 0 1 0 
PUC6 0 1 2 0 0 0 0 3 0 0 0 
PUC7 2 5 0 0 0 35 0 6 0 0 2 
PUC8 0 0 2 0 0 0 7 0 0 0 0 
PUC9 0 0 1 0 0 38 0 9 0 0 6 
WK1 3 2 1 1 0 12 1 3 0 0 1 
WK2 0 0 4 0 0 0 0 0 0 0 0 
WK3 0 0 5 0 0 0 0 1 0 0 0 
WK4 3 8 0 3 0 9 0 14 1 0 1 
WK5 0 3 1 4 0 15 0 9 0 0 0 

 
 



	 134	

Microsite N
eb

el
a 

tin
ct

a  

Ph
ry

ga
ne

lla
 a

cr
op

od
ia

 
ty

pe
 

Ph
ys

oc
hi

la
 g

ri
se

ol
a 

ty
pe

 

Pl
ag

io
py

xi
s l

ab
ia

ta
 

Ps
eu

do
di

ffl
ug

ia
 fu

lv
a 

ty
pe

 

Q
ua

dr
ue

lla
 sy

m
m

et
ri

ca
 

ty
pe

 

Sp
he

no
de

ri
a 

fis
si

ro
st

ri
s  

Tr
ig

on
op

yx
is

 a
rc

ul
a  

Tr
ig

on
op

yx
is

 m
in

ut
a  

Tr
in

em
a 

en
ch

yl
es

 

Tr
in

em
a 

lin
ea

re
 

AK1 0 1 0 0 0 0 0 0 0 0 0 
AK2 0 3 11 0 3 0 0 0 0 0 1 
AK3 0 9 6 0 3 0 0 0 0 0 0 
AK4 0 1 0 0 1 0 0 0 0 0 0 
AK5 0 0 0 0 1 0 0 0 0 0 0 
AK6 0 0 0 0 0 0 0 0 1 0 0 
AK7 0 0 0 0 3 0 0 0 0 0 0 
AK8 0 0 5 0 0 0 0 0 0 1 0 
AK9 0 0 0 1 0 0 0 1 0 0 0 
KHL1.1 0 0 0 0 0 0 0 3 0 0 0 
KHL1.2 0 0 0 2 0 0 1 0 0 0 0 
KHL1.3 0 1 0 0 2 0 0 0 0 0 0 
KHL1.4 0 2 0 0 2 0 0 3 0 0 0 
KHL1.5 0 9 0 0 11 0 0 0 0 1 0 
KHL1.6 0 5 1 0 1 0 0 0 0 0 0 
KHL1.7 0 0 0 0 8 8 0 0 2 0 9 
KHL1.8 0 4 0 0 1 11 4 0 0 0 0 
KHL1.9 0 0 0 0 0 0 0 0 0 0 2 
KHL2.1 0 1 0 0 8 5 0 0 0 0 6 
KHL2.2 0 0 0 0 8 5 0 0 0 0 3 
KHL2.3 0 0 2 0 1 0 0 0 0 0 22 
KHL2.4 0 0 0 0 3 6 12 0 0 0 7 
KHL2.5 0 0 0 0 6 0 0 0 0 0 5 
KHL2.6 0 0 0 0 13 15 0 1 0 1 15 
KL1 0 0 0 0 0 0 0 0 0 0 0 
KL10 0 1 9 0 4 0 0 2 0 0 0 
KL11 0 0 0 0 10 0 0 0 0 0 0 
KL12 0 1 0 4 3 0 1 0 1 0 0 
KL13 0 1 2 0 9 0 0 3 0 0 0 
KL2 0 0 0 3 1 0 0 1 1 0 0 
KL3 1 1 1 0 2 0 1 0 0 0 0 
KL4 0 1 0 0 0 0 0 1 0 0 0 
KL5 0 1 4 0 3 0 0 1 0 0 0 
KL6 2 3 3 0 6 0 0 1 0 0 0 
KL7 0 0 3 0 0 0 0 0 0 0 0 
KL8 0 0 1 0 0 0 2 0 0 0 0 
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KL9 0 0 4 0 6 0 0 0 0 0 0 
PK1 0 2 0 5 2 0 0 1 0 0 0 
PK10 0 0 0 0 1 0 0 0 0 0 0 
PK11 0 0 2 0 0 0 0 0 1 0 0 
PK12 0 1 7 1 0 0 10 0 0 0 0 
PK13 0 0 1 0 1 0 8 0 0 2 1 
PK14 0 0 0 0 0 0 0 0 2 0 0 
PK15 0 0 0 1 0 0 0 0 0 0 0 
PK16 0 0 0 3 0 0 0 2 0 0 0 
PK17 0 0 0 1 21 0 0 3 0 0 0 
PK2 0 0 0 1 0 0 0 0 0 0 0 
PK3 1 2 1 4 1 0 0 0 0 0 0 
PK4 0 0 0 1 0 0 0 0 0 0 0 
PK5 0 0 0 0 0 0 0 0 0 0 0 
PK6 0 0 0 0 0 0 1 0 0 0 0 
PK7 0 0 0 3 0 0 0 0 0 0 0 
PK8 0 0 0 0 11 0 1 0 0 1 1 
PK9 0 0 1 0 0 0 1 0 0 0 0 
PO1 0 0 0 0 0 0 0 0 0 0 0 
PO10 0 0 0 0 0 0 0 0 0 0 8 
PO11 0 0 0 0 2 0 0 1 0 0 1 
PO12 0 0 0 0 0 0 2 1 1 0 0 
PO13 0 0 0 0 0 0 1 0 0 0 0 
PO14 0 0 0 0 0 0 0 0 0 0 0 
PO15 0 0 0 0 0 0 0 0 0 0 1 
PO16 0 0 0 0 0 0 2 3 0 0 0 
PO17 0 0 0 2 0 0 1 0 0 0 0 
PO2 0 0 0 1 0 0 1 0 0 0 0 
PO3 0 0 0 0 2 0 0 0 0 0 9 
PO4 0 0 0 0 0 0 0 2 0 0 2 
PO5 0 0 0 0 0 0 0 0 0 0 0 
PO6 0 0 0 0 0 0 0 0 0 0 2 
PO7 0 2 0 0 0 0 0 0 0 0 0 
PO8 0 1 0 0 0 0 0 2 1 0 0 
PO9 0 0 0 0 0 0 1 0 1 0 0 
PUA1 0 0 2 0 0 0 0 0 0 0 0 
PUA2 0 8 0 0 0 0 0 0 0 0 0 
PUA3 0 6 4 0 14 0 4 0 0 0 1 
PUA4 0 0 1 1 5 0 0 0 0 0 0 
PUA5 0 0 0 0 0 0 0 0 0 0 0 
PUB1 0 0 1 0 0 0 0 0 0 0 0 
PUB10 0 4 3 0 1 0 0 0 0 0 0 
PUB2 0 1 1 7 2 0 0 5 3 0 0 
PUB3 0 0 3 5 3 0 0 1 0 0 0 
PUB4 0 0 6 0 0 0 0 0 0 0 0 
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PUB5 0 0 7 3 0 0 0 0 0 0 0 
PUB6 0 0 1 1 0 0 0 0 0 0 0 
PUB7 0 4 20 0 2 0 0 4 0 0 0 
PUB8 0 0 2 5 0 0 0 0 0 0 0 
PUB9 0 0 6 3 11 0 0 1 0 0 0 
PUC1 0 3 7 0 0 0 0 1 0 0 0 
PUC10 0 0 2 0 0 0 0 0 0 0 0 
PUC11 0 0 0 1 15 0 0 2 0 0 0 
PUC12 0 0 1 4 0 0 0 5 0 0 0 
PUC13 0 2 1 2 0 0 0 0 0 0 0 
PUC14 0 0 0 2 0 0 0 0 0 0 0 
PUC15 0 0 0 2 0 0 0 1 0 0 0 
PUC16 1 0 2 9 3 0 0 2 0 0 0 
PUC2 0 0 8 0 0 0 0 0 0 0 0 
PUC3 0 0 0 0 0 0 0 0 0 0 0 
PUC4 0 0 0 0 0 0 0 0 0 0 0 
PUC5 0 0 1 0 0 0 0 0 0 0 0 
PUC6 0 0 1 0 0 0 0 0 0 0 0 
PUC7 0 2 0 0 1 0 0 0 0 0 0 
PUC8 0 2 0 0 0 0 0 0 0 0 0 
PUC9 0 0 2 0 4 0 0 1 0 0 0 
WK1 0 0 5 1 0 0 0 0 0 0 0 
WK2 0 3 3 0 0 0 0 0 0 0 0 
WK3 0 0 4 0 0 0 0 0 0 0 0 
WK4 0 0 2 1 0 0 0 0 0 0 0 
WK5 0 0 2 0 4 0 0 0 0 0 0 
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Appendix 4: Table of non-testate amoebae remains. 
Habrotrocha angusticollis is a common peatland 
rotifer. Alona rustica, Chydorus cf. eurynotus, and cf. 
Alonella spp. are cladocerans. Number of cladoceran 
individuals was determined by the maximum tally of 
cladoceran remains of either carapaces, postabdomens, 
or head shields for that taxa. 
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AK1 0 2 0 0 
AK2 1 1 0 0 
AK3 0 6 0 0 
AK4 16 0 0 0 
AK5 0 0 0 0 
AK6 0 0 0 0 
AK7 0 0 0 0 
AK8 0 2 0 0 
AK9 0 0 0 0 
KHL1.1 8 19 2 5 
KHL1.2 0 26 2 6 
KHL1.3 0 20 0 1 
KHL1.4 1 2 0 0 
KHL1.5 0 7 1 0 
KHL1.6 1 3 1 2 
KHL1.7 0 5 0 0 
KHL1.8 1 3 0 0 
KHL1.9 0 0 0 0 
KHL2.1 1 5 0 0 
KHL2.2 1 20 0 4 
KHL2.3 0 8 0 2 
KHL2.4 7 0 0 0 
KHL2.5 0 0 0 0 
KHL2.6 0 1 0 0 
KL1 0 0 0 0 
KL10 1 0 0 0 
KL11 0 0 0 0 
KL12 0 0 0 0 
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KL13 4 0 0 0 
KL2 0 0 0 0 
KL3 0 0 1 0 
KL4 4 0 2 0 
KL5 0 0 0 0 
KL6 3 0 0 0 
KL7 0 0 0 0 
KL8 3 0 0 0 
KL9 3 0 0 0 
PK1 0 0 0 0 
PK10 0 0 0 0 
PK11 0 0 0 0 
PK12 3 0 27 0 
PK13 3 0 0 0 
PK14 4 0 0 0 
PK15 0 0 0 0 
PK16 1 0 0 0 
PK17 0 0 0 0 
PK2 0 0 0 0 
PK3 0 0 0 0 
PK4 0 0 0 0 
PK5 0 0 2 0 
PK6 0 0 0 0 
PK7 0 0 0 0 
PK8 0 0 1 0 
PK9 0 0 0 0 
PO1 0 3 0 0 
PO10 1 4 6 0 
PO11 8 0 0 0 
PO12 20 0 0 0 
PO13 1 16 6 0 
PO14 7 3 0 0 
PO15 13 3 0 0 
PO16 18 1 0 0 
PO17 2 0 0 0 
PO2 6 0 0 0 
PO3 2 0 0 0 
PO4 1 0 0 0 
PO5 5 3 0 0 
PO6 0 3 0 0 
PO7 9 0 0 0 
PO8 4 0 0 0 
PO9 5 0 0 0 
PUA1 0 42 0 0 
PUA2 0 1 0 0 
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PUA3 0 0 0 0 
PUA4 0 0 0 0 
PUA5 0 1 3 0 
PUB1 4 0 0 0 
PUB10 0 44 2 0 
PUB2 1 0 0 0 
PUB3 2 0 0 0 
PUB4 0 2 0 0 
PUB5 1 17 0 1 
PUB6 4 25 0 0 
PUB7 1 42 2 0 
PUB8 2 0 0 0 
PUB9 1 0 0 0 
PUC1 6 55 0 0 
PUC10 0 0 0 0 
PUC11 1 0 0 0 
PUC12 0 0 0 0 
PUC13 0 2 0 0 
PUC14 2 0 0 0 
PUC15 0 0 0 0 
PUC16 2 0 0 0 
PUC2 0 6 0 0 
PUC3 0 0 0 0 
PUC4 0 35 0 0 
PUC5 0 11 0 0 
PUC6 0 6 0 0 
PUC7 0 0 0 0 
PUC8 0 145 14 0 
PUC9 3 0 0 0 
WK1 1 0 0 0 
WK2 1 11 0 0 
WK3 0 31 0 0 
WK4 1 0 0 0 
WK5 1 0 0 0 
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Appendix 5: Table of environmental measurements for all microsites 

Microsite 
WTD 
(cm) pH 

Conductivity 
(mS) 

Bulk Density 
(g/cm^3) 

Loss-on-
ignition (%) 

AK1 -6.5 4 1.7 0.096 89.6 
AK2 -1 3.9 0.08 0.105 97.1 
AK3 -6.5 4 0.07 0.077 97.4 
AK4 -13.5 5.9 0.09 0.088 86.4 
AK5 22.5 3.5 0.55 0.047 93.6 
AK6 57 3.4 0.8 0.031 100 
AK7 25 3.8 0.85 0.099 92.9 
AK8 1 4.1 0.17 0.071 87.3 
AK9 28 3.9 0.13 0.118 97.5 
KHL1.1 -6 4.5 0.01 0.082 75.6 
KHL1.2 1 4.2 0.01 0.09 91.1 
KHL1.3 7 4.9 0.02 0.107 80.4 
KHL1.4 11 5.5 0.3 0.109 77.1 
KHL1.5 -15 5.7 0.02 0.114 76.3 
KHL1.6 -10 5.1 0.02 0.119 68.9 
KHL1.7 22 5.4 0.03 0.126 81 
KHL1.8 -4 5.6 0.05 0.089 77.5 
KHL1.9 28 5.2 0.01 0.16 95.6 
KHL2.1 4 5.5 0.23 0.147 90.5 
KHL2.2 -1 5.5 0.05 0.082 78 
KHL2.3 6 4.1 0.94 0.145 94.5 
KHL2.4 17 5 0.22 0.098 88.8 
KHL2.5 29 4.1 3.84 0.199 90.5 
KHL2.6 14 4.6 0.92 0.108 78.7 
KL1 45 3.3 0.06 0.092 91.3 
KL10 13.5 4.1 0.02 0.138 85.5 
KL11 25.5 4 0.04 0.107 94.4 
KL12 38 4.2 0.32 0.084 98.8 
KL13 -2 4.5 0.02 0.097 96.9 
KL2 27 3.4 0.03 0.096 90.6 
KL3 1 3.5 0.02 0.094 86.2 
KL4 -27 3.3 0.02 0.093 96.8 
KL5 18 3.5 0.04 0.096 92.7 
KL6 13 3.7 0.03 0.145 91 
KL7 1 3.9 0.03 0.131 96.9 
KL8 10 3.7 0.02 0.122 91.8 
KL9 36 3.9 0.03 0.101 91.1 
PK1 29.5 3.7 0.06 0.077 100 
PK10 6 3.9 0.09 0.078 75.6 
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PK11 10.5 4.8 0.11 0.085 96.5 
PK12 -9.5 3.7 0.09 0.143 92.3 
PK13 9.5 3.9 0.06 0.089 100 
PK14 45 3.6 0.35 0.064 96.9 
PK15 29 3.8 0.22 0.083 92.8 
PK16 33 3.4 0.48 0.085 94.1 
PK17 58 3.3 0.34 0.105 89.5 
PK2 28 3.8 0.13 0.075 98.7 
PK3 16 3.4 0.25 0.07 92.9 
PK4 29 3.3 0.14 0.072 93.1 
PK5 23.5 3.8 0.16 0.064 96.9 
PK6 11.5 3.2 0.16 0.065 100 
PK7 31.5 3.4 0.18 0.065 98.5 
PK8 -5.5 4.1 0.15 0.069 81.2 
PK9 8.5 3.5 0.11 0.078 91 
PO1 -6.5 4.3 0.11 0.136 82.4 
PO10 0 4.6 0.09 0.152 86.2 
PO11 32 4.4 0.05 0.134 86.6 
PO12 21 4.6 0.01 0.194 74.7 
PO13 5 4.5 0.07 0.271 73.4 
PO14 9 4.3 0.07 0.167 73.7 
PO15 12 4.4 0.09 0.167 80.2 
PO16 28 4.7 0.03 0.194 74.7 
PO17 12 4.2 0.31 0.156 81.8 
PO2 2 4.4 0.09 0.159 81.8 
PO3 5 4.5 0.1 0.138 77.5 
PO4 17 4.5 0.11 0.125 79.2 
PO5 -6 4.5 0.05 0.13 90.8 
PO6 -7 4.5 0.04 0.159 76.1 
PO7 13 4.5 0.05 0.167 80.2 
PO8 22 4.4 0.04 0.14 76.4 
PO9 14 4.6 0.03 0.205 78.5 
PUA1 1 4.6 0.01 0.096 93.8 
PUA2 5 4.5 0.01 0.099 96 
PUA3 13.5 4.2 0.01 0.118 91.5 
PUA4 14.5 3.8 0.01 0.071 93 
PUA5 -8.5 3.7 0.01 0.071 91.5 
PUB1 23.5 4 0.02 0.138 96.4 
PUB10 -5 4.2 0.01 0.118 94.9 
PUB2 38.5 3.6 0.01 0.19 95.8 
PUB3 18.5 4.1 0.03 0.163 96.9 
PUB4 14.5 4.1 0.01 0.107 95.3 
PUB5 2 4 0.01 0.071 97.2 
PUB6 -3 3.7 0.01 0.083 95.2 
PUB7 1 4.4 0.01 0.1 97 
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PUB8 11 3.9 0.01 0.144 95.1 
PUB9 17 3.9 0.01 0.143 95.8 
PUC1 -6 4.7 0.02 0.121 96.7 
PUC10 13 3.5 0.01 0.123 96.7 
PUC11 22 4 0.02 0.118 96.6 
PUC12 30 4.1 0.01 0.158 96.2 
PUC13 6.5 4 0.02 0.108 96.3 
PUC14 19.5 4.1 0.01 0.071 97.2 
PUC15 32.5 4 0.01 0.228 97.8 
PUC16 27.5 4.1 0.01 0.192 96.9 
PUC2 17 4.3 0.03 0.179 96.1 
PUC3 9.5 4.2 0.01 0.129 98.4 
PUC4 1 4.1 0.01 0.163 97.5 
PUC5 3 4 0.01 0.122 98.4 
PUC6 3 4 0.01 0.056 94.6 
PUC7 16.5 4 0.01 0.103 94.2 
PUC8 -9.5 4 0.01 0.085 95.3 
PUC9 12.5 4.2 0.01 0.087 96.6 
WK1 7.5 4.1 0.01 0.078 97.4 
WK2 0 4 0.01 0.068 94.1 
WK3 0 4.2 0.02 0.088 94.3 
WK4 14 4.2 0.02 0.135 97 
WK5 26 4 0.02 0.096 95.8 
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Appendix 6: Table of vegetation proportion cover for all microsites. 
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AK1 1 0 0 0 0 0 0 0 0 0 0 
AK2 1 0 0 0 0 0 0 0 0 0 0 
AK3 0.8 0 0 0 0 0 0 0 0 0 0 
AK4 0 0 0 0.8 0 0 0 0 0 0 0 
AK5 0.8 0 0 0 0 0 0 0 0 0 0.1 
AK6 1 0 0 0 0 0 0 0 0 0 0 
AK7 0.4 0.4 0 0 0 0 0 0 0 0 0.05 
AK8 0.5 0.5 0 0 0 0 0 0 0 0 0 
AK9 0.6 0.3 0 0 0 0 0 0 0 0 0 
KHL1.1 0 0 0.3 0 0 0 0.4 0 0 0 0 
KHL1.2 0.8 0 0 0 0 0 0.2 0 0 0 0 
KHL1.3 0 0 0 0 0 0 0.8 0 0 0.2 0 
KHL1.4 0 0 0 0 0 0 0.8 0.2 0 0 0 
KHL1.5 0 0 0 0.6 0 0 0.4 0 0 0 0 
KHL1.6 0 0 0 0 0 0 1 0 0 0 0 
KHL1.7 0 0 0 0.2 0 0 0 0 0 0 0 
KHL1.8 0 0 0 0.5 0 0 0.5 0 0 0 0 
KHL1.9 0 0 0 0 0.8 0 0 0.2 0 0 0 
KHL2.1 0 0 0 0 0 0 0.8 0 0.2 0 0 
KHL2.2 0 0 0 0 0 0 0.2 0 0.8 0 0 
KHL2.3 0 0 0 0 0.6 0 0.4 0 0 0 0 
KHL2.4 0 0 0 0 0 0 1 0 0 0 0 
KHL2.5 0 0.2 0 0 0.8 0 0 0 0 0 0 
KHL2.6 0 0 0 0 0 0 0 0 0 0 0 
KL1 0.9 0 0 0 0 0 0 0 0 0 0.1 
KL10 0.2 0.7 0 0 0 0 0 0 0 0 0 
KL11 0.2 0.6 0 0 0 0 0 0 0 0 0.1 
KL12 0.8 0 0 0 0 0 0 0 0 0 0.2 
KL13 0.2 0.6 0 0 0.2 0 0 0 0 0 0 
KL2 1 0 0 0 0 0 0 0 0 0 0 
KL3 1 0 0 0 0 0 0 0 0 0 0 
KL4 1 0 0 0 0 0 0 0 0 0 0 
KL5 1 0 0 0 0 0 0 0 0 0 0 
KL6 0 0 0 0.8 0.2 0 0 0 0 0 0 
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KL7 0.2 0.6 0 0 0.2 0 0 0 0 0 0 
KL8 0.2 0.6 0 0 0 0 0 0 0 0 0 
KL9 0.2 0.7 0 0 0 0 0 0 0 0 0 
PK1 0.9 0 0 0 0 0 0 0 0 0 0 
PK10 1 0 0 0 0 0 0 0 0 0 0 
PK11 0.8 0 0 0.2 0 0 0 0 0 0 0 
PK12 0 0 0 1 0 0 0 0 0 0 0 
PK13 0.8 0 0 0 0 0 0 0 0 0 0 
PK14 0.8 0 0 0 0 0 0 0 0 0 0.1 
PK15 0.75 0 0 0 0 0 0 0 0 0 0.1 
PK16 0.75 0 0 0 0 0 0 0 0 0 0.1 
PK17 0.8 0 0 0 0 0 0 0 0 0 0.05 
PK2 0.9 0 0 0 0 0 0 0 0 0 0 
PK3 0.9 0 0 0 0 0 0 0 0 0 0 
PK4 0.9 0 0 0 0 0 0 0 0 0 0.05 
PK5 0.9 0 0 0 0 0 0 0 0 0 0 
PK6 0.8 0 0 0 0 0 0 0 0 0 0.1 
PK7 0.8 0 0 0 0 0 0 0 0 0 0 
PK8 0.7 0 0 0 0 0 0 0 0 0 0 
PK9 1 0 0 0 0 0 0 0 0 0 0 
PO1 0 0 0.4 0.4 0.2 0 0 0 0 0 0 
PO10 0 0 0.3 0.7 0 0 0 0 0 0 0 
PO11 0 0.6 0.1 0 0.3 0 0 0 0 0 0 
PO12 0 0.3 0.1 0 0.6 0 0 0 0 0 0 
PO13 0 0 0 1 0 0 0 0 0 0 0 
PO14 0 0 0.3 0.7 0 0 0 0 0 0 0 
PO15 0 0.1 0.1 0.4 0.4 0 0 0 0 0 0 
PO16 0 0.5 0 0 0.5 0 0 0 0 0 0 
PO17 0 0.1 0 0.7 0.2 0 0 0 0 0 0 
PO2 0 0.1 0.9 0 0 0 0 0 0 0 0 
PO3 0 0 0.4 0.4 0 0 0 0 0 0 0.2 
PO4 0 0.3 0.5 0 0.2 0 0 0 0 0 0 
PO5 0 0 0.2 0.8 0 0 0 0 0 0 0 
PO6 0 0.5 0 0.5 0 0 0 0 0 0 0 
PO7 0 0.25 0.2 0.45 0.3 0 0 0 0 0 0 
PO8 0 0.2 0.4 0 0.4 0 0 0 0 0 0 
PO9 0 0 0.25 0.75 0 0 0 0 0 0 0 
PUA1 0.2 0 0 0.8 0 0 0 0 0 0 0 
PUA2 0.2 0 0 0.8 0 0 0 0 0 0 0 
PUA3 0.2 0 0 0 0 0 0 0 0 0 0 
PUA4 1 0 0 0 0 0 0 0 0 0 0 
PUA5 1 0 0 0 0 0 0 0 0 0 0 
PUB1 0.3 0 0.6 0 0 0 0 0 0 0 0 
PUB10 0.8 0 0 0.2 0 0 0 0 0 0 0 
PUB2 0 0 0.7 0 0.3 0 0 0 0 0 0 
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PUB3 0 0 0 0 0.2 0.8 0 0 0 0 0 
PUB4 0 0 0 0 0 0.9 0 0 0 0 0 
PUB5 0.2 0 0 0 0.8 0 0 0 0 0 0 
PUB6 0.4 0 0 0 0 0.4 0 0.2 0 0 0 
PUB7 0 0 0 1 0 0 0 0 0 0 0 
PUB8 0.2 0 0.6 0 0.2 0 0 0 0 0 0 
PUB9 0 0 0.6 0 0.4 0 0 0 0 0 0 
PUC1 0.6 0 0 0 0 0 0 0.2 0 0 0 
PUC10 0.3 0 0.7 0 0 0 0 0 0 0 0 
PUC11 0.2 0 0.7 0 0 0 0 0 0 0 0.1 
PUC12 0 0 0 0 0.75 0.15 0 0 0 0 0.1 
PUC13 0.2 0 0.6 0 0.2 0 0 0 0 0 0 
PUC14 0.2 0 0.6 0 0.2 0 0 0 0 0 0 
PUC15 0 0 0.3 0 0.7 0 0 0 0 0 0 
PUC16 0 0 0 0 0.7 0 0 0 0 0 0 
PUC2 0 0 0 0 0.8 0 0 0.15 0 0 0 
PUC3 0 0 0 0 0 0.8 0 0 0 0 0 
PUC4 0.1 0 0 0 0.8 0 0.1 0 0 0 0 
PUC5 0 0 0 0 0.2 0.8 0 0 0 0 0 
PUC6 0.8 0 0 0 0 0 0 0.2 0 0 0 
PUC7 0 0 0 0 0 1 0 0 0 0 0 
PUC8 0 0 0 1 0 0 0 0 0 0 0 
PUC9 0.2 0 0.8 0 0 0 0 0 0 0 0 
WK1 1 0 0 0 0 0 0 0 0 0 0 
WK2 1 0 0 0 0 0 0 0 0 0 0 
WK3 0 0 0 1 0 0 0 0 0 0 0 
WK4 0.4 0 0.5 0 0 0 0 0 0 0 0.05 
WK5 0.2 0 0.8 0 0 0 0 0 0 0 0 
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AK1 0 0 0 0 0 0 0 0 0 0 
AK2 0 0 0 0 0 0 0 0 0 0 
AK3 0 0 0 0 0 0 0 0.2 0 0 
AK4 0 0 0 0 0 0.2 0 0 0 0 
AK5 0 0.1 0 0 0 0 0 0 0 0 
AK6 0 0 0 0 0 0 0 0 0 0 
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AK7 0 0 0.05 0 0 0 0 0.05 0.05 0 
AK8 0 0 0 0 0 0 0 0 0 0 
AK9 0 0 0 0 0 0 0.1 0 0 0 
KHL1.1 0 0 0 0 0 0.3 0 0 0 0 
KHL1.2 0 0 0 0 0 0 0 0 0 0 
KHL1.3 0 0 0 0 0 0 0 0 0 0 
KHL1.4 0 0 0 0 0 0 0 0 0 0 
KHL1.5 0 0 0 0 0 0 0 0 0 0 
KHL1.6 0 0 0 0 0 0 0 0 0 0 
KHL1.7 0 0 0 0 0 0.8 0 0 0 0 
KHL1.8 0 0 0 0 0 0 0 0 0 0 
KHL1.9 0 0 0 0 0 0 0 0 0 0 
KHL2.1 0 0 0 0 0 0 0 0 0 0 
KHL2.2 0 0 0 0 0 0 0 0 0 0 
KHL2.3 0 0 0 0 0 0 0 0 0 0 
KHL2.4 0 0 0 0 0 0 0 0 0 0 
KHL2.5 0 0 0 0 0 0 0 0 0 0 
KHL2.6 0 0 0 1 0 0 0 0 0 0 
KL1 0 0 0 0 0 0 0 0 0 0 
KL10 0 0 0 0 0 0.1 0 0 0 0 
KL11 0 0.1 0 0 0 0 0 0 0 0 
KL12 0 0 0 0 0 0 0 0 0 0 
KL13 0 0 0 0 0 0 0 0 0 0 
KL2 0 0 0 0 0 0 0 0 0 0 
KL3 0 0 0 0 0 0 0 0 0 0 
KL4 0 0 0 0 0 0 0 0 0 0 
KL5 0 0 0 0 0 0 0 0 0 0 
KL6 0 0 0 0 0 0 0 0 0 0 
KL7 0 0 0 0 0 0 0 0 0 0 
KL8 0 0 0.1 0 0.1 0 0 0 0 0 
KL9 0.1 0 0 0 0 0 0 0 0 0 
PK1 0.05 0 0.05 0 0 0 0 0 0 0 
PK10 0 0 0 0 0 0 0 0 0 0 
PK11 0 0 0 0 0 0 0 0 0 0 
PK12 0 0 0 0 0 0 0 0 0 0 
PK13 0 0 0 0 0.2 0 0 0 0 0 
PK14 0 0 0.1 0 0 0 0 0 0 0 
PK15 0.1 0.05 0 0 0 0 0 0 0 0 
PK16 0.1 0 0.05 0 0 0 0 0 0 0 
PK17 0 0 0.1 0 0 0 0 0 0 0.05 
PK2 0.05 0 0.05 0 0 0 0 0 0 0 
PK3 0.05 0 0.05 0 0 0 0 0 0 0 
PK4 0 0 0.05 0 0 0 0 0 0 0 
PK5 0.05 0 0.05 0 0 0 0 0 0 0 
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PK6 0 0.1 0 0 0 0 0 0 0 0 
PK7 0 0 0 0 0.2 0 0 0 0 0 
PK8 0 0 0 0 0.3 0 0 0 0 0 
PK9 0 0 0 0 0 0 0 0 0 0 
PO1 0 0 0 0 0 0 0 0 0 0 
PO10 0 0 0 0 0 0 0 0 0 0 
PO11 0 0 0 0 0 0 0 0 0 0 
PO12 0 0 0 0 0 0 0 0 0 0 
PO13 0 0 0 0 0 0 0 0 0 0 
PO14 0 0 0 0 0 0 0 0 0 0 
PO15 0 0 0 0 0 0 0 0 0 0 
PO16 0 0 0 0 0 0 0 0 0 0 
PO17 0 0 0 0 0 0 0 0 0 0 
PO2 0 0 0 0 0 0 0 0 0 0 
PO3 0 0 0 0 0 0 0 0 0 0 
PO4 0 0 0 0 0 0 0 0 0 0 
PO5 0 0 0 0 0 0 0 0 0 0 
PO6 0 0 0 0 0 0 0 0 0 0 
PO7 0 0 0 0 0 0 0 0 0 0 
PO8 0 0 0 0 0 0 0 0 0 0 
PO9 0 0 0 0 0 0 0 0 0 0 
PUA1 0 0 0 0 0 0 0 0 0 0 
PUA2 0 0 0 0 0 0 0 0 0 0 
PUA3 0 0 0 0 0 0.8 0 0 0 0 
PUA4 0 0 0 0 0 0 0 0 0 0 
PUA5 0 0 0 0 0 0 0 0 0 0 
PUB1 0 0.05 0.05 0 0 0 0 0 0 0 
PUB10 0 0 0 0 0 0 0 0 0 0 
PUB2 0 0 0 0 0 0 0 0 0 0 
PUB3 0 0 0 0 0 0 0 0 0 0 
PUB4 0 0.1 0 0 0 0 0 0 0 0 
PUB5 0 0 0 0 0 0 0 0 0 0 
PUB6 0 0 0 0 0 0 0 0 0 0 
PUB7 0 0 0 0 0 0 0 0 0 0 
PUB8 0 0 0 0 0 0 0 0 0 0 
PUB9 0 0 0 0 0 0 0 0 0 0 
PUC1 0.1 0 0 0 0 0 0.1 0 0 0 
PUC10 0 0 0 0 0 0 0 0 0 0 
PUC11 0 0 0 0 0 0 0 0 0 0 
PUC12 0 0 0 0 0 0 0 0 0 0 
PUC13 0 0 0 0 0 0 0 0 0 0 
PUC14 0 0 0 0 0 0 0 0 0 0 
PUC15 0 0 0 0 0 0 0 0 0 0 
PUC16 0 0 0 0 0 0 0.3 0 0 0 
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PUC2 0 0 0 0 0 0.05 0 0 0 0 
PUC3 0 0 0 0 0 0 0.2 0 0 0 
PUC4 0 0 0 0 0 0 0 0 0 0 
PUC5 0 0 0 0 0 0 0 0 0 0 
PUC6 0 0 0 0 0 0 0 0 0 0 
PUC7 0 0 0 0 0 0 0 0 0 0 
PUC8 0 0 0 0 0 0 0 0 0 0 
PUC9 0 0 0 0 0 0 0 0 0 0 
WK1 0 0 0 0 0 0 0 0 0 0 
WK2 0 0 0 0 0 0 0 0 0 0 
WK3 0 0 0 0 0 0 0 0 0 0 
WK4 0 0 0 0 0 0 0.05 0 0 0 
WK5 0 0 0 0 0 0 0 0 0 0 

 
 


