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1 Introduction 

Northern peatlands play a significant role in the global carbon cycle due to their extensive 

carbon stocks and the annual fluxes of carbon dioxide (CO2) and methane (CH4) to the 

atmosphere (Loisel et al. 2014). The carbon dynamics of northern peatlands may change 

with anthropogenic climate change, as the increase of annual temperatures is projected to 

be over two times higher than the global average in the Arctic latitudes north of 67.5°N 

(Collins et al. 2013). Permafrost peatlands in the sporadic and discontinuous permafrost 

areas at the southern limits of the permafrost zone are especially sensitive, and increased 

permafrost temperature, increased active layer thickness, permafrost thaw and 

degradation have already been reported in several locations around the circumpolar north 

(Schuur et al. 2015; Jones et al. 2016; AMAP 2017).  

It is still uncertain how anthropogenic climate change will affect peatland carbon 

dynamics, and whether the net effect will mitigate the temperature increase or further 

intensify it (Charman et al. 2013; Gallego-Sala et al. 2018). Carbon dynamics in peatlands 

are determined by the balance between production and decomposition, which are affected 

by various allogenic and autogenic factors, such as climate, permafrost dynamics, 

hydrology and peatland succession (Tuittila et al. 2007; Turetsky et al. 2007; Gallego-

Sala et al. 2018). Recent studies have highlighted the heterogeneity of peatland responses 

to past climatic shifts (Gałka et al. 2017; Zhang et al. 2018b), which complicates 

predictions of how anthropogenic climate change will affect peatlands and their role as a 

carbon sink. As a result, more detailed studies are needed to form a more complete 

understanding of future peatland responses to climate change.  

 

1.1 Northern peatlands in the global carbon cycle 

When the productivity of peat forming plants exceeds decomposition, peat starts to 

accumulate. Peat consists of plant and animal remains, and it accumulates in water 

saturated low oxygen conditions where decomposition is slow (Clymo 1984; Rydin & 

Jeglum 2006). Accumulated peat retains water creating anoxia, which further slows down 

decomposition and accelerates peat accumulation. In biology, a peatland is defined by the 

occurrence of specific peat forming plants, such as sedges and mosses (Korhonen & 

Vasander 1998). In geology, on the other hand, peatlands are defined by a minimum depth 

of peat, and generally 30 cm depth is required (Rydin & Jeglum 2006). A widely used 

model of peatlands portrays a two-layered structure with distinct differences between the 
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two layers (Clymo 1984). The upper acrotelm is aerobic with a relatively fast 

decomposition rate, whereas decomposition is slow in the deep, anoxic catotelm (Clymo 

1984). Although this model is useful in its simplicity, it ignores the horizontal and spatial 

heterogeneity that is common in peatlands (Morris et al. 2011). 

Peatlands can be categorised based on their water source, since this regulates other 

peatland qualities, such as primary production, nutrient content and acidity. 

Ombrotrophic bogs are isolated from the surrounding environment due to their elevated 

dome shape and only receive water from precipitation, which results in poor nutrient 

status, low pH and low production (Rydin & Jeglum 2006). Minerotrophic fens, on the 

other hand, have their surface below the surrounding environment and receive water from 

mineral soils and ground water (Rydin & Jeglum 2006). This creates more nutrient rich 

ecosystems with higher production rates (Rydin & Jeglum 2006).  

Furthermore, permafrost formation affects peatland dynamics. Permafrost can 

form when the ground temperature remains below 0°C for a minimum of two years 

(Harris et al. 1988). Peatlands cover ca. 19% of the northern circumpolar permafrost 

region (Tarnocai et al. 2009). Permafrost peatlands consist of bog-type frozen hummocks 

patterned with more minerotrophic, fen-type depressions (Vitt 2006, p. 13). The 

expansion of volume as water freezes raises the peat surface, forming palsas or peat 

plateaus (Seppälä 2011). Permafrost aggradation can also limit primary production and 

change peatland hydrology by desiccating the surface of peat mounds (Christensen et al. 

2004; Seppälä 2011; Treat et al. 2016).  

Palsa peatlands are common features at the southern limits of the discontinuous 

permafrost zone (Seppälä 2011). In Northern Europe, palsa formation was extensive 

during colder periods around 2000 and 600-100 years ago (Oksanen & Väliranta 2006). 

However, in northern Norway in 1950-2010, a significant decrease of 33-71% in the area 

of peat plateaus and palsas has been observed (Borge et al. 2017). While the reasons 

behind this loss of area are uncertain, the reduction in the areal extent has coincided with 

increases in air temperature, precipitation, and snow depth in the area (Borge et al. 2017) 

The accumulation of organic material as peat over thousands of years has turned 

northern peatlands into significant carbon stores, but the estimates of the total carbon 

stock vary. For areas north of 45°N, the peatland carbon stock is approximated to be ca. 

400-600 Pg with the uncertainty mainly stemming from unevenly distributed data, or a 

lack of data (Yu et al. 2010; Yu 2012; Loisel et al. 2014). Of this stock, ca. 277 Pg, i.e. 
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more than 50%, is stored in permafrost peatlands (Schuur et al. 2008). A recent study 

suggests almost a doubling of the previous estimations with a storage of 1055 Pg (Nichols 

& Peteet 2019). However, the methodology used in this paper, such as the same carbon 

density value used in all sites, has been questioned by the authors of the previous 

estimates (Yu et al. 2019).  

While there are variations and uncertainties in the estimations, the carbon storage 

in the northern peatlands is nevertheless significant when compared with the ca. 800 Pg 

carbon stock of the atmosphere (Ciais et al. 2013). Thus, the potential release of this 

carbon back to the atmosphere could create a positive feedback to anthropogenic climate 

change. In one estimation, the thawing of sporadic and discontinuous permafrost areas 

alone by the end of the century could release up to 24 Pg of carbon from permafrost stores 

(Jones et al. 2017). However, the northern peatlands could also help to mitigate climate 

change due to their potential for further carbon storage, and it is estimated that northern 

peatlands could remove up to 328 ± 74 Pg of carbon from the atmosphere before the end 

of the current interglacial (Alexandrov et al. 2020).  

Peatlands are a part of the global biogeochemical cycle by sequestering CO2 via 

photosynthesis and by emitting both CO2 and CH4 back to the atmosphere through 

respiration and decomposition (Moore & Knowles 1989; Gorham 1991). The radiative 

forcing effect of peatlands can partly depend on the ratio of these gases, as CH4 has a 25-

times higher warming potential than CO2 in a 100-year period (Whiting & Chanton 2001; 

Forster et al. 2007). Over time, the forcing effect typically changes with the autogenic 

succession and lateral expansion of the peatland (Frolking & Roulet 2007; Mathijssen et 

al. 2014). During the Holocene in the last 11 500 years, the net forcing effect of the 

northern peatlands has been cooling, even though initially they had a warming impact due 

to large emissions of CH4 during peatland formation (Frolking & Roulet 2007). The 

average carbon accumulation (CA) rate of northern peatlands has been ca. 23 g C/m2/year 

over the Holocene (Loisel et al. 2014). In permafrost peatlands, CA rate has varied in the 

range of 10.80–32.40 g C/m2 /year (Zhang et al. 2018a), and it has generally been lower 

than in non-permafrost areas (Treat et al. 2016).  
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1.2 Drivers of peatland carbon dynamics 

1.2.1 Climate 

Climate has varied significantly over the whole interglacial period and in the past 2000 

years, and several decadal and centennial scale temperature fluctuations have occurred in 

the Northern Hemisphere (Ljungqvist 2010; Wilson et al. 2016). Two time periods 

especially differ considerably from long-term average temperatures (Wilson et al. 2016). 

During the Medieval Climate Anomaly (MCA) in AD 900-1250, temperatures were 

above average in the Northern Hemisphere (Mann et al. 2009; Wilson et al. 2016). This 

was followed by a cold period, the Little Ice Age (LIA), from AD 1450-1850 (Mann et 

al. 2009; Ljungqvist 2010; Wilson et al. 2016). Since the LIA to the present, climate has 

warmed, and lately especially due to anthropogenic climate change (Wilson et al. 2016). 

A synthesis of both simulations and different hydroclimate proxies around the Arctic 

suggests wetter conditions for the MCA and drier for the LIA, but the variation between 

different regions is considerable (Linderholm et al. 2018). For example in Fennoscandia, 

multiple proxies indicate a drier MCA and a wetter LIA (Linderholm et al. 2018; see also 

Väliranta et al. 2007) 

Similarly to climate, the carbon accumulation rates of both permafrost and non-

permafrost peatlands have varied considerably over the Holocene (Yu et al. 2009; Loisel 

et al. 2014; Gałka et al. 2017; Zhang et al. 2018a). These historical variations in carbon 

accumulation and their link to climate can help to constrain the factors that most 

effectively influence peatland carbon dynamics. During the Holocene, the highest CA 

rates have generally coincided with warmer temperatures, such as the Holocene Thermal 

Maximum (HTM) ca. 9000-5000 years ago (Yu et al. 2009; Loisel et al. 2014). In 

addition, some of the lowest CA rates have occurred during cooler periods, such as the 

LIA (Lamarre, Garneau & Asnong 2012). This suggests a strong climatic forcing on 

peatland carbon accumulation rates (Loisel et al. 2014). Indeed, some studies have found 

photosynthetically active radiation to be the most significant factor affecting carbon 

accumulation due to its positive effect on primary production (Charman et al. 2013; 

Gallego-Sala et al. 2018).  

Thus, it seems that climate has a significant influence on peatland carbon 

dynamics. With anthropogenic climate change and projected temperature increases, 

carbon uptake in peatlands may also increase (Charman et al. 2013; Loisel et al. 2014). 

Increased CA rates have already been observed at certain locations, but CA dynamics 
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have not been regionally consistent despite the recent increase in temperatures (Zhang et 

al. 2018a). Furthermore, it is important to treat modern accumulation values with caution 

as accumulation rates often appear higher in the surface layers due to the incomplete 

decomposition of peat (Lamarre et al. 2012; Zhang et al. 2018a; Piilo et al. 2019; Young 

et al. 2019).  

During the Holocene, CA rates were not always universally compatible with 

temperature patterns. For example, Gao & Couwenberg (2015) noted the highest CA rates 

in North Eastern Russia during the cold period LIA. Furthermore, CA rates remained very 

low during the warm mid-Holocene period in a subarctic fen in Finnish Lapland 

(Mathijssen et al. 2014). Varying CA rates have also been observed in studies that applied 

multiple-core approach: adjacent sampling points from the same peatland indicate that 

other drivers than climate have determined carbon accumulation (Zhang et al. 2018a). 

The ultimate effect of climatic change can also depend on the vegetation composition of 

the peatland, as fens seem to be more sensitive to environmental changes than bogs 

(Kokkonen et al. 2019).  

These variations in carbon accumulation rates show that carbon dynamics are 

complicated, and climate is not the only factor influencing carbon accumulation. The 

effect of climate can be indirect and mediated through changes in e.g. hydrology, 

permafrost and local topography (Belyea & Malmer 2004; Yu et al. 2009). In addition, 

many autogenic factors, such as peatland succession, regulate carbon accumulation (Gao 

& Couwenberg 2015; Zhang et al. 2018b). Consequently, the response of peatland CA 

rates to anthropogenic climate change cannot be assumed to be straightforward. 

 

1.2.2 Hydrology 

The significance of peatland hydrology on CO2 and CH4 fluxes is well established. 

Experimental studies have shown that lowering of the water table increases CO2 release 

almost linearily (Moore & Knowles 1989; Silvola et al. 1996; Nykänen et al. 1998; Laine 

et al. 2019). In their experiments, Laine et al. (2019) also noted that temperature increase 

alone did not affect CO2 dynamics, but when combined with drying of the peatland, CO2 

emissions increased significantly due to increased respiration. For methane emissions, 

water table fluctuations have the opposite effect. As water table is lowered, there may be 

an initial increase in CH4 release from soil pores (Moore & Roulet 1993), but eventually 

the release of methane decreases significantly (Moore & Knowles 1989; Moore & Roulet 
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1993; Natali et al. 2015). Thus, the drying of a peatland increases CO2 release but 

decreases CH4 emissions, while wet surfaces emit more CH4 which has higher warming 

potential than CO2.  

 The effect of hydrology on peatland carbon storage can be complex. Occasionally, 

carbon accumulation seems to be influenced more by other factors than moisture, as high 

or stable CA rates have occurred during both wetter and drier periods (Loisel & Garneau 

2010; Lamarre et al. 2012; Gao & Couwenberg 2015; Gallego-Sala et al. 2018). Gallego-

Sala et al. (2018) suggested that when the moisture level of a peatland is sufficient to 

decrease decomposition, further increases in moisture do not impact carbon 

accumulation. This would indicate that moisture acts as an on-off switch: while an 

increase in moisture may not have a significant effect, a substantial drying of the peatland 

could impact carbon dynamics by accelerating decomposition and respiration.  

 

1.2.3 Vegetation and peatland succession 

Peatland hydrology is closely connected to the autogenic succession of peatlands and it 

determines the vegetation composition (Tuittila et al. 2007). As the peat layer thickens, 

the autogenic succession of peatlands usually follows a transition from wet, 

minerotrophic fen to drier, ombrotrophic bog (Väliranta et al. 2017). With the succession, 

the dominating vegetation shifts from sedges and forbs to Sphagnum mosses (Tuittila et 

al. 2013; Väliranta et al. 2017). These changes in water table position and vegetation 

composition affect the carbon dynamics of peatlands. 

Minerotrophic fens emit significantly more CH4 than ombrotrophic bogs, mainly 

due to the higher water level and the dominance of graminoid species (Nykänen et al. 

1998; Turetsky et al. 2014). Thus, as a consequence of the autogenic succession, the CH4 

emissions from peatlands tend to decrease over time (MacDonald et al. 2006). The 

reduced CH4 emissions of bogs may be partly due to the methane-consuming bacteria that 

live with Sphagnum (Larmola et al. 2010). Sphagnum and graminoids also differ in other 

qualities. For example, Sphagnum litter decomposes more slowly than sedge litter due to 

their recalcitrant structure, enhancing peat accumulation in bogs (Turetsky et al. 2008). 

On the other hand, sedges have higher rates of photosynthesis than Sphagnum 

contributing to the higher production rates of fens (Leppälä et al. 2008). All of these 

factors impact the carbon fluxes and carbon accumulation rates of peatlands, and 
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ombrotrophic bogs have been found to generally have higher carbon accumulation rates 

than fens (Tolonen & Turunen 1996; Turunen et al. 2002).  

 

1.2.4 Permafrost thaw dynamics 

In permafrost peatlands, the aggdaration and thawing of permafrost can significantly 

affect the carbon dynamics. The presence of surface permafrost tends to slow carbon 

accumulation and reduce CH4 emissions in peatlands (Turetsky et al. 2007; Turetsky et 

al. 2014), while permafrost thaw has the opposite effect (Camill et al. 2001; Turetsky et 

al. 2007; Treat et al. 2016). Thus, climate change could increase the carbon sequestration 

in peatlands following permafrost thawing. However, also more complex response 

scenarios exist to permafrost thaw. While permafrost thaw can lead to higher carbon 

sequestration at the surface, simultaneously the organic matter in the deeper layers may 

start to decompose faster (O’Donnell et al. 2012; Jones et al. 2017). Another view is that 

permafrost thaw leads to net loss of carbon initially, but that the peatland ecosystem 

retains its sink function in about a decade after thaw (Jones et al. 2017). In any case, 

permafrost thaw and the decomposition of deeper layers could lead to increased carbon 

release from permafrost peatlands. 

Permafrost thaw likely impacts peatland hydrology. Zhang (2018) compiled 

several different scenarios of how peatland hydrology and carbon dynamics could be 

affected following permafrost thaw. As warmer temperatures can both thaw permafrost 

and increase evapotranspiration, the balance between these two components determines 

whether the peat surface will get drier or wetter. In the case of increased moisture, 

production and therefore carbon accumulation may increase, whereas dryness can limit 

production. More minor permafrost thaw may lead to surface drying, if thaw waters are 

drained from the peatland or if evapotranspiration is high. However, according to a model 

by Swindles et al. (2015c), a more significant permafrost thaw can cause the peat surface 

to collapse leading to water-saturated conditions and the development of a fen ecosystem 

with both higher primary production and CH4 emissions.  

The carbon emissions and resulting positive forcing impact on the climate seem 

to be higher from dry, aerobic permafrost peatlands than from wet, anaerobic conditions, 

even when accounting for the higher forcing effect of CH4 from water-saturated soils 

(Schuur et al. 2015; Schädel et al. 2016). Increase in temperature also enhances ecosystem 

respiration and thus more carbon is released under dry conditions than wet conditions 
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(Oberbauer et al. 2007; Laine et al. 2019). Thus, whether northern peatlands will become 

drier or wetter due to climate change may have a significant impact on their future carbon 

sink function and their climatic forcing impact. 

  

1.3 Past changes in peatland hydrology in the north 

As peatland hydrology is one of the factors that drives carbon dynamics, it is important 

to assess how anthropogenic climate change might alter peatland moisture conditions. To 

improve estimations, it is useful to trace how past climatic shifts have affected peatland 

hydrology. Many reconstructions of past peatland hydrology have been conducted in 

various regions, and their conculsions and results also vary. During the warm MCA, there 

were several shifts towards wetter conditions in peatlands in Canada, Finland and Russia, 

but the Finnish and Russian sites also experienced some drier shifts (Loisel & Garneau 

2010; Zhang et al. 2018b). On the other hand, the cold LIA coincided with dry conditions 

in many Russian and Fennoscandian peatlands (Väliranta et al. 2007; Gałka et al. 2017; 

Zhang et al. 2018b), whereas western Europe and Canada were generally wetter 

(Charman et al. 2006; Loisel & Garneau 2010). Thus, it is challenging to determine any 

general hydrological trend for northern peatlands as a whole for the past climatic shifts. 

Peatland hydrology is affected by various factors in addition to climate. 

Periodically, climate can be the dominant factor causing drying due to increased 

evapotranspiration or permafrost aggradation, or wetter conditions due to permafrost 

thaw (Swindles et al. 2015c; Zhang et al. 2018b). However, the various hydrological 

developments in different locations during similar climatic conditions indicate that 

changes in moisture can often be controlled more by local topographical and autogenic 

factors than climate (Väliranta et al. 2007; Loisel & Garneau 2010; Lamarre et al. 2012; 

Gałka et al. 2017). Furthermore, climatic influence can initially cause an effect, which is 

then enhanced by autogenic factors. A model constructed by Ise et al. (2008) suggests 

that as warmer temperatures lead to higher evapotranspiration and decomposition, the 

water holding capacity of the soil is reduced leading to more significant drying than by 

evapotranspiration alone.  

Despite the complicated climate-peatland relationships in the past, recent data 

show more consistency. Several permafrost peatland ecosystems and peatlands without 

permafrost in Northern Europe and Canada have become drier in the recent decades with 

the rising average temperatures (Väliranta et al. 2007; Lamarre et al. 2012; Swindles et 
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al. 2015c; Gałka et al. 2017; Zhang et al. 2018b). Some peatlands at later stages of 

permafrost degradation have had wet shifts (Swindles et al. 2015c), while in other 

permafrost peatlands the drying trend is visible, even when thawing initially led to 

increase in moisture and higher water tables (Gałka et al. 2017; Zhang et al. 2018b). 

Furthermore, a pan-European analysis of 31 peatlands shows significant drying in 69% 

of the sites and wetter shifts only in 7% of the sites in the last ca. 300 years due to both 

climatic and human influence (Swindles et al. 2019).  

 

1.4 Testate amoebae as indicators of hydrology 

A traditional method to reconstruct past peatland hydrology is testate amoeba analysis 

(Charman 2001; Booth 2008). Testate amoebae are small (20-300µm), single-celled 

protists that live on surface vegetation and are common in minerotrophic and 

ombrotrophic peatlands (Charman 2001; Mitchell, Charman & Warner 2008). Many of 

the known ca. 2000 species have a cosmopolitan distribution (Charman et al. 2007; 

Mitchell et al. 2008). Testate amoebae produce a shell, i.e. a test, with an aperture through 

which they use pseudopodia to move and feed (Charman 2001). Based on whether the 

amoeba itself produces the material for the test or it uses material from its environment 

for test construction, testate amoebae can be defined as idiosomic and xenosomic, 

respectively (Charman 2001). The shape and position of the aperture(s), test shape and 

material can thus be used in taxonomic identification (Charman et al. 2000).  

 Since the tests are preserved in peat layers, fossilized testate amoebae shells form 

biological archives that can be utilized for palaeoecological reconstruction. Especially in 

bog environments, testate amoeba distribution is most prominently affected by moisture 

conditions, so they can serve as a useful proxy for reconstructing past hydrology of 

peatlands and the past climate (Tolonen, Warner & Vasander 1994; Charman 2001; 

Mitchell et al. 2008). Moisture has been found to be the dominant factor controlling 

testate amoebae distribution also in permafrost peatlands, though their tolerance ranges 

may be more constricted in permafrost areas due to more extreme conditions (Swindles 

et al. 2015a; Zhang et al. 2017). An advantage of testate amoebae as hydrological 

indicators over the plant assemblage analyses is that amoebae seem to react to changes in 

moisture conditions faster, and thus they are better suited to reconstruct short-term 

changes in moisture conditions (Loisel & Garneau 2010; Väliranta et al. 2012; Secco et 

al. 2016). However, pH and nutrient availability seem to be strong controls of testate 
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assemblages in fen environments complicating the data interpretation in these ecosystems 

(Zhang et al. 2018c). Furthermore, peatlands with varying nutrient conditions, such as 

bogs and fens, may exhibit different testate amoebae assemblages (Payne 2011). 

In palaeoecology, transfer functions are used to make quantitative reconstructions of 

past environmental variables (Birks et al. 1990). With transfer functions, fossil testate data 

are transferred into quantitative measures of water table depth (WTD) or moisture content 

on the basis of modern testate amoebae assemblages and their ecology (Amesbury et al. 

2016; Zhang et al. 2017). However, the quantitative reconstruction values should not be 

interpreted as very accurate (Swindles et al. 2015b; Amesbury et al. 2016). To improve 

the reliability of the interpretation, residual or standardized values (z-scores) are used 

instead to indicate more robust directional changes in hydrology (Swindles et al. 2015b; 

Amesbury et al. 2016). Some of the inaccuracy of the reconstructions stems from the fact 

that dry taxa have wider habitat ranges than wet taxa, which complicates reconstructing 

dry periods especially (Charman et al. 2007; Amesbury et al. 2016; Zhang et al. 2017). 

Despite these challenges, testate amoebae have been demonstrated to be a robust proxy 

for hydrological shifts (Swindles et al. 2015a; Amesbury et al. 2016). In addition, using 

multiple proxies, such as combined testate amoebae and plant assemblages, increases the 

reliability of the reconstructions (Loisel & Garneau 2010; Väliranta et al. 2012).  

 

1.5 Hypotheses 

As results from previous studies have shown great variety in the resposes of northern 

peatlands to past climatic shifts, the future responses of these peatlands to the 

anthropogenic climate change are difficult to estimate and may be equally variable. The 

developments in hydrology can determine whether northern peatlands will mostly remain 

carbon sinks or become carbon sources. Further research, especially in the form of site-

based studies, is needed to form a better picture of the responses of different peatland 

types to climate change. 

To provide more insight about site specific developments in peatland hydrology, 

in this thesis I examine how permafrost peatland moisture conditions have varied in the 

past in a peatland complex in Lovozero, Kola Peninsula, Russia. The study period focuses 

on the Little Ice Age (1850s) and the subsequent warming, but some data was also 

obtained from earlier periods. I studied three peat sections from the same peatland 



 

11 

 

 

complex (Figure 1) to obtain a replicate, more representative, dataset. I used testate 

amoebae analysis to reconstruct past changes in moisture conditions.  

The Lovozero peatland complex is located at the zone of sporadic permafrost and 

is thus sensitive to changes in climate (cf. Zhang et al. 2018b). It is expected that the 

Lovozero peatlands would have followed a similar recent drying trend found in other 

nearby permafrost peatlands (e.g. Gałka et al. 2017; Zhang et al. 2018b). Based on this, 

my hypotheses are: 

 

1) past shifts in climate have resulted in changes in Lovozero peatland moisture 

conditions, 

2) moisture shifts are reflected as changes in testate amoeba communities, 

3) recent warming since the ca. 1980’s has resulted in surface drying.  

 

I had plant macrofossil data and carbon accumulation data produced by other team 

members available for comparison. The plant macrofossil data was used to verify the 

changes in WTD indicated by testate amoebae data. Furthermore, Ahonen (2019) from 

the same research team had conducted testate amoebae analyses in Northern Sweden in 

her Master’s Thesis, and these unpublished data were also available for comparison. My 

work is tightly linked to an on-going project coordinated by docent M. Väliranta, where 

the response of northern peatlands to climate change is investigated using a multiproxy 

approach. The project is funded by the Academy of Finland, and my study will provide 

data to this project. 
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2 Material and methods 

2.1 The study sites 

The three study sites (Figure 1) are in the sporadic permafrost zone of Kola Peninsula, in 

Lovozero, Murmansk. The Lovozero peatland complex expands over 3,000 ha on the 

shore of Lake Lovozero and consists mainly of palsa and aapa peatlands (Elina, Lukashov 

& Yurkovskaya 2010, p. 104). Over the time period 1966-2015, the mean annual 

temperature at Lovozero was -1.2 °C and mean annual precipitation was 479 mm 

(Marshall, Vignols & Rees 2016). In this 50-year period, the Kola Peninsula region has 

experienced statistically significant warming of 2.3°C ± 1°C (Marshall et al. 2016).   

 

Figure 1 a) A general view of the study region b) The locations of the LOV1, LOV2 and LOV3 coring sites. 

Google Earth, earth.google.com/web/. 

 

Three ca. 50 cm long peat cores were collected with a box corer from three 

sections of the peatland complex in August 2018. One core from each peatland section is 

analyzed in this thesis. The cores were collected from plateaus between higher hummocks 

and lower wet areas. In the three cores used in this thesis, the corer did not reach 

permafrost. Local member of the group, Dr. Natalia Koroleva, had visited the site ca. a 

decade earlier and they had observed permafrost. Thus, the permafrost may have partly 

thawed since then or seasonal frost may have remained longer the year of the previous 

visit.  

The core LOV1 was collected from a Spagnum lawn of an aapa mire at location 

67°68’N, 35°04’E (Figure 2a, d, g). Even though the corer did not reach permafrost, 

permafrost occurred at 55 cm depth in an adjacent core from this same peatland section. 

The forest edge was ca. 30 meters from the coring site. Vegetation was characterized by 

the moss Sphagnum fuscum, accompanied by several dwarf shrub species, such as Rubus 
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chamaemorus, Andromeda polifolia, Empetrum nigrum, Betula nana, Vaccinium 

uliginosum and V. oxycoccos.  

During sample collection the peatland was dry with a water table depth, hereafter 

WTD, of 35 cm. The dry conditions may be partly influenced by the exceptionally hot 

and dry July in 2018. In Lovozero, the average temperature was 19 °C and precipitation 

14.07 mm with only 6 days of rain in July 2018, when the 2009-2017 July averages have 

been 13.11 °C, 40.45 mm precipitation, and 17.78 days of rain (World Weather Online 

2019).  

 

Figure 2a) LOV1 aapa peatland b) LOV2 aapa peatland c) LOV3 palsa peatland d) LOV1 coring site e) 

LOV2 coring site f) LOV3 coring site g) LOV1 core h) LOV2 core i) LOV3 core. © Sanna Piilo 

 

The second sample, LOV2, was collected from the Sphagnum lawn of an aapa 

mire located at 68°01’N, 34°58’E (Figure 2b, e, h). Permafrost depth was not reached at 

any of the three cores collected from this peatland section. LOV2 has been influenced by 

human activity as it is situated near a road. This site was also dry with WTD of 30 cm. 

The vegetation was dominated by the Sphagnum mosses S. fuscum and S. capillifolium. 

The vegetation also included sedges Eriophorum spp. The dwarf shrub species were very 

similar to those identified at LOV1: Rubus chamaemorus, Andromeda polifolia, 

Empetrum nigrum, Betula nana, Vaccinium uliginosum and V. oxycoccos, with the 

addition of Rhododendron tomentosum.  
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The third core, LOV3, was collected from a S. fuscum lawn at the edge of a palsa 

mound at 67°60’N, 35°01’E (Figure 2c, f, i). Permafrost depth was not reached at any of 

the cores collected from this site. Like the other two sample locations, this site was also 

dry with WTD of 32 cm. The vegetation at this site resembled that of LOV1 and LOV2. 

The dominant moss species were Sphagnum fuscum and Mylia anomala. The dwarf 

shrubs included four Vaccinium species V. uliginosum, V. oxycoccos, V. myrtillus and V. 

vitis-idaea, as well as four other dwarf shrub species Rubus chamaemorus, Andromeda 

polifolia, Empetrum nigrum, and Betula nana. The details of all three coring sites are 

compiled in Table 1. 

 

Table 1 Basic information of the sampling sites LOV1, LOV2, and LOV3. Coodrinates, peatland type, 

elevation (m), water table depth (WTD) (cm), pH, coring microtype, and permafrost. 

 

 

2.2 Establishing chronology 

The peat samples estimated to be older than AD 1950 were dated using radiocarbon 14C 

dating developed by Libby (1961). Plants take up CO2 with photosynthesis, and some of 

the carbon atoms are radioactive isotopes, such as 14C. These isotopes occur in organic 

matter in roughly the same concentration as in the atmosphere. When plants die, the 

amount of 14C begins to decrease at a known rate, and for 14C the half-life is 5,730 ± 40 

years (Godwin 1962). The age of peat samples can be determined based on their 

remaining 14C content. Radiocarbon dating can be used on samples that are up to 50,000 

years old (Taylor 2000). In radiocarbon dating, the modern reference year is AD 1950.  

 The samples from the top of the peat sections were dated with lead 210Pb dating. 

This method can be used for peat samples at maximum 150-200 years of age (Turetsky, 

Manning & Wieder 2004). The method utilizes the decay of radioactive uranium 238U to 

210Pb via several daughter isotopes (Appleby & Oldfield 1978; Turetsky et al. 2004). The 

half-life of one of the daughter isotopes, radon 222Rn to 210Pb, is 22.3 years (Appleby & 

Oldfield 1978). Uranium-238 is a primordial element that has deposited in all soils 

(Turetsky et al. 2004).  

Sampling Peatland Elevation WTD pH Coring Permafrost

site N E type (m) (cm) habitat type

LOV1 67°58.764` 35°03.826` Aapa 158 35 4 Lawn 55 cm

LOV2 68°01.174` 34°58.260` Aapa 179 30 4 Lawn unknown

LOV3 67°59.641` 35°01.105` Palsa 160 32 4 Lawn unknown

Coordinates
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 Three samples from each peat section were 14C dated by the Accelerator Mass 

Spectrometry (AMS) method in the Laboratory of Chronology at the University of 

Helsinki (Table 2). The 210Pb dating was conducted with the Constant Rate of Supply 

(CRS) model developed by Appleby and Oldfield (1978) using alpha spectrometry at the 

the University of Exeter, UK. The 210Pb dating was done at 2 cm resolution from the top 

sections of the cores (Table 2). The laboratory work for the 14C and 210Pb dating was 

conducted by other members of the research team.   

Based on the 14C and 210Pb dating methods, age-depth models were constructed 

using the BACON v.2.3.3 package in R version 3.4.3 (R-Core-Team 2017), which is 

based on Bayesian statistics and it estimates weighted mean ages in 1 cm resolution 

(Blaauw & Christen 2011). Before running the model, 14C ages younger than AD 1950 

were converted to 14C BP ages using the NH Zone 1 post bomb curve (Hua, Barbetti & 

Rakowski 2013). Based on the age-depth models, peat accumulation rates (mm/y) were 

calculated at 1 cm resolution by dividing the peat thickness (mm) with the difference of 

the weighted mean ages (years) between the layers.  

 

Table 2 The samples used in 210Pb and 14C dating methods. For the 210Pb dating, the table shows the range 

from which analysis was conducted at 2 cm resolution. 

 

 

2.3 Testate amoebae analysis 

From the peat cores, the testate amoebae assemblages were analyzed at 2 cm resolution. 

The preparation of the chosen peat samples for the testate amoeba analysis followed a 

modification of the method by Booth et al. (2010). 1-2 cm3 of the peat samples were 

boiled with a Lycopodium spore tablet in ca. 100 ml distilled water for 10-15 minutes 

stirring occasionally. After boiling, the samples were sieved through 300 µm and 15 µm 

sieves. The material left in the 15 µm sieve was washed with distilled water into 

centrifuge tubes. The samples were centrifuged at 3000 rpm for 5 minutes.  

 The samples were analyzed under a light microscope with 200-400x 

magnification. From each sample, 50-100 testate amoebae taxa or ‘types’ were counted 

LOV1 LOV2 LOV3 Dating method

1-27cm 1-17cm 1-23cm
210
Pb

20cm 13cm 17cm
14
C

35cm 30cm 31cm
14
C

50cm 47cm 45cm
14
C



 

16 

 

 

and identified using the key by Booth & Sullivan (2007, updated by Amesbury 2019) 

with help from the online source www.arcella.nl. If a minimum count of 50 amoebae 

could not be reached with a reasonable effort, the samples were discarded from the 

analysis.  

For the WTD reconstructions, the absolute numbers of identified taxa or ‘types’ 

were transformed to percentages of the total number of tests identified in each sample. 

The WTD reconstruction and a cluster analysis with the Bray-Curtis similarity measure 

(e.g. Michie 1982) were conducted in R version 3.6.0 (R-Core-Team 2019) using the 

package rioja (Juggins 2017). The reconstruction was performed with the pan-European 

transfer function developed by Amesbury et al. (2016). The performance of the 

reconstruction was also tested by running the model with only the local data of northern 

Sweden from the pan-European dataset. The tests conducted by Amesbury et al. (2016) 

show the model performance to be at a similar level to other available models. In addition, 

most of the taxa in the model had a pan-European distribution, suggesting that this model 

is applicable to individual sites within the region (Amesbury et al. 2016). The model was 

run using tolerance-downweighted weighted averaging with inverse deshrinking as 

recommended by Amesbury et al. (2016) and cross-validated by leave-one-out. The 

model was then applied to our fossil data. The reconstruction was run with standard errors 

that were based on 1000 bootstrapping cycles. The z-scores, i.e. standardized residuals, 

were calculated with the R Basic package.  

To form a more detailed picture of the structure of the species assemblages, 

detrended correspondence analysis (DCA) (Hill & Gauch 1980) was also conducted with 

the R package vegan (Oksanen, J. et al. 2019) using testate amoebae data with rare taxa 

(with <5% abundance) removed.  

  

http://www.arcella.nl/
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3 Results 

3.1  Age-depth models 

The age-depth models show differences in peat accumulation rates over time (Figure 3). 

Based on the models, the two peat sections LOV1 and LOV3 have had rather similar 

developments, while LOV2 differs significantly from the other two. According to the age-

depth model, the basal age for LOV1 (at 50 cm) is 985 cal BP and 935 cal BP for LOV3 

(at 45 cm). The basal age of LOV2 is almost 3000 years older, i.e. 3860 cal BP at 47 cm 

depth.   

For LOV1, between 985 and 630 cal BP, the peat accumulation rate is ca. 0.28 

mm/y. After that the accumulation slows down to ca. 0.20 mm/y until AD 1780. Then the 

peat accumulation rate accelerates again and between AD 1810 and 1980 the rate ranges 

from 0.71 to 1 mm/y. From the AD 1980s, the accumulation rate increases significantly, 

and it has been around 10 mm or more per year for the last 10 years. Due to the very high 

accumulation rate over the last decade, the average accumulation rate for the whole peat 

section, 2.77 mm/y, is the highest of the three sections. 

In LOV2, peat accumulation rate is significantly lower throughout the collected 

peat section. Over the time period from 3860 cal BP to AD 1830, the average peat 

accumulation rate is 0.08 mm/y, with the lowest rate of 0.04 mm/y occurring between 

1895 and 980 cal BP.  After AD 1830 until 1980, the accumulation accelerates averaging 

0.60 mm/y.  From the AD 1980s to the present, accumulation has further increased 

ranging from 1.08 mm/y in the 1980s to 5.88 mm/y over the last few years. Out of the 

three sections, LOV2 has the lowest total average accumulation rate, i.e. 0.98 mm/y due 

to the very slow accumulation rates at the base of the peat section.  

For LOV3, the accumulation rate increases quite steadily from 935 cal BP to the 

AD 1880s, with an average accumulation rate of ca. 0.20 mm/y between 935 and 445 cal 

BP, 0.34 mm/y between 415 and 180 cal BP, and ca. 0.56 mm/y from AD 1790 to 1880. 

Between AD 1885 and 1910, the accumulation rate is higher, i.e. 1.43 mm/y on average, 

but subsequently slows down to 0.68 mm/y between AD 1930 and 1975. Similarly to the 

other two sections, the accumulation rate starts to significantly increase after the 1980s, 

ranging from 1.06 mm/y in AD 1985 to 3.57 mm/y over the last few years. Even though 

the accumulation rate increases in the top layers, it remains much lower than the very 

high rates detected for LOV1. Thus, the average accumulation rate 1.04 mm/y for the 

whole LOV3 section is much lower than that of LOV1.  
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Figure 3 Age-depth models for all three peat sections constructed with BACON. Horizontal blue lines refer 

to the uncertainty ranges in 14C dating, and light blue to uncertainty ranges in 210Pb dating. The grey 

shading shows different possibilities for the age-depth model. The darker the grey, the more likely the 
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calendar age is. The red line shows the closest fit calculated based on the weighted mean ages of each 

depth. (Blaauw & Christen 2013) 

 

3.2 Testate amoebae analysis 

3.2.1 Taxa assemblages 

For data interpretation, testate amoebae taxa were divided into three categories (Table 3) 

based on their WTD optimas reported in Amesbury at al. (2016), where the WTD 

optimum range of all taxa was ca. 0-30 cm. In this thesis, testate amoebae taxa with WTD 

optima <10 cm were included in the wet category, taxa with WTD optima in the range 

10-20 cm in the intermediate category, and taxa with WTD optima >20 cm in the dry 

category. Most of the species found in the Lovozero peat records were intermediate 

indicators with 10-15 cm WTD optimas.  

 

Table 3 Selected taxa identified at Lovozero divided into three categories. Wet includes taxa with WTD 

optima <10 cm, intermediate in the range 10-20 cm, and dry >20 cm. The taxa are ordered in each category 

from wetter to drier. As the taxa in the intermediate group was so numerous, it was further divided into two 

subgroups. 

 

 

In LOV1, a total of 31 testate amoebae taxa or types were identified. The most 

common types in this record were the intermediate indicators Difflugia pristis type 

(abundance range across all samples 0-48.0%) and Hyalosphenia elegans (0-55.8%), the 

drier indicators Trigonopyxis minuta type (0-38.0%), and Alabasta militaris (0-40.8%), 

as well as the wetter indicator Archerella flavum (0-53.0%). Testates were counted for 

the top 39 cm of the core, after which counting was stopped due to low concentrations of 

testate amoebae in the samples.  

There are several shifts in the species assemblages along the peat section, and the 

data was divided into four zones based on the cluster analysis (Figure 5). In zone 1, from 

Wet Dry

WTD  <10 cm 10 ≤ WTD < 15 cm 15 ≤ WTD ≤ 20 cm WTD > 20 cm

Amphitrema wrightianum Difflugia lucida type Euglypha tuberculata type Nebela tincta

Arcella discoides type Difflugia pristis type Euglypha strigosa type Alabasta militaris

Archerella flavum Pseudodifflugia fulva type Heleopera sylvatica Assulina muscorum

Placocista spinosa type Hyalosphenia papilio Euglypha rotunda type Bullinaria indica

Argynnia dentistoma type Cyclopyxis arcelloides type Assulina seminulum Corynthion - Trinema type

Physochila griseola  type Phryganella acropodia type Arcella catinus type Trigonopyxis arcula type

Hyalosphenia elegans Trigonopyxis minuta type

Difflugia pulex

Hyalosphenia minuta

Intermediate
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575-470 cal BP (39-37 cm), the wet indicator A. flavum is the most dominant (18-44%) 

with additions from the intermediate taxa D. pristis type (14-26%) and Difflugia pulex 

(22%). In zone 1, species diversity is low at <10 taxa identified (Figure 4). At the 

beginning of the zone two in 370 cal BP (35 cm), A. flavum disappears from the 

assemblages and there is a shift towards drier and intermediate indicators. Until the end 

of zone 2 in AD 1940 (19 cm), the intermediate indicator D. pristis type (16-48%) and 

the dry indicator T. minuta type (ca. 30%) are the most common taxa. Other common taxa 

in zone 2 are Difflugia lucida, Trigonopyxis arcula, Pseudodifflugia fulva, and Arcella 

catinus. Towards the year AD 1940 (19 cm), the abundance of D. pristis gradually 

decreases while the abundance of T. minuta and the species diversity increase.  

In zone 3, after AD 1940 until ca. AD 2007 (17-11 cm), the assemblage shifts 

towards drier habitat conditions. D. pristis is no longer found while T. minuta remains 

relatively abundant and A. militaris becomes the most common species (22-41%). In this 

time period, there is also a wide variety of amoebae taxa with e.g. A. catinus, Assulina 

muscroum, A. seminulum, Euglypha tuberculata, E. strigosa, Nebela tincta and 

Placocista spinosa present and 15-20 different taxa identified per peat sample.  

The zone 4 begins ca. AD 2011 (9 cm) with a shift where the driest indicators 

become rarer with e.g. A. militaris decreasing while the intermediate indicator 

Hyalosphenia elegans becomes the most common (27-56%). The top 3 cm of the core 

from years ca. AD 2017-2018 have a high abundance of the wet indicators A. flavum and 

P. spinosa and a lower diversity of taxa (9-12 identified per peat sample).  

 

 

Figure 4 The number of identified testate amoebae taxa at sample depths (cm) in the Lovozero peat sections. 
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In LOV2, 32 testate amoebae taxa or types were identified. The most common 

types were the intermediate indicators Difflugia pulex (0-57.0%), D. pristis type (0-

40.0%), D. lucida type (0-42.0%), P. fulva type (0-40.0%), and H. papilio (0-38.0%), the 

dry indicator A. militaris (0-42.6%), as well as the wetter indicator A. flavum (0-24.8%). 

The samples 21-23 cm were discarded from the analysis due to very high density of 

mineral material that severely inhibited counting, after which counting continued until 29 

cm depth. Due to the missing data, cluster analysis could not be conducted on this peat 

section. 

Despite the missing data, some shifts in taxa assembalages are visible (Figure 6). 

Between the time period from 1665 to 795 cal BP (29-25 cm), the intermediate indicator 

types D. pristis, D. lucida, and P. fulva are the most common, each taxon with > 20% 

abundance. In addition, D. pulex, Physochila griseola type, and T. minuta are present in 

moderate concentrations. The taxa diversity is low with only 7 taxa identified (Figure 4). 

After this, there is the gap in testate amoebae data between 25 and 19 cm, which 

corresponds to a ca. 700-year period from 795 cal BP to AD 1850. Such a long time 

period in only a 6-cm section of peat combined with the high density of mineral grains in 

the peat samples suggests a hiatus or very slow peat accumulation rate possibly associated 

with landscape erosion or instability in the surroundings. According to the age-depth 

models, peat accumulation was the slowest of the whole core at 29-21 cm.  

After the data gap in AD 1850, similar TA assemblages are present than before 

the gap. However, the relative taxa abundances changed, as D. pristis is the most abundant 

(~ 40%), while the proportion of P. fulva has decreased significantly. In the AD 1880s 

(17 cm), D. pulex becomes very dominant with over 50% abundance, accompanied by 

moderate abundances of D. pristis, P. fulva and Phryganella acropodia type. Ca. AD 

1980, D. pulex decreases significantly, while A. militaris becomes the most abundant 

taxon (22-43%), with also some D. pristis, H. elegans, H. papilio, E. tuberculata, P. 

spinosa, and A. flavum present. The taxa diversity increases and remains high (11-19 

identified taxa per sample) for the top 17 cm of the peat section. 

Recently, since AD 2010, the taxa shift towards wetter indicators. The top 3 cm 

of the peat surface is dominated by A. flavum (16-25%) and H. papilio (32-38%). The 

taxa A. muscorum, H. elegans, H. minuta, and P. spinosa are also present with each taxon 

under 10% abundance.   
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In LOV3, 29 testate amoebae taxa or types were identified. In this peat section, 

the wet indicator A. flavum is by far the most common taxon, with up to 90.0% abundance 

in some samples and with its abundance averaging ca. 32% along the whole record. The 

more intermediate WTD indicator D. pulex also reaches 90% abundance once in the 

record but is overall less abundant than A. flavum with average abundance of ca. 19%.  H. 

elegans is also common with abundance across all samples in the range 0-44.6%, with A. 

militaris (0-32.7%), A. discoides type (0-32%), and P. fulva type (0-29.0%). Testates 

were counted until the depth of 39 cm, after which counting was stopped due to the low 

concentrations of testate amoebae.  

Based on the cluster analysis, LOV3 was also divided into four zones (Figure 7). 

Zone 1 from 630 cal BP to AD 1885 (39-19 cm) lasts ca. 500 years, and the abundance 

of A. flavum ranges from 24% to 90% remaining > 40% for most of this period. For the 

first ca. 300 years and for the last few decades of this period, the abundance of D. pulex 

is also high (20-50%). Between AD 1685 and 1830, the abundance of D. pulex is low, 

while the wet indicator A. discoides is more abundantly present, ca. 30% of the 

ammeblages. Other relatively common amoebae taxa over this period are A. catinus and 

P. fulva. In zone 1, the taxa diversity remains relatively low (≤10) due to the very high 

dominance of both A. flavum and D. pulex (Figure 4). 

Zone 2 between ca. AD 1900 and 1950 (17-13 cm) is dominated by D. pulex 

starting with 90% abundance and decreasing to 20% by the AD 1950s. In addition to D. 

pulex, A. militaris and P. fulva are also present, while, interestingly, the usually common 

A. flavum is absent. In zone 3 between ca. AD 1975 and 1990 (11-9 cm), D. pulex 

disappears while A. militaris becomes the most dominant taxon, accompanied by 

moderate amounts of A. flavum, A. muscorum, E. strigosa, H. papilio, and N. tincta. For 

the top 15 cm of the record, taxa diversity remains relatively high with 11-17 taxa 

identified per peat sample. 

The zone 4 is marked since AD 1998 to the present (top 7 cm), as A. militaris 

decreases and H. elegans becomes the most common with the average abundance of 43%, 

and A. flavum is also common averaging ~19% abundance. Moderately abundant taxa in 

this period are for example A. militaris, E. strigosa, N. tincta, and P. spinosa.  
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When comparing the Lovozero testate amoebae assemblages, in all three cores, 

similar taxa typical for ombrotrophic peatlands are generally present while their 

abundances vary. For example, D. pulex is present in high abundances in both LOV2 and 

LOV3 but in LOV1 only in small amounts. On the other hand, LOV1 has high abundance 

of the dry indicators Trigonopyxis spp., while their abundances are low in the other two 

records. Notably, the wettest taxa with WTD optima <5 cm were absent in Lovozero, 

except for Amphitrema wrightianum in one sample at the bottom of the LOV3 peat 

section. Curiously, all three records indicate a significant increase in the dry indicator A. 

militaris proportions since ca. AD 1950s but a subsequent decrease over the recent 

decade. Another similarity for the three records is that the taxa of the topmost samples is 

dominated by mixotrophic taxa with endosymbiotic algae such as the wet to intermediate 

indicators A. flavum, H. elegans, H. papilio, and P. spinosa that can feed on other 

organisms and also photosynthesize (Gomaa et al. 2014).  

 

3.2.2 The water table depth reconstruction 

The water table depth reconstructions based on the pan-European dataset and the local 

dataset from northern Sweden yielded very similar results (Figure 8). The local data set 

lacked three taxa identified at Lovozero, so the taxa had to be removed from the fossil 

data set in order to run the local reconstruction. The three removed taxa were Argynnia 

dentistoma, Heleopera rosea, and Heleopera sylvatica. However, all of these taxa were 

found in Lovozero only in a few samples and in low abundances (< 3%), so their removal 

did not notably impact the local reconstruction. The only point where the reconstructions 

slightly differed (Figure 8) is in the core LOV1 between AD 1940 and 1965 where the 

abundance of A. dentistoma is 2-3% and that of H. sylvatica is ca. 1%.   

There are some differences in the performance statistics of the two models. The 

local model has a higher coefficient of determination R2=0.632 but also a higher root 

mean square error RMSE=9.431, suggesting a higher proportion of the variance was 

accounted for but with larger errors in the local model than in the pan-European model 

(R2=0.585 and RMSE=7.725). As both of the models yielded similar reconstruction 

outcomes and z-scores, the interpretation of the shifts in water table depth will be the 

same regardless of the model used.  Further analysis of the directional shifts in the water 

table depth at Lovozero is based on the z-scores yielded from the pan-European training 
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set. Negative z-scores suggest wetter and positive z-scores suggest drier than average 

conditions. 
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In the LOV1 reconstruction, the WTD ranges between 6.67 – 28.05 cm ±7.8 cm 

(Figure 8). Between 575 and 470 cal BP, the z-score is negative indicating wetter than 

average habitat conditions (Figure 9). This reflects the high abundance of A. flavum in the 

samples. In 370 cal BP A. flavum disappears and dry indicators become abundant, 

consequently the WTD increases and the z-score turns positive suggesting a change to 

drier conditions. The dry conditions remain ca. 400 years, until AD 2016. Although this 

period includes changes in the taxonomic composition and diversity, the dominant taxa 

are dry indicators such as T. minuta and A. militaris. A change in the assemblages 

indicates a wet shift a few years prior to AD 2016 already in AD 2011 when A. militaris 

decreases and H. elegans becomes dominant. However, as A. militars still remains 

relatively abundant between AD 2011 and 2016, the habitat conditions seem to become 

wetter only around AD 2017-2018 when the abundances of A. flavum and P. spinosa 

increase and the z-score turns negative. 

 

Figure 9 The z-scores (multiplied by 10 for visibility) of the three Lovozero cores from the pan-European 

reconstruction. z<0 suggests wetter and z>0 drier than average conditions. 

 

The pan-European training set-based reconstruction for the LOV2 section 

estimates a WTD range of 10.5 – 20.3 cm ±7.8 cm. Between 1665 and 795 cal BP and 

after the data gap in AD 1850, the z-score is negative suggesting a wetter than average 

habitat (Figure 9). In these wetter periods the assemblages are dominated by intermediate 

indicators with WTD optimas of 10-15 cm. A dry shift occurs in ca. AD 1885 as D. pulex 
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becomes very dominant turning the z-score positive and increasing the reconstructed 

WTD. These dry conditions remain until ca. AD 2010 suggesting an over 100-year drier 

period. During this period, A. militairs replaces D. pulex as the dominant taxon. Like in 

LOV1, there is a recent wet shift, as the WTD decreases and z-score turns negative in ca. 

AD 2013 when the dominant taxa shift to A. flavum and H. papilio. 

In the LOV3 reconstruction, the WTD ranges between 3.8-21.2 cm ± 7.8 cm 

(Figure 8). From 630 cal BP to AD 1885, the z-score is negative suggesting a wet period 

that lasted over 500 years. The WTD increases and the z-score turns positive in AD 1900 

as A. flavum disappears and D. pulex becomes dominant. These drier conditions remain 

until AD 1998 indicating a 100-year dry period. The WTD starts to decrease and the z-

score shifts back to negative in ca. AD 2006 as A. militaris has decreased and H. elegans 

and A. flavum become dominant suggesting a shift to wetter conditions in the surface 

layers.  

 

3.2.3 Detrended correspondence analysis 

The detrended correspondence analysis (DCA) examines the associations between 

different taxa and arranges them on different axes of variability. The variables that drive 

the ordination along these axes are not known. However, as moisture is usually the 

strongest control of testate amoebae distributions (Tolonen et al. 1994; Charman 2001), 

it could be hypothesized that the axis 1 depicts the water table gradient. pH and nutrient 

status are two other common controls of testate amoebae distribution (Tolonen et al. 1994; 

Charman 2001), but as the taxa identified in the Lovozero cores are all common to 

ombrotrophic peatlands suggesting similar nutrient and pH status between the cores, these 

two variables may not be significant drivers in this case. Other variables that have been 

found to affect testate amoebae distributions are e.g. depth of the sample, dissolved 

organic carbon (DOC) content, and C:N ratio (Tolonen et al. 1994).  

The DCA of LOV1 shows the taxa found at similar depths grouped together 

(Figure 10). In the top right are the common mixotrophic species of the top peat layers 

(e.g. A. flavum), while the common species at 5-17 cm depths are in the bottom right. 

These groups are roughly at the same point along the hypothesized water table gradient 

(axis 1), even though some of the taxa are known to thrive in wet conditions, such as A. 

flavum and P. spinosa, as well as in intermediate to dry conditions, such as A. militaris, 

Assulina spp., and Euglypha spp.. At the same time, these groups lie roughly on the 
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opposite sides of the axis 2. Thus, the ordination of the taxa along axis 2 seems to better 

reflect the existing knowledge about the WTD optimas of these taxa, suggesting that axis 

2 may actually reflect the water table gradient.  

The distribution of taxa along axis 1 quite closely follows the division between 

idiosomic and xenosomic testate amoebae, with mainly idiosomic (e.g. Hyalosphenia 

spp., Euglypha spp., Assulina spp.)  and intermediate between idiosomic and xenosomic 

taxa (e.g A. militaris) on the right and xenosomic (Difflugia spp., Trigonopyxis spp.) on 

the left. In general, idiosomic shells do not preserve as well in peat as xenosomic shells 

(Charman 2001), which may partly explain why the idiosomic amoebae are mainly 

contentrated in the top 17 cm of the peat core while xenosomic taxa dominate the bottom 

20 cm. In addition, the dominance of the mixotrophic taxa in the surface layers could be 

connected to factors that benefit photosynthesis, such as the increased CO2 concentration 

in the atmosphere, which has been shown to increase photosynthesis and growth in plants 

and algae (Ainsworth & Rogers 2007; Singh & Singh 2014). Thus, as the mixotrophic 

taxa can utilize photosynthesis, it is possible that they also benefit from CO2 fertilization. 

However, this connection to increased CO2 is speculative, and there may be other factors 

that benefit mixotrophic taxa causing them to dominate the top layers of peat.   

 

 

Figure 10 LOV1 Detrended Correspondence Analysis (DCA) plot with the testate amoebae species marked 

as 3-3 letter abbreviations and samples by the sample depth (cm).  
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Also in the case of LOV2, axis 1 of the DCA (Figure 11) does not seem to depict 

the water table gradient, as wet, intermediate and dry taxa (e.g. P. spinosa, A. militaris) 

are very mixed along the axis. However, the ordination of the taxa does not seem to 

clearly follow moisture gradients along axis 2 either. Like in the LOV1, the distribution 

of taxa along axis 1 seems to some extent follow the division between idiosomic and 

xenosomic testate amoebae, with idiosomic taxa (e.g. Hyalosphenia spp., Assulina spp., 

A. flavum) on the far right and xenosomic (Difflugia spp., Trigonopyxis spp.) on the far 

left. The dominant mixotrophic taxa of this core (A. flavum, H. papilio) are also positioned 

at the right edge of axis 1, indicating that environmental factors benefiting mixotrophic 

taxa, such as atmospheric CO2 concentration, could possibly be one of the drivers on this 

axis similarly to LOV1. Along axis 2, only the taxa that were present in the highly 

decomposed or slowly accumulated peat section at 19-29 cm are on the negative side of 

the values. Thus, this axis may depict environmental variables related to slow production 

or high decomposition rates. However, as the taxa seem somewhat randomly positioned 

along the DCA axes, it is very difficult to determine the exact drivers.  

 

 

Figure 11 LOV2 Detrended Correspondence Analysis (DCA) plot with the testate amoebae species 

represented by 3-3 letter abbreviations and samples by the sample depth (cm). 
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Similarly to the other two peat sections, the ordination of taxa along axis 1 of the 

LOV3 DCA does not seem to follow the assumed water table gradient (Figure 12). Here, 

the water table gradient or moisture conditions could be the primary driver of the 

distribution along axis 2 with the wetter taxa on the negative side and the dry indicators 

on the positive side. However, not all taxa are consistent with this pattern, as the 

intermediate indicators Hyalosphenia spp. are lower on the axis than the wet indicators 

A. flavum and A. wrightianum. Along the axis 1, the ordination of taxa follows the division 

of idiosomic and xenosomic in some aspects, with e.g. Hyalosphenia spp., P. spinosa, 

and Euglypha spp. on the right, and D. pulex on the far left. However, many idiosomic 

and xenosomic taxa are also fairly mixed in the middle of the plot, suggesting that this 

factor may not be a dominant driver along the axis 1. The most dominant mixotrophic 

taxon of the surface layers in this core, H. elegans, is the furthest to the right along axis 

1, indicating that factors benefiting mixotrophy could be one driver behind the ordination 

along axis 1. However, the drivers behind the ordinations along the axes 1 and 2 remain 

unresolved. 

 

 

Figure 12 LOV3 Detrended correspondence analysis plot plot with the testate amoebae species represented 

by 3-3 letter abbreviations and samples by the sample depth (cm). 
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As the three Lovozero peat sections were collected close to each other from the same 

peatland complex, it could be hypothesized that the main drivers are the same for all the 

sites. To examine this, the data from all three cores were combined and the DCA analysis 

was run with a combined dataset. The taxa ordinations in the combined DCA plot (Figure 

13) are quite similar to the LOV1 DCA plot, with the common mixotrophic species of the 

top layers (e.g. A. flavum, H. papilio) in the top right, dry to intermediate and idiosomic 

taxa bottom right, and many xenosomic taxa on the left and in the center. Thus, the 

hypothesized drivers for LOV1 distributions, such as water table gradient and the 

preservation of idiosomic and xenosomic tests, as well as factors benefiting mixotrophic 

taxa are probably valid for all of the three cores. 

 

 

Figure 13 Detrended correspondence analysis plot with the data stacked from all three cores. Testate 

amoebae taxa are represented by 3-3 letter abbreviations and peat samples by sample depth (cm). 
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3.3 Carbon accumulation and plant macrofossils 

The carbon accumulation measurements (Figure 14) and the plant macrofossil analyses 

(Figures 15, 16, 17) were conducted by other members of the research team. The results 

are only presented here as graphs to enable comparison of the peat accumulation patterns 

and testate amoebae data in the discussion. 

 

 

Figure 14 The apparent carbon accumulation rates (ACAR g C/m2/y) of the Lovozero cores.  
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4 Discussion 

4.1 Peat and carbon accumulation 

Overall, the mean peat accumulation rates of the Lovozero sites (0.98-2.77 mm/y) are 

higher than those found in other sites in northern Sweden, Finland and Russia (0.14 – 

0.67 mm/y) (Gałka et al. 2017; Sannel 2018; Zhang et al. 2018a). The recent rates of 

accumulation are comparable to the high peat and carbon accumulation rates found in 

northwestern Canada, where peat accumulation ranged between 1.6-5.4 mm/y in the last 

200 years (Piilo et al. 2019).  

All three Lovozero sites have had varying peat and carbon accumulation patterns 

during the past climatic shifts. In LOV1, peat and carbon accumulation rates were 

relatively high during the warm MCA, while in LOV2 and LOV3 both peat and carbon 

accumulation rates remained low (see Figure 14). Low accumulation rates during the 

MCA have been common in other nearby sites in northern Fennoscandia (Table 4) (Gałka 

et al. 2017; Sannel 2018; Zhang et al. 2018a). The lowest carbon accumulation rates 

occurred during the cold LIA for LOV1 (< 10 g C/m2/y) and especially so for LOV2 (< 3 

g C/m2/y). These low accumulation rates could have been connected to low primary 

production in the colder climate. In addition, the high number of mineral grains in the 

LOV2 record could have been influenced by a drier climate as well as erosion in the 

surrounding landscape. However, in LOV3, accumulation rates increased throughout 

LIA. Notably, LOV3 had higher moisture during LIA, which may have contributed to the 

increasing carbon accumulation. Both low and increasing accumulation rates have been 

observed during the LIA in the nearby sites in northern Fennoscandia (Table 4) (Gałka et 

al. 2017; Sannel 2018; Zhang et al. 2018a). 

There is a pattern of accelerating peat and carbon accumulation rates towards the 

top layers of peat in all the Lovozero sites and this pattern has been widely observed in 

the circumpolar north (Gałka et al. 2017; Sannel 2018; Zhang et al. 2018a; Piilo et al. 

2019). Peat and carbon accumulation rates start to increase in all of the Lovozero sites 

during the 1800s, with significant acceleration since ca. 1950s. It is normal for surface 

layers to have higher apparent accumulation rates due to the incomplete decomposition 

of the peat material (Yu et al. 2009). However, Zhang et al. (2018a) attempted to control 

for the incomplete decomposition of the surface layers by applying different models for 

young and old peat sections, but still observed increased accumulation rates for the recent 

decades. As the acceleration in the accumulation rates coincides with the recent 
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temperature increase and is visible in most of the peatlands in this area, it can be suggested 

that at least partly the increase in carbon accumulation rate is attributed to the climate.  

 

Table 4 The trends in apparent carbon accumulation during different climatic phases (Medieval Climate 

Anomaly, Little Ice Age, Recent Warming) at the Lovozero sites and nearby sites from Abisko (Gałka et al. 

2017) and Tavvavuoma (Sannel 2018) in northern Sweden as well as from Kevo and Kilpisjärvi in northern 

Finland (Zhang et al. 2018a). 

 

 

The high carbon accumulation rates of the top layers may also be connected to the 

testate amoebae assemblages. All three Lovozero sites had high abundances of 

mixotrophic testate amoebae in the top few centimeters. Mixotrophic taxa can influence 

carbon dynamics in peatlands, as they both sequester carbon through photosynthesis and 

can slow decomposition due to them predating on decomposers (Jassey et al. 2015). Thus, 

mixotrophic taxa could be one factor explaining the high accumulation rates in the top 

layers. In LOV1, recent accumulation has been especially rapid, as the top ca. 9 cm of 

peat has accumulated in about 8 years during 2011-2018 and the carbon accumulation 

rate reaches over 500 g C/m2/y in 2017-2018, suggesting high primary production. 

However, experimental results suggest that mixotrophic taxa are less tolerant to an 

increase in temperatures than other testate amoebae taxa (Jassey et al. 2015). This effect 

was not visible yet in the Lovozero sites, but it is possible that the mixotrophic taxa will 

be negatively affected as climate change progresses in the future.  

 

4.2 Hydrology 

4.2.1 Comparison of plant macrofossils and testate amoebae 

Most of the hydrological shifts indicated by testate amoebae communities are also visible 

in the plant macrofossil assemblages. In LOV1 the wetness during 575-470 cal BP is 

visible in both proxies, as high abundance of the wet indicator Sphagnum balticum and 

the family Cyperaceae dominated the plant assemblages (see Figure 15) and A. flavum 

was dominant in the testate amoebae assemblages. In addition, the subsequent dry shift 

around 370 cal BP is also shown in both proxy records, as the dry indicator S. fuscum 

became dominant and the abundance of dwarf shrubs also increased at the same time 

Site LOV1 LOV2 LOV3 Abisko 1 Abisko 2 Tavvavuoma Kevo Kilpisjärvi

MCA High Low Low Decreasing Low Low/hiatus Low Low

LIA Low Low/ Hiatus Increasing High Low /increasing Low/hiatus Low Increasing

RW High High High - High High High High

Climatic 

phase

Kola peninsula Northern Sweden Northern Finland
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when the drier indicators D. pristis and T. minuta became abundant in the amoebae 

communities. Similarly to the testate amoebae assemblages, the dry conditions persisted 

for several hundred years also in the vegetation composition.  

 In LOV2, the identification of plant macrofossils was somewhat inhibited in the 

highly decomposed peat, which was reflected in the high portion of unidentified organic 

matter (UOM) in the samples in 1665 cal BP – AD 1920 (see Figure 16). The oldest peat 

from ca. 1665 cal BP to AD 1850 was dominated by the dry Sphagnum section Acutifolia, 

but wetter indicators Cyperaceae and Sphagnum from the section Cuspidata were also 

relatively abundant suggesting moderate moisture conditions. This corresponds to the 

testate amoebae assemblages relatively well, since even though the z-score here was 

negative indicating wetter than average conditions, the taxa included only intermediate 

indicators and no wet indicator taxa were present. The testate amoebae data suggest a dry 

shift in AD 1880 with the increase of D. pulex, but the plant assemblages were difficult 

to identify from this period due to the high humification. However, the increase of 

Polytrichum sp. and S. fuscum in the AD 1950s when A. militaris increases in the testate 

assemblages show the shift to drier conditions in plant assemblages, although occurring 

slightly later. 

 In LOV3, the plant macrofossils also show the over 500-year wet period from 630 

cal BP to AD 1880s, when the site was dominated by Sphagnum from the wet section 

Cuspidata, with e.g. S. jensenii, S. balticum and S. lindbergii in the assemblages while the 

wet indicator A. flavum dominated the testate amoebae assemblages. However, similarly 

to the case of LOV2, the timing of the subsequent dry shift slightly differs between the 

two proxies. As testate amoebae data show a dry shift in ca. AD 1900 due to high 

abundance of D. pulex, in plant assemblages this is visible only after ca. AD 1950 when 

the proportions of S. fuscum and dwarf shrubs increase and A. militaris becomes abundant 

in testate assemblages. The similar patterns in LOV2 and LOV3 with high abundance of 

D. pulex prior to a dry shift indicated by plant assemblages could suggest D. pulex to be 

somewhat of a “transition” taxon, and it has been suggested that D. pulex could be an 

indicator of fluctuating water table levels (Loisel & Garneau 2010). In any case, both 

proxies of LOV3 and LOV2 show a dry shift somewhere between AD 1900-1950.  

 The recent wet shift visible in testate amoebae in LOV3 since ca. AD 2006 and in 

LOV1 and LOV2 in the last few years is not visible in the plant assemblages of any of 

the Lovozero sites. Instead, the plant composition remains very much dominated by S. 
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fuscum up to the top layers. This may be due to the slower response times of plant 

assemblages to shifts in moisture conditions (Väliranta et al. 2012). In addition, S. fuscum 

may be quite resistant to fluctuations in moisture, and vegetation can remain dominated 

by S. fuscum through varying shifts in water table levels (Hughes et al. 2006). 

Furthermore, as the DCA shows, it is also possible that the increase in the mixotrophic 

taxa of the surface layers is partly caused by other factors that benefit their ability to 

photosynthesize, and the shift in moisture conditions may not be as significant as the 

WTD optimas of the testate amoebae taxa might suggest. Even the two wettest 

mixotrophic taxa found in Lovozero, A. flavum and P. spinosa, can tolerate water table 

levels up to 15 cm depth, although the exact value of the tolerance range is somewhat 

uncertain (Amesbury et al. 2016). Nevertheless, the significant decrease of the dry 

indicator A. militaris in the surface layers suggests at least some shift towards higher 

moisture conditions, but the shift may not have been enough to trigger change in the 

vegetation composition. 

 

4.2.2 Hypotheses 

In my first hypothesis, past shifts in climate have resulted in changes in Lovozero peatland 

moisture conditions. However, the moisture conditions of the Lovozero sites do not show 

consistent responses to previous climatic shifts. LOV1 had wetter conditons during the 

early part of the Little Ice Age, but a dry shift occurred ca. AD 1470 and the site remained 

dry for the rest of the cold period. On the contrary, the site LOV3 remained wet for the 

whole of LIA. During the LIA, both dry and wet shifts have also occurred in other nearby 

locations in Fennoscandia (Gałka et al. 2017; Zhang et al. 2018b) and in the unpublished 

testate amoebae data by Ahonen (2019) from Northern Sweden (Table 5). The drier 

conditions may have been caused by permafrost aggradation during the colder climate, 

while the wetter conditions or periodical wet shifts could have been influenced by the 

wetter climate in Scandinavia during the LIA (Linderholm et al. 2018). Thus, despite the 

differing moisture conditions in the Lovozero peatlands during the LIA, both wet and dry 

shifts could have been influenced by climatic factors in line with the first hypothesis. 

However, since these peatland sections are located in such close proximity, they could be 

expected to respond to similar climatic drivers. As the sites still exhibited opposite 

moisture conditions, autogenic influence may have been a significant factor contributing 

to the moisture shifts.  
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For LOV2, the gap in testate amoebae data covers most of the LIA. The testate 

data from ca. AD 1850 at the end of LIA, shows slightly wetter than average conditions. 

However, the somewhat limited plant plant macrofossil analysis shows a mixture of dry 

and wet taxa suggesting intermediate moisture conditions for this period as well as the 

warmer period MCA. There also is no major change in the vegetation composition 

between these two periods. Mainly dry conditions have been reported for the warm MCA 

period for northern Fennoscandian peatlands, but some sites had wet interruptions (Gałka 

et al. 2017; Zhang et al. 2018b; Ahonen 2019). As there are such differing results from 

nearby peatlands and no notable change occurred between MCA and LIA in the LOV2 

vegetation, autogenic influence may have impacted moisture conditions more than 

climate in LOV2 as well.  

 

Table 5 Average hydrological conditions during climatic phases (Medieval Climate Anomaly, Little Ice 

Age, Recent Warming since ca. AD 1900s) at Lovozero and nearby peatland sites in northern Sweden 

(Abisko 1 & 2 by Gałka et al. (2017), unpublished data from Abisko 3 and Tavvavuoma 1 & 2 by Ahonen 

(2019)) and northern Finland (Kevo & Kilpisjärvi by Zhang et al. (2018b)). 

 

  

 According to my second hypothesis, moisture shifts are reflected as changes in 

the testate amobae communities. As most of the hydrological shifts indicated by the plant 

macrofossil assemblages are also visible in the testate amoebae communities, the testate 

amoebae assemblages seem to mostly follow moisture shifts in line with the hypothesis 

2.  However, as the DCA shows, the ordination of testate amoebae taxa does not always 

consistently reflect the moisture gradient suggesting that other drivers in addition to 

moisture, such as the preservation of tests or factors impacting mixotrophic taxa, may 

have also affected the fossil testate amoebae assemblages.  

In my third hypothesis, recent warming since the 1980’s has resulted in surface 

drying. The hydrological patterns since the AD 1900s are similar between the Lovozero 

peatlands, suggesting a stronger climatic influence. All three sampling sites indicate a 

drying trend during the latest century similarly to many peatlands around the circumpolar 

Site LOV1 LOV2 LOV3 Abisko 1 Abisko 2 Abisko 3 Tavva 1 Tavva 2 Kevo Kilpisjärvi

MCA -
Intermedi

ate?
- Dry Dry - Wet Dry Dry Wet (fen)

LIA Dry
Intermedi

ate?
Wet

Wet with 

brief dry 

shift

Dry Wet Dry Wet Dry Dry

RW Drying Drying Drying Drying

Dry & very 

recent wet 

shift

Dry & very 

recent wet 

shift

Dry & very 

recent wet 

shift

Climatic 

phase
Dry & very 

recent wet 

shift

Dry & very 

recent wet 

shift

Kola peninsula

Dry & very 

recent wet 

shift

Northern FinlandNorthern Sweden
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north (Lamarre et al. 2012; Gałka et al. 2017; Swindles et al. 2015c; Zhang et al. 2018b; 

Swindles et al. 2019). In LOV1, the dryness is a continuation from the LIA, while in 

LOV2 and LOV3 the dry shifts occured later in ca. 1900s. Markedly around the AD 1950s 

in all three sites, the dry indicators A. militaris and S. fuscum increased suggesting 

continued drying following my hypothesis 3, but three decades earlier than was estimated. 

The increase in dryness could be due to the rise in temperatures causing increased 

evapotranspiration, which has also been observed in other drying peatland sites (Zhang 

et al. 2018b).  

However, contrary to the results from many other sites and to hypothesis 3, all 

three Lovozero sites also had a wet shift in the last decade based on the change in testate 

amoebae communities.  In Abisko, Sweden, two peatlands have also had abrupt wet shifts 

after a drying trend due to permafrost thaw, but there the wet shifts occurred earlier than 

in Lovozero before the 2000s (Swindles et al. 2015c). In addition, similar changes in 

testate amoebae communities towards wetter indicators have also been observed in the 

surface samples of the unpublished data from northern Sweden (Ahonen 2019). Thus, it 

is possible that permafrost thaw dynamics are beginning to show in Lovozero and in 

nearby peatlands in Sweden. The warming may have crossed a threshold where 

permafrost thaw and release of melting waters exceed the impact of increased 

evapotranspiration leading to wetter conditions (Swindles et al. 2015c; Zhang 2018).  

 

4.3 The future of the northern peatland carbon sink 

There are varying estimations of how the future northern peatland carbon sink will 

develop, and these estimates are complicated by the many interacting factors that 

influence peatland carbon dynamics. Anthropogenic climate change could enhance 

primary production more than it increases decomposition, thus increasing the 

sequestration of carbon in northern peatlands (Frolking & Roulet 2007; Charman et al. 

2013; Gallego-sala et al. 2018). Permafrost thaw may also increase primary production 

enough to compensate for the increased carbon release (Lamarre et al. 2012; Swindles et 

al. 2015c).  

However, some estimations suggest the increase in primary production may not be 

enough to compensate for the increase in emitted carbon (Ise et al. 2008; Schuur et al. 

2008; Dorrepaal et al. 2009; Koven et al. 2011; Schuur et al. 2015). In particular, the 

underestimation of future carbon release from the deeper peat layers and permafrost thaw 
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may have yielded too optimistic predictions (Ise et al. 2008; Schuur et al. 2008; Dorrepaal 

et al. 2009; Koven et al. 2011; Schuur et al. 2015). 

In Lovozero, despite the proximity of the studied peatlands, the sites have had 

varying developments during past climatic shifts suggesting that autogenic factors and 

local variability may have had a significant role in their moisture and carbon accumulation 

dynamics. However, as the recent trends show more consistency, the Lovozero sites seem 

to be responding to a common driver, presumably anthropogenic climate change. Peat 

and carbon accumulation appear to have increased during the recent decades. In addition, 

despite the longer drying trend over the last century, the testate amoebae indicate a sudden 

shift towards wetter conditions in the last decade, suggesting that permafrost melting may 

be at a threshold where the increased thaw waters exceed the drying effects of increased 

evapotranspiration (Swindles et al. 2015c).  

If this development should continue, the Lovozero peatlands could become even 

stronger carbon sinks due to higher primary production and carbon sequestration (Zhang 

2018). If the moisture content would significantly increase, it could slow down 

decomposition but also increase CH4 emissions (Zhang 2018). However, as the vegetation 

composition has not yet shifted towards wetter taxa, it is uncertain whether the wetting 

will continue and eventually lead to a significant change in the peatland ecosystem. It is 

possible that the increased moisture is only short-lasting or not strong enough to cause 

shifts in the vegetation composition. If the Lovozero peatlands continued to dry, 

decomposition could increase and the dryness could also become a limiting factor for 

primary production hindering the carbon sink function of the ecosystem (Zhang 2018). In 

all of these scenarios, permafrost thaw could also lead to higher than expected carbon 

release from deeper peat layers (Schuur et al. 2015).  

The effect of increased mixotrophic testate amoebae on the future carbon sink 

function of the Lovozero peatlands is uncertain. As stated, mixotrophic taxa can increase 

carbon accumulation by photosynthesis and through predating on decomposers (Jassey et 

al. 2015). However, their poor tolerance of increased temperatures in experimental 

settings suggests that climate change could reduce their abundance (Jassey et al. 2015). 

More research is needed to determine how the combination of increased temperatures and 

CO2 concentration in the atmosphere affect these taxa. In addition, further studies would 

form a clearer picture on how important these taxa are on peatland carbon dynamics.  

More research is also needed to determine whether the recent trend of increased 
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mixotrophic taxa in the surface layers of peatlands is a widespread trend in the northern 

peatlands or just a local phenomenon.  

 

4.4 Possible sources of error 

One of the major possible error sources relates to the testate amoebae analysis. Some 

previous reconstruction studies have revealed issues related to identification of fossil 

tests. The identification of taxa from fossil samples can be challenging due to various 

reasons, such as the wide variety in test morphology even within the same taxon, and 

problems in identifying critical features with light microscopy (Charman 1999). Thus, 

exact identification may sometimes fail. This combined with my inexperience with testate 

amoebae identification at the beginning of my analysis may have affected the results. 

However, I had important support for my identifications from my second supervisor M. 

Amesbury, who is an expert in fossil testate amoeba analyses. Big uncertainties relate to 

the lower parts of the peat columns where tests were poorly preserved, i.e. broken or 

otherwise disfigured, and the peat was overall more humified, hindering optic quality. 

This problem was especially pressing in LOV2 where test identification was very 

challenging after 15 cm depth.  

There may also be differences in test preservation between taxa, but some evidence 

suggests that this does not have a significant impact on reconstruction outcomes 

(Charman 1999; Mitchell, Payne & Lamentowicz 2008). Based on the ordination of the 

taxa in the DCA results, xenosomic taxa dominated the deeper peat sections with few 

idiosomic taxa present. Thus, the results may be biased towards xenosomic taxa in the 

deeper peat samples. Again, especially the lower half of the LOV2 core was significantly 

older than the other two sites increasing the possibility that idiosomic taxa have 

decomposed.   

The reliability of the transfer function results depends on the reliability of the testate 

amoebae analysis as well as the quality of the available modern training set. As Amesbury 

et al. (2016) tested their model, it yielded similar performance values as many other 

commonly used models. However, issues can arise if moisture is not the strongest driver 

of testate amoebae taxa composition. The DCA here suggested that many other factors 

may have been strong drivers of the assemblages in addition to moisture gradient, which 

could affect the realiability of the reconstruction. However, as most of the moisture shifts 
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were also shown in the plant macrofossil analysis, the transfer function results can be 

assumed fairly reliable. 

The study is also limited due to only analyzing one peat core from each peat section. 

As results from many studies have shown, even adjacent peat samples can have very 

varying developments (see e.g. Mathijssen et al. 2014; Zhang et al. 2018a; Piilo et al. 

2019). Thus, one peat core may not be representative of the peatland as a whole. To be 

able to more reliably differentiate autogenic influence from allogenic, multiple samples 

are needed. However, master’s level thesis constraints the quantity of the analyses, but as 

this thesis is a part of a larger research project, additional peat sections will be analyzed 

in the project to obtain more reliable results.  

There are also uncertainties related to the age-depth analysis. Despite all precautions, 

when the samples are collected and analyzed, peat can be contaminated with modern 

carbon affecting the 14C dating. In addition, the sample ages are always an estimation 

based on the weighted mean ages (Blaauw & Christen 2013). As the error ranges in 

especially the 14C ages are large, uncertainties remain. However, as there were no visible 

inconsistencies in the data, such as a deeper peat sample being more modern than a sample 

higher up in the core, the age depth model seems fairly reliable. Moreoever, in contrast 

to many other studies, two different dating methods were applied in parallel, which lends 

support for robust chronologies.  

 

5 Conclusions 

Studies from northern peatlands have shown that peatland carbon dynamics and 

hydrology have responded in various ways to past climatic shifts. In addition, carbon 

dynamics and hydrology have sometimes been more driven by autogenic factors instead 

of climate. The past developments of Lovozero peatland hydrology and peat 

accumulation showed no consistent response to past climatic shifts. While LOV1 was dry 

with slowed peat and carbon accumulation during the LIA, LOV3 experienced wetter 

conditions with increasing accumulation rates. In LOV2, peat accumulation was 

extremely slow, while moisture conditions seem to have remained more intermediate. As 

the studied peatlands are closely located, these different trends suggest that the hydrology 

and carbon accumulation dynamics of the Lovozero peatlands have been affected by 

autogenous factors in addition to climate.  
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The northern peatland response to the anthropogenic climate change seems more 

consistent with widespread drying and increased carbon accumulation. The Lovozero 

sites have also had a drying trend and accelerating peat accumulation in the last century. 

However, contrary to most other previously studied peatlands, a recent wet shift over the 

last decade was identified at the Lovozero peatlands based on the testate amoebae 

composition. As this shift is not yet reflected in the vegetation composition, it is uncertain 

whether the wetting will be significant enough to trigger a more comprehensive change 

in the ecosystem. However, the increased moisture can be an indication that Lovozero 

peatlands have reached a treshold in permafrost thaw were the thawing  and associated 

wetting exceeds the drying effects of evapotranspiration. But, the future development of 

the Lovozero peatland hydrology and carbon sink remains uncertain.  

Another interesting observation at Lovozero is that the wetter testate amoebae 

taxa dominating the surface layers are mixotrophic. Their dominance could be partly 

connected to factors that stimulate photosynthesis, such as increased atmospheric CO2 

concentration. Their increased abundance may also have contributed to the increased 

carbon accumulation of the surface layers. More research is needed of the effects of 

mixotrophic testate amoebae on peatland carbon dynamics as well as their response to 

climatic shifts. In addition, further research will show whether this dominance of 

mixotrophs occurs around the circumpolar north or whether it is spatially more restricted. 

 To conclude, the inconsistency of past trends identified at Lovozero peatlands is 

similar to previous research. The recent wetting trend has not yet been widely observed 

at other sites, which indicates that the responses of peatlands to the anthropogenic climate 

change may not be uniform. The varying responses of peatlands to climatic shifts 

complicates the estimation of their future as anthropogenic climate change progresses. 

More research is needed to increase our understanding on climate-peatland interactions.  

  



 

48 

 

 

6 Acknowledgements 

I want to thank both of my supervisors: Dr. Minna Väliranta for support and help with 

the literature and structure of the thesis, and Dr. Matthew Amesbury for help with the 

testate amoebae analysis, methodology, and data interpretation. In addition, a big thank 

you to Sanna Piilo for the plant macrofossil analysis and help with the age depth analysis. 

I also want to thank all members of the research project for the field work, dating of the 

peat samples, and other laboratory work. The research team also warmly acknowledges 

help from Dr. Natalia Koroleva who arranged the field work expedition to Kola Peninsula.  



 

49 

 

 

 

References 

Ahonen, V. (2019). Hydrological changes during the last millennium in three subarctic 

permafrost peatlands and their link to climate shifts (Unpublished master’s thesis). 

Helsingin yliopisto.  

Ainsworth, E. A. & Rogers, A. (2007). The response of photosynthesis and stomatal 

conductance to rising [CO2]: mechanisms and environmental interactions. Plant, 

cell & environment, 30(3), 258-270. https://doi.org/10.1111/j.1365-

3040.2007.01641.x  

Alexandrov, G. A., Brovkin, V., Kleinen, T., & Yu, Z. (2020). The capacity of northern 

peatlands for long-term carbon sequestration. Biogeosciences, 17, 47-54. 

https://doi.org/10.5194/bg-17-47-2020  

AMAP (2017). Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017. Arctic 

Monitoring and Assessment Programme (AMAP), Oslo, Norway. pp. xiv + 269. 

Amesbury M.J., Swindles, G.T., Bobrov, A., Charman, D.J., Holden, J., Lamentowicz, 

M., Mallon, G., Mazei, Y., Mitchell, E.A.D., Payne, R.J., Roland, T.P., Turner, 

T.E., & Warner, B.G. (2016). Development of a new pan-European testate amoeba 

transfer function for reconstructing peatland palaeohydrology. Quaternary Science 

Reviews, 152, 132-151. https://doi.org/10.1016/j.quascirev.2016.09.024 

Appleby, P. G., & Oldfield, F. (1978). The calculation of lead-210 dates assuming a 

constant rate of supply of unsupported 210Pb to the sediment. Catena, 5(1), 1-8. 

https://doi.org/10.1016/S0341-8162(78)80002-2 

Belyea, L. R., & Malmer, N. (2004). Carbon sequestration in peatland: patterns and 

mechanisms of response to climate change. Global Change Biology, 10(7), 1043-

1052. https://doi.org/10.1111/j.1529-8817.2003.00783.x 

 Birks, H. J. B., Braak, C. T., Line, J. M., Juggins, S., & Stevenson, A. C. (1990). 

Diatoms and pH reconstruction. Philosophical transactions of the royal society of 

London. B, Biological Sciences, 327(1240), 263-278. 

https://doi.org/10.1098/rstb.1990.0062 

Blaauw, M. & Christen, J.A. (2011). Flexible paleoclimate age-depth models using an 

autoregressive gamma process. Bayesian analysis, 6(3), 457-474. 

https://doi.org/10.1214/11-BA618  

Blaauw, M. & Christen, J.A. (2013). Bacon Manual - v2. 2. Retrieved from: 

http://www.chrono.qub.ac.uk/blaauw/manualBacon_2.2.pdf  

Booth, R. K., & Sullivan, M. (2007). Key of testate amoebae inhabiting Sphagnum-

dominated peatlands with an emphasis on taxa preserved in Holocene sediments. 

Lehigh University, Bethlehem. 

Booth, R. K. (2008). Testate amoebae as proxies for mean annual water‐table depth in 

Sphagnum‐dominated peatlands of North America. Journal of Quaternary Science: 

Published for the Quaternary Research Association, 23(1), 43-57. 

https://doi.org/10.1002/jqs.1114 

Booth, R. K., Lamentowicz, M., & Charman, D. J. (2010). Preparation and analysis of 

testate amoebae in peatland palaeoenvironmental studies. Mires & Peat, 7. 

Borge, A. F., Westermann, S., Solheim, I., & Etzelmüller, B. (2017). Strong degradation 

of palsas and peat plateaus in northern Norway during the last 60 years. The 

Cryosphere, 11(1), 1-16. http://dx.doi.org/10.5194/tc-11-1-2017 

Camill, P., Lynch, J. A., Clark, J. S., Adams, J. B., & Jordan, B. (2001). Changes in 

biomass, aboveground net primary production, and peat accumulation following 

https://doi.org/10.1111/j.1365-3040.2007.01641.x
https://doi.org/10.1111/j.1365-3040.2007.01641.x
https://doi.org/10.5194/bg-17-47-2020
https://doi.org/10.1016/j.quascirev.2016.09.024
https://doi.org/10.1016/S0341-8162(78)80002-2
https://doi.org/10.1111/j.1529-8817.2003.00783.x
https://doi.org/10.1098/rstb.1990.0062
https://doi.org/10.1214/11-BA618
http://www.chrono.qub.ac.uk/blaauw/manualBacon_2.2.pdf
https://doi.org/10.1002/jqs.1114
http://dx.doi.org/10.5194/tc-11-1-2017


 

50 

 

 

permafrost thaw in the boreal peatlands of Manitoba, Canada. Ecosystems, 4(5), 

461-478. https://doi.org/10.1007/s10021-001-0022-3 

Charman, D. J. (1999). Testate amoebae and the fossil record: issues in biodiversity. 

Journal of Biogeography, 26(1), 89-96. https://doi.org/10.1046/j.1365-

2699.1999.00286.x 

Charman, D. J., Hendon, D., Woodland, W. A., & Quaternary Research Association. 

(2000). The identification of testate amoebae (Protozoa: Rhizopoda) in peats. 

Quaternary Research Association. 

 Charman, D. J. (2001). Biostratigraphic and palaeoenvironmental applications of 

testate amoebae. Quaternary Science Reviews, 20(16-17), 1753-1764. 

https://doi.org/10.1016/S0277-3791(01)00036-1 

Charman, D. J., Blundell, A., Chiverrell, R. C., Hendon, D., & Langdon, P. G. (2006). 

Compilation of non-annually resolved Holocene proxy climate records: stacked 

Holocene peatland palaeo-water table reconstructions from northern Britain. 

Quaternary Science Reviews, 25(3-4), 336-350. 

https://doi.org/10.1016/j.quascirev.2005.05.005 

Charman, D. J., Blundell, A., & ACCROTELM members. (2007). A new European 

testate amoebae transfer function for palaeohydrological reconstruction on 

ombrotrophic peatlands. Journal of Quaternary Science, 22(3), 209-221. 

https://doi.org/10.1002/jqs.1026  

Charman, D.J., Beilman, D.W., Blaauw, M., Booth, R. K., Brewer, S., Chambers, F. M., 

Christen, J.A., Gallego-Sala, A., Harrison, S.P., Hughes, P.D.M., Jackson, S. T., 

Korhola, A., Mauquoy, D., Mitchell, F.J.G., Prentice, I.C., van der Linden, M., De 

Vleeschouwer, F., Yu, Z.C., Alm, J., … & Zhao, Y.(2013). Climate-related 

changes in peatland carbon accumulation during the last millennium. 

Biogeosciences, 10(2), 929-944. https://doi.org/10.5194/bg-10-929-2013  

Christensen, T. R., Johansson, T., Åkerman, H. J., Mastepanov, M., Malmer, N., 

Friborg, T., Crill, P. & Svensson, B. H. (2004). Thawing sub‐arctic permafrost: 

Effects on vegetation and methane emissions. Geophysical research letters, 31(4). 

https://doi.org/10.1029/2003GL018680 

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., 

DeFries, R., Galloway, J., Heimann, M., Jones, C., Le Quéré, C., Myneni, R.B., 

Piao, S., & Thornton, P. (2013). Carbon and other biogeochemical cycles: 

Supplementary material. In Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. 

Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (Eds.): Climate 

change 2013: The physical science basis. Contribution of Working Group I to the 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge University Press, 465-570.  

Clymo, R.S. 1984, The limits to peat bog growth. Philosophical Transactions of the 

Royal Society of London. B, Biological Sciences, 303(1117), 605-654. 

https://doi.org/10.1098/rstb.1984.0002 

Collins, M., Knutti, R., Arblaster, J., Dufresne, J., Fichefet, T., Friedlingstein, P., Gao, 

X., Gutowski, W.J., Johns, T., Krinner, G., Shongwe, M., Tebaldi, C., Weaver, 

A.J., Wehner, M.F., Allen, M.R., Andrews, T., Beyerle, U., Bitz, C.M., Bony, S., & 

Booth, B.B.B. (2013). Long-term climate change: projections, commitments and 

irreversibility. In T. F. Stocker, D. Qin, G-K. Plattner, M. M. B. Tignor, S. K. 

Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, ... P. M. Midgley (Eds.), Climate 

Change 2013: The Physical Science Basis. Contribution of Working Group I to the 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge University Press, 1029-1136. 

https://doi.org/10.1007/s10021-001-0022-3
https://doi.org/10.1046/j.1365-2699.1999.00286.x
https://doi.org/10.1046/j.1365-2699.1999.00286.x
https://doi.org/10.1016/S0277-3791(01)00036-1
https://doi.org/10.1016/j.quascirev.2005.05.005
https://doi.org/10.1002/jqs.1026
https://doi.org/10.5194/bg-10-929-2013
https://doi.org/10.1029/2003GL018680
https://doi.org/10.1098/rstb.1984.0002


 

51 

 

 

Dorrepaal, E., Toet, S., van Logtestijn, R. S., Swart, E., van de Weg, M. J., Callaghan, 

T. V., & Aerts, R. (2009). Carbon respiration from subsurface peat accelerated by 

climate warming in the subarctic. Nature, 460(7255), 616. 

https://doi.org/10.1038/nature08216  

Elina, G. A., Lukashov, A. D., & Yurkovskaya, T. K. (2010). Late Glacial and 

Holocene palaeovegetation and palaeogeography of Eastern Fennoscandia. 

Finnish Environment Institute. 

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., 

Haywood, J., Lean, J., Lowe, D.C., Myhre, G., Nganga, J., Prinn, R., Raga, G., 

Schulz, M., & Van Dorland, R. (2007). Changes in atmospheric constituents and in 

radiative forcing. In: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., 

Averyt, K.B., Tignor, M. and Miller, H.L. (Eds.) Climate Change 2007. The 

Physical Science Basis. Contribution of Working Group I to the Fourth Assessment 

Report of the Intergovernmental Panel on Climate Change. Cambridge University 

Press, 131-234. 

Frolking, S., & Roulet, N. T. (2007). Holocene radiative forcing impact of northern 

peatland carbon accumulation and methane emissions. Global Change Biology, 

13(5), 1079-1088. https://doi.org/10.1111/j.1365-2486.2007.01339.x 

Gałka, M., Szal, M., Watson, E.J., Gallego‐Sala, A., Amesbury, M.J., Charman, D.J., 

Roland, T.P., Edward Turner, T. & Swindles, G.T. (2017). Vegetation succession, 

carbon accumulation and hydrological change in subarctic peatlands, Abisko, 

Northern Sweden. Permafrost and Periglacial Processes, 28(4), 589-604. 

https://doi.org/10.1002/ppp.1945 

Gallego-Sala, A. V., Charman, D. J., Brewer, S., Page, S. E., Prentice, I. C., 

Friedlingstein, P., Moreton, S., Amesbury, M.J., Beilman, D.W., Björck, S., 

Blyakharchuk, T., Bochicchio, C., Booth, R.K., Bunbury, J., Camill, P., Carless, 

D., Chimner, R.A., Clifford, M., Cressey, E., … & Zhao, Y. (2018). Latitudinal 

limits to the predicted increase of the peatland carbon sink with warming. Nature 

climate change, 8(10), 907. https://doi.org/10.1038/s41558-018-0271-1 

Gao, Y. & Couwenberg, J. (2015). Carbon accumulation in a permafrost polygon 

peatland: steady long‐term rates in spite of shifts between dry and wet conditions. 

Global change biology, 21(2), 803-815. https://doi.org/10.1111/gcb.12742 

Godwin, H. (1962). Half-life of radiocarbon. Nature, 195(4845), 984. 

https://doi.org/10.1038/195984a0 

Gomaa, F., Kosakyan, A., Heger, T.J., Corsaro, D., Mitchell, E.A. & Lara, E. (2014). 

One alga to rule them all: unrelated mixotrophic testate amoebae (amoebozoa, 

rhizaria and stramenopiles) share the same symbiont (trebouxiophyceae). Protist, 

165(2), 161-176. https://doi.org/10.1016/j.protis.2014.01.002 

Gorham, E. (1991). Northern peatlands: role in the carbon cycle and probable responses 

to climatic warming. Ecological Applications, 1(2), 182-195. 

https://doi.org/10.2307/1941811 

Harris S.A., French, H.M., Heginbottom, J.A., Johnston, G.H., Ladanyi, B., Sego, D.C. 

& van Everdingen, R.O. (1988). Glossary of permafrost and related ground-ice 

terms. National Research Council of Canada. 

Hill, M.O. & Gauch, H.G. (1980). Detrended correspondence analysis: an improved 

ordination technique. In: van der Maarel E. (Eds.), Classification and Ordination. 

Advances in vegetation science (Vol. 2, pp. 47-58). Springer, Dordrecht  

Hua, Q., Barbetti, M. & Rakowski, A.Z. (2013). Atmospheric radiocarbon for the period 

1950–2010. Radiocarbon, 55(4), 2059-2072. 

https://doi.org/10.2458/azu_js_rc.v55i2.16177 

https://doi.org/10.1038/nature08216
https://doi.org/10.1111/j.1365-2486.2007.01339.x
https://doi.org/10.1002/ppp.1945
https://doi.org/10.1038/s41558-018-0271-1
https://doi.org/10.1111/gcb.12742
https://doi.org/10.1038/195984a0
https://doi.org/10.1016/j.protis.2014.01.002
https://doi.org/10.2307/1941811
https://doi.org/10.2458/azu_js_rc.v55i2.16177


 

52 

 

 

Hughes, P. D. M., Blundell, A., Charman, D. J., Bartlett, S., Daniell, J. R. G., 

Wojatschke, A., & Chambers, F. M. (2006). An 8500 cal. year multi-proxy climate 

record from a bog in eastern Newfoundland: contributions of meltwater discharge 

and solar forcing. Quaternary Science Reviews, 25(11-12), 1208-1227. 

https://doi.org/10.1016/j.quascirev.2005.11.001 

Ise, T., Dunn, A.L., Wofsy, S.C. & Moorcroft, P.R. (2008). High sensitivity of peat 

decomposition to climate change through water-table feedback. Nature Geoscience, 

1(11), 763. https://doi.org/10.1038/ngeo331 

Jassey, V. E., Signarbieux, C., Hättenschwiler, S., Bragazza, L., Buttler, A., Delarue, F., 

Fournier, B., Gilbert, D., Laggoun-Défrage, F., Lara, E., Mitchell, E. A. D., Payne, 

R. J., Robroek, B. J. M, & Mills, R. T. (2015). An unexpected role for mixotrophs 

in the response of peatland carbon cycling to climate warming. Scientific reports, 5, 

16931. https://doi.org/10.1038/srep16931 

Jones, B.M., Baughman, C.A., Romanovsky, V.E., Parsekian, A.D., Babcock, E.L., 

Stephani, E., Jones, M.C., Grosse, G. & Berg, E.E. (2016). Presence of rapidly 

degrading permafrost plateaus in south-central Alaska. The Cryosphere, 10(6), 

2673-2692. https://doi.org/10.5194/tc-10-2673-2016  

Jones, M.C., Harden, J., O'donnell, J., Manies, K., Jorgenson, T., Treat, C. & Ewing, S. 

(2017). Rapid carbon loss and slow recovery following permafrost thaw in boreal 

peatlands. Global Change Biology, 23(3), 1109-1127. 

https://doi.org/10.1111/gcb.13403 

Juggins, S. (2017). rioja: Analysis of quaternary science data, R package version (0.9–

21). http://cran.r-project.org/package=rioja   

Kokkonen, N.A., Laine, A.M., Laine, J., Vasander, H., Kurki, K., Gong, J. & Tuittila, 

E.S. (2019). Responses of peatland vegetation to 15‐year water level drawdown as 

mediated by fertility level. Journal of Vegetation Science, 30(6), 1206-1216. 

https://doi.org/10.1111/jvs.12794 

Korhonen, R. & Vasander, H. (1998). Suomen suot. Suoseura, Helsinki. 

Koven, C.D., Ringeval, B., Friedlingstein, P., Ciais, P., Cadule, P., Khvorostyanov, D., 

Krinner, G. & Tarnocai, C. (2011). Permafrost carbon-climate feedbacks accelerate 

global warming. Proceedings of the National Academy of Sciences, 108(36), 

14769-14774. https://doi.org/10.1073/pnas.1103910108 

Laine, A.M., Mäkiranta, P., Laiho, R., Mehtätalo, L., Penttilä, T., Korrensalo, A., 

Minkkinen, K., Fritze, H. & Tuittila, E.S. (2019). Warming impacts on boreal fen 

CO2 exchange under wet and dry conditions. Global change biology, 25(6), 1995-

2008. https://doi.org/10.1111/gcb.14617 

Lamarre, A., Garneau, M. & Asnong, H. (2012). Holocene paleohydrological 

reconstruction and carbon accumulation of a permafrost peatland using testate 

amoeba and macrofossil analyses, Kuujjuarapik, subarctic Québec, Canada. Review 

of Palaeobotany and Palynology, 186, 131-141. 

https://doi.org/10.1016/j.revpalbo.2012.04.009 

Larmola, T., Tuittila, E.S., Tiirola, M., Nykänen, H., Martikainen, P.J., Yrjälä, K., 

Tuomivirta, T. & Fritze, H. (2010). The role of Sphagnum mosses in the methane 

cycling of a boreal mire. Ecology, 91(8), 2356-2365. https://doi.org/10.1890/09-

1343.1 

Leppälä, M., Kukko-Oja, K., Laine, J. & Tuittila, E.S. (2008). Seasonal dynamics of 

CO2 exchange during primary succession of boreal mires as controlled by 

phenology of plants. Ecoscience, 15(4), 460-471. https://doi.org/10.2980/15-4-3142 

Libby, W.F. (1961). Radiocarbon dating. Science, 133(3453), 621-629. 

https://doi.org/10.1126/science.133.3453.621  

https://doi.org/10.1016/j.quascirev.2005.11.001
https://doi.org/10.1038/ngeo331
https://doi.org/10.1038/srep16931
https://doi.org/10.5194/tc-10-2673-2016
https://doi.org/10.1111/gcb.13403
http://cran.r-project.org/package=rioja
https://doi.org/10.1111/jvs.12794
https://doi.org/10.1073/pnas.1103910108
https://doi.org/10.1111/gcb.14617
https://doi.org/10.1016/j.revpalbo.2012.04.009
https://doi.org/10.1890/09-1343.1
https://doi.org/10.1890/09-1343.1
https://doi.org/10.2980/15-4-3142
https://doi.org/10.1126/science.133.3453.621


 

53 

 

 

Linderholm, H.W., Nicolle, M., Francus, P., Gajewski, K., Helama, S., Korhola, A., 

Solomina, O., Yu, Z., Zhang, P., D'Andrea, W.J., Debret, M., Divine, D.V., 

Gunnarson, B.E., Loader, N.J., Massei, N., Seftigen, K., Thomas, E.K., Werner, J., 

Andersson, S., ... & Väliranta, M. (2018). Arctic hydroclimate variability during 

the last 2000 years; current understanding and research challenges. Climate of the 

Past, 14(4), 473-514. https://doi.org/10.5194/cp-14-473-2018 

Ljungqvist, F.C. (2010). A new reconstruction of temperature variability in the extra‐

tropical Northern Hemisphere during the last two millennia. Geografiska Annaler: 

Series A, Physical Geography, 92(3), 339-351. https://doi.org/10.1111/j.1468-

0459.2010.00399.x 

Loisel, J. & Garneau, M. (2010). Late Holocene paleoecohydrology and carbon 

accumulation estimates from two boreal peat bogs in eastern Canada: potential and 

limits of multi-proxy archives. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 291(3-4), 493-533. https://doi.org/10.1016/j.palaeo.2010.03.020 

Loisel, J., Yu, Z., Beilman, D. W., Camill, P., Alm, J., Amesbury, M. J., Anderson, D., 

Andersson, S., Bochicchio, C., Barber, K., Belyea, L.R., Bunbury, J., Chambers, 

F.M., Charman, D.J., De Vleeschouwer, F., Fiałkiewicz-Kozieł, B., Finkelstein, 

S.A., Gałka, M., Garneau, M., … & Zhou, W. (2014). A database and synthesis of 

northern peatland soil properties and Holocene carbon and nitrogen accumulation. 

the Holocene, 24(9), 1028-1042. https://doi.org/10.1177/0959683614538073 

MacDonald, G.M., Beilman, D.W., Kremenetski, K.V., Sheng, Y., Smith, L.C. & 

Velichko, A.A. (2006). Rapid early development of circumarctic peatlands and 

atmospheric CH4 and CO2 variations. Science, 314(5797), 285-288. 

https://doi.org/10.1126/science.1131722  

Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Hughes, M.K., Shindell, D., 

Ammann, C., Faluvegi, G. & Ni, F. (2009). Global signatures and dynamical 

origins of the Little Ice Age and Medieval Climate Anomaly. Science, 326(5957), 

1256-1260. https://doi.org/10.1126/science.1177303  

Marshall, G.J., Vignols, R.M. & Rees, W.G. (2016). Climate change in the Kola 

Peninsula, Arctic Russia, during the last 50 years from meteorological 

observations. Journal of Climate, 29(18), 6823-6840. https://doi.org/10.1175/JCLI-

D-16-0179.1 

Mathijssen, P., Tuovinen, J., Lohila, A., Aurela, M., Juutinen, S., Laurila, T., Niemelä, 

E., Tuittila, E. & Väliranta, M. (2014). Development, carbon accumulation, and 

radiative forcing of a subarctic fen over the Holocene. The Holocene, 24(9), 1156-

1166. https://doi.org/10.1177/0959683614538072 

Michie, M.G. (1982). Use of the Bray-Curtis similarity measure in cluster analysis of 

foraminiferal data. Journal of the International Association for Mathematical 

Geology, 14(6), 661-667. https://doi.org/10.1007/BF01033886 

Mitchell, E.A., Charman, D. & Warner, B. (2008). Testate amoebae analysis in 

ecological and paleoecological studies of wetlands: past, present and future. 

Biodiversity and Conservation, 17(9), 2115-2137. https://doi.org/10.1007/s10531-

007-9221-3 

Mitchell, E.A., Payne, R.J. & Lamentowicz, M. (2008). Potential implications of 

differential preservation of testate amoeba shells for paleoenvironmental 

reconstruction in peatlands. Journal of Paleolimnology, 40(2), 603-618. 

https://doi.org/10.1007/s10933-007-9185-z  

Moore, T.R. & Knowles, R. (1989). The influence of water table levels on methane and 

carbon dioxide emissions from peatland soils. Canadian Journal of Soil Science, 

69(1), 33-38. https://doi.org/10.4141/cjss89-004 

https://doi.org/10.5194/cp-14-473-2018
https://doi.org/10.1111/j.1468-0459.2010.00399.x
https://doi.org/10.1111/j.1468-0459.2010.00399.x
https://doi.org/10.1016/j.palaeo.2010.03.020
https://doi.org/10.1177%2F0959683614538073
https://doi.org/10.1126/science.1131722
https://doi.org/10.1126/science.1177303
https://doi.org/10.1175/JCLI-D-16-0179.1
https://doi.org/10.1175/JCLI-D-16-0179.1
https://doi.org/10.1177%2F0959683614538072
https://doi.org/10.1007/BF01033886
https://doi.org/10.1007/s10531-007-9221-3
https://doi.org/10.1007/s10531-007-9221-3
https://doi.org/10.1007/s10933-007-9185-z
https://doi.org/10.4141/cjss89-004


 

54 

 

 

Moore, T.R. & Roulet, N.T. (1993). Methane flux: water table relations in northern 

wetlands. Geophysical Research Letters, 20(7), 587-590. 

https://doi.org/10.1029/93GL00208 

Morris, P.J., Waddington, J.M., Benscoter, B.W. & Turetsky, M.R. (2011). Conceptual 

frameworks in peatland ecohydrology: looking beyond the two‐layered (acrotelm–

catotelm) model. Ecohydrology, 4(1), 1-11. https://doi.org/10.1002/eco.191 

Natali, S.M., Schuur, E.A., Mauritz, M., Schade, J.D., Celis, G., Crummer, K.G., 

Johnston, C., Krapek, J., Pegoraro, E., Salmon, V.G. & Webb, E.E. (2015). 

Permafrost thaw and soil moisture driving CO2 and CH4 release from upland 

tundra. Journal of Geophysical Research: Biogeosciences, 120(3), 525-537. 

https://doi.org/10.1002/2014JG002872 

Nichols, J.E. & Peteet, D.M. (2019). Rapid expansion of northern peatlands and 

doubled estimate of carbon storage. Nature Geoscience, 12(11), 917-921. 

https://doi.org/10.1038/s41561-019-0454-z 

Nykänen, H., Alm, J., Silvola, J., Tolonen, K. & Martikainen, P.J. (1998). Methane 

fluxes on boreal peatlands of different fertility and the effect of long‐term 

experimental lowering of the water table on flux rates. Global Biogeochemical 

Cycles, 12(1), 53-69. https://doi.org/10.1029/97GB02732 

O’Donnell, J.A., Jorgenson, M.T., Harden, J.W., McGuire, A.D., Kanevskiy, M.Z. & 

Wickland, K.P. (2012). The effects of permafrost thaw on soil hydrologic, thermal, 

and carbon dynamics in an Alaskan peatland. Ecosystems, 15(2), 213-229. 

https://doi.org/10.1007/s10021-011-9504-0  

Oberbauer, S.F., Tweedie, C.E., Welker, J.M., Fahnestock, J.T., Henry, G.H., Webber, 

P.J., Hollister, R.D., Walker, M.D., Kuchy, A., Elmore, E. & Starr, G. (2007). 

Tundra CO2 fluxes in response to experimental warming across latitudinal and 

moisture gradients. Ecological Monographs, 77(2), 221-238. 

https://doi.org/10.1890/06-0649 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., 

Minchin, P.R., O’hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., 

Szoecs, E. & Wagner, H. (2019). vegan: Community ecology package. R package 

version 2.5-5. https://CRAN.R-project.org/package=vegan  

Oksanen, P.O. & Väliranta, M. (2006). Palsasuot muuttuvassa ilmastossa. Suo 57 (2), 

33-43.  

Payne, R.J. (2011). Can testate amoeba‐based palaeohydrology be extended to fens? 

Journal of Quaternary Science, 26(1), 15-27. https://doi.org/10.1002/jqs.1412 

Piilo, S.R., Zhang, H., Garneau, M., Gallego-Sala, A., Amesbury, M.J. & Väliranta, 

M.M. (2019). Recent peat and carbon accumulation following the Little Ice Age in 

northwestern Québec, Canada. Environmental Research Letters, 14(7), 075002. 

https://doi.org/10.1088/1748-9326/ab11ec 

R Core Team (2017). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/  

R Core Team (2019). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/  

Rydin, H. & Jeglum, J.K. 2006, The biology of peatlands. Oxford university press. 

Sannel, A. B. K., Hempel, L., Kessler, A., & Prskienis, V. (2018). Holocene 

development and permafrost history in sub‐arctic peatlands in Tavvavuoma, 

northern Sweden. Boreas, 47(2), 454-468. https://doi.org/10.1111/bor.12276 

Schuur, E.A., Bockheim, J., Canadell, J.G., Euskirchen, E., Field, C.B., Goryachkin, 

S.V., Hagemann, S., Kuhry, P., Lafleur, P.M., Lee, H., Mazhitova, G., Nelson, 

F.E., Rinke, A., Romanovsky, V.E., Shiklomanov, N., Tarnocai, C., Venevsky, S., 

https://doi.org/10.1029/93GL00208
https://doi.org/10.1002/eco.191
https://doi.org/10.1002/2014JG002872
https://doi.org/10.1038/s41561-019-0454-z
https://doi.org/10.1029/97GB02732
https://doi.org/10.1007/s10021-011-9504-0
https://doi.org/10.1890/06-0649
https://cran.r-project.org/package=vegan
https://doi.org/10.1002/jqs.1412
https://doi.org/10.1088/1748-9326/ab11ec
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/bor.12276


 

55 

 

 

Vogel, J.G. & Zimov, S.A. (2008). Vulnerability of permafrost carbon to climate 

change: Implications for the global carbon cycle. BioScience, 58(8), 701-714. 

https://doi.org/10.1641/B580807 

Schuur, E.A., McGuire, A.D., Schädel, C., Grosse, G., Harden, J.W., Hayes, D.J., 

Hugelius, G., Koven, C.D., Kuhry, P., Lawrence, D.M., Natali, S.M., Olefeldt, D., 

Romanovsky, V.E., Schaefer, K., Turetsky, M.R., Treat, C.C. & Vonk, J.E. (2015). 

Climate change and the permafrost carbon feedback. Nature, 520(7546), 171-179. 

https://doi.org/10.1038/nature14338 

Schädel, C., Bader, M.K., Schuur, E.A., Biasi, C., Bracho, R., Čapek, P., De Baets, S., 

Diáková, K., Ernakovich, J., Estop-Aragones, C., Graham, D.E., Hartley, I.P., 

Iversen, C.M., Kane, E., Knoblauch, C., Lupascu, M., Martikainen, P.J., Natali, 

S.M., Norby, R.J., … & Wickland, K.P. (2016). Potential carbon emissions 

dominated by carbon dioxide from thawed permafrost soils. Nature Climate 

Change, 6(10), 950. https://doi.org/10.1038/nclimate3054 

Secco, E.D., Haapalehto, T., Haimi, J., Meissner, K. & Tahvanainen, T. (2016). Do 

testate amoebae communities recover in concordance with vegetation after 

restoration of drained peatlands? Mires and Peat, 18. 

https://doi.org/10.19189/MaP.2016.OMB.231  

Seppälä, M. (2011). Synthesis of studies of palsa formation underlining the importance 

of local environmental and physical characteristics. Quaternary Research, 75(2), 

366-370. https://doi.org/10.1016/j.yqres.2010.09.007 

Silvola, J., Alm, J., Ahlholm, U., Nykänen, H. & Martikainen, P.J. (1996). CO2 fluxes 

from peat in boreal mires under varying temperature and moisture conditions. 

Journal of ecology, 219-228. https://doi.org/10.2307/2261357  

Singh, S. P., & Singh, P. (2014). Effect of CO2 concentration on algal growth: a review. 

Renewable and Sustainable Energy Reviews, 38, 172-179. 

https://doi.org/10.1016/j.rser.2014.05.043 

Swindles, G.T., Amesbury, M.J., Turner, T.E., Carrivick, J.L., Woulds, C., Raby, C., 

Mullan, D., Roland, T.P., Galloway, J.M., Parry, L., Kokfelt, U., Garneau, M., 

Charman, D.J. & Holden, J. (2015a). Evaluating the use of testate amoebae for 

palaeohydrological reconstruction in permafrost peatlands. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 424, 111-122. 

https://doi.org/10.1016/j.palaeo.2015.02.004 

Swindles, G.T., Holden, J., Raby, C.L., Turner, T.E., Blundell, A., Charman, D.J., 

Menberu, M.W. & Kløve, B. (2015b). Testing peatland water-table depth transfer 

functions using high-resolution hydrological monitoring data. Quaternary Science 

Reviews, 120, 107-117. https://doi.org/10.1016/j.quascirev.2015.04.019 

Swindles, G.T., Morris, P.J., Mullan, D., Watson, E.J., Turner, T.E., Roland, T.P., 

Amesbury, M.J., Kokfelt, U., Schoning, K., Pratte, S., Gallego-Sala, A., Charman, 

D.J., Sanderson, N., Garneau, M., Carrivick, J.L., Woulds, C., Holden, J., Parry, L. 

& Galloway, J.M. (2015c). The long-term fate of permafrost peatlands under rapid 

climate warming. Scientific reports, 5, 17951. https://doi.org/10.1038/srep17951 

Swindles, G.T., Morris, P.J., Mullan, D.J., Payne, R.J., Roland, T.P., Amesbury, M.J., 

Lamentowicz, M., Turner, T.E., Gallego-Sala, A., Sim, T., Barr, I.D., Blaauw, M., 

Blundell, A., Chambers, F.M., Charman, D.J., Feurdean, A., Galloway, J.M., 

Gałka, M., Green, S.M., … & Warner, B. (2019). Widespread drying of European 

peatlands in recent centuries. Nature Geoscience, 12(11), 922-928. 

https://doi.org/10.1038/s41561-019-0462-z 

https://doi.org/10.1641/B580807
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nclimate3054
https://doi.org/10.19189/MaP.2016.OMB.231
https://doi.org/10.1016/j.yqres.2010.09.007
https://doi.org/10.2307/2261357
https://doi.org/10.1016/j.rser.2014.05.043
https://doi.org/10.1016/j.palaeo.2015.02.004
https://doi.org/10.1016/j.quascirev.2015.04.019
https://doi.org/10.1038/srep17951
https://doi.org/10.1038/s41561-019-0462-z


 

56 

 

 

Tarnocai, C., Canadell, J.G., Schuur, E.A., Kuhry, P., Mazhitova, G. & Zimov, S. 

(2009). Soil organic carbon pools in the northern circumpolar permafrost region. 

Global biogeochemical cycles, 23(2). https://doi.org/10.1029/2008GB003327 

Taylor, R.E. (2000). Fifty Years of Radiocarbon Dating: This widely applied technique 

has made major strides since its introduction a half-century ago at the University of 

Chicago. American Scientist, 88(1), 60-67.  

Tolonen, K., Warner, B. G., & Vasander, H. (1994). Ecology of testaceans (Protozoa: 

Rhizopoda) in mires in southern Finland: II. Multivariate analysis. Archiv für 

Protistenkunde, 144(1), 97-112. https://doi.org/10.1016/S0003-9365(11)80230-7 

Tolonen, K., & Turunen, J. (1996). Accumulation rates of carbon in mires in Finland 

and implications for climate change. The Holocene, 6(2), 171-178. https://doi-

org.libproxy.helsinki.fi/10.1177/095968369600600204 

Treat, C.C., Jones, M.C., Camill, P., Gallego‐Sala, A., Garneau, M., Harden, J.W., 

Hugelius, G., Klein, E.S., Kokfelt, U. & Kuhry, P. (2016). Effects of permafrost 

aggradation on peat properties as determined from a pan‐Arctic synthesis of plant 

macrofossils. Journal of Geophysical Research: Biogeosciences, 121(1), 78-94. 

https://doi.org/10.1002/2015JG003061 

Tuittila, E.S., Väliranta, M., Laine, J. & Korhola, A. (2007). Quantifying patterns and 

controls of mire vegetation succession in a southern boreal bog in Finland using 

partial ordinations. Journal of Vegetation Science, 18(6), 891-902. 

https://doi.org/10.1111/j.1654-1103.2007.tb02605.x 

Tuittila, E.S., Juutinen, S., Frolking, S., Väliranta, M., Laine, A.M., Miettinen, A., 

Seväkivi, M.L., Quillet, A. & Merilä, P. (2013). Wetland chronosequence as a 

model of peatland development: Vegetation succession, peat and carbon 

accumulation. The Holocene, 23(1), 25-35. 

https://doi.org/10.1177/0959683612450197 

Turetsky, M.R., Manning, S.W. & Wieder, R.K. (2004). Dating recent peat deposits. 

Wetlands, 24(2), 324-356. https://doi.org/10.1672/0277-

5212(2004)024[0324:DRPD]2.0.CO;2  

Turetsky, M.R., Wieder, R.K., Vitt, D.H., Evans, R.J. & Scott, K.D. (2007). The 

disappearance of relict permafrost in boreal north America: Effects on peatland 

carbon storage and fluxes. Global Change Biology, 13(9), 1922-1934. 

https://doi.org/10.1111/j.1365-2486.2007.01381.x 

Turetsky, M.R., Crow, S.E., Evans, R.J., Vitt, D.H. & Wieder, R.K. (2008). Trade‐offs 

in resource allocation among moss species control decomposition in boreal 

peatlands. Journal of ecology, 96(6), 1297-1305. https://doi.org/10.1111/j.1365-

2745.2008.01438.x 

Turetsky, M.R., Kotowska, A., Bubier, J., Dise, N.B., Crill, P., Hornibrook, E.R., 

Minkkinen, K., Moore, T.R., Myers‐Smith, I.H., Nykänen, H., Olefeldt, D., Rinne, 

J., Saarnio, S., Shurpali, N., Tuittila, E.S., Waddington J.M., White, J.R., 

Wickland, K.P. & Wilmking, M. (2014). A synthesis of methane emissions from 71 

northern, temperate, and subtropical wetlands. Global change biology, 20(7), 2183-

2197. https://doi.org/10.1111/gcb.12580 

Turunen, J., Tomppo, E., Tolonen, K., & Reinikainen, A. (2002). Estimating carbon 

accumulation rates of undrained mires in Finland–application to boreal and 

subarctic regions. The Holocene, 12(1), 69-80. https://doi-

org.libproxy.helsinki.fi/10.1191/0959683602hl522rp 

Vitt, D.H. (2006). Functional characteristics and indicators of boreal peatlands. In W.R. 

Kelman & D.H. Vitt (Eds.), Boreal Peatland Ecosystems (pp. 9-24). Berlin; 

Newyork: Springer. 

https://doi.org/10.1029/2008GB003327
https://doi.org/10.1016/S0003-9365(11)80230-7
https://doi-org.libproxy.helsinki.fi/10.1177%2F095968369600600204
https://doi-org.libproxy.helsinki.fi/10.1177%2F095968369600600204
https://doi.org/10.1002/2015JG003061
https://doi.org/10.1111/j.1654-1103.2007.tb02605.x
https://doi.org/10.1177%2F0959683612450197
https://doi.org/10.1672/0277-5212(2004)024%5b0324:DRPD%5d2.0.CO;2
https://doi.org/10.1672/0277-5212(2004)024%5b0324:DRPD%5d2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2007.01381.x
https://doi.org/10.1111/j.1365-2745.2008.01438.x
https://doi.org/10.1111/j.1365-2745.2008.01438.x
https://doi.org/10.1111/gcb.12580
https://doi-org.libproxy.helsinki.fi/10.1191/0959683602hl522rp
https://doi-org.libproxy.helsinki.fi/10.1191/0959683602hl522rp


 

57 

 

 

Väliranta, M., Korhola, A., Seppä, H., Tuittila, E.S., Sarmaja-Korjonen, K., Laine, J. & 

Alm, J. (2007). High-resolution reconstruction of wetness dynamics in a southern 

boreal raised bog, Finland, during the late Holocene: a quantitative approach. The 

Holocene, 17(8), 1093-1107. https://doi.org/10.1177/0959683607082550 

Väliranta, M., Blundell, A., Charman, D.J., Karofeld, E., Korhola, A., Sillasoo, Ü & 

Tuittila, E.S. (2012). Reconstructing peatland water tables using transfer functions 

for plant macrofossils and testate amoebae: a methodological comparison. 

Quaternary International, 268, 34-43. https://doi.org/10.1016/j.quaint.2011.05.024 

Väliranta, M., Salojärvi, N., Vuorsalo, A., Juutinen, S., Korhola, A., Luoto, M. & 

Tuittila, E.S. (2017). Holocene fen–bog transitions, current status in Finland and 

future perspectives. The Holocene, 27(5), 752-764. 

https://doi.org/10.1177/0959683616670471 

Whiting, G.J. & Chanton, J.P. (2001). Greenhouse carbon balance of wetlands: methane 

emission versus carbon sequestration. Tellus B, 53(5), 521-528. 

https://doi.org/10.1034/j.1600-0889.2001.530501.x 

Wilson, R., Anchukaitis, K., Briffa, K.R., Büntgen, U., Cook, E., D'arrigo, R., Davi, N., 

Esper, J., Frank, D., Gunnarson, B., Hegerl, G., Helama, S., Klesse, S., Krusic, P.J., 

Linderholm, H.W., Myglan, V., Osborn, T.J., Rydval, M., Schneider, L., … & 

Zorita, E. (2016). Last millennium northern hemisphere summer temperatures from 

tree rings: Part I: The long term context. Quaternary Science Reviews, 134, 1-18. 

https://doi.org/10.1016/j.quascirev.2015.12.005 

World Weather Online (2019). Lovozero Monthly Climate Averages. Retrieved from 

World Weather Online: https://www.worldweatheronline.com/lovozero-weather-

averages/murmansk/ru.aspx 

Young, D. M., Baird, A. J., Charman, D. J., Evans, C. D., Gallego-Sala, A. V., Gill, P. 

J., Hughes, P.D.M., Morris, P.J. & Swindles, G. T. (2019). Misinterpreting carbon 

accumulation rates in records from near-surface peat. Scientific Reports, 9(1), 1-8. 

https://doi.org/10.1038/s41598-019-53879-8  

Yu, Z., Beilman, D.W. & Jones, M.C. (2009). Sensitivity of northern peatland carbon 

dynamics to Holocene climate change. Carbon cycling in northern peatlands, 184, 

55-69. https://doi.org/10.1029/2008GM000822  

Yu, Z., Loisel, J., Brosseau, D.P., Beilman, D.W. & Hunt, S.J. (2010). Global peatland 

dynamics since the Last Glacial Maximum. Geophysical Research Letters, 37(13). 

https://doi.org/10.1029/2010GL043584 

Yu, Z.C. (2012). Northern peatland carbon stocks and dynamics: a review. 

Biogeosciences, 9(10), 4071-4085. https://doi.org/10.5194/bg-9-4071-2012  

Yu, Z., Joos, F., Bauska, T. K., Stocker, B. D., Fischer, H., Loisel, J., Brovkin, V., 

Hugelius, G., Nehrbass-Ahles, C., Kleinen, T. & Schmitt, J. (2019). No support for 

carbon storage of >1000 GtC in northern peatlands. 

https://doi.org/10.31223/osf.io/hynm7  

Zhang, H., Amesbury, M.J., Ronkainen, T., Charman, D.J., Gallego‐Sala, A.V. & 

Väliranta, M. (2017). Testate amoeba as palaeohydrological indicators in the 

permafrost peatlands of north‐east European Russia and Finnish Lapland. Journal 

of Quaternary Science, 32(7), 976-988. https://doi.org/10.1002/jqs.2970 

Zhang, H. (2018). Responses of Arctic permafrost peatlands to climate changes over the 

past millennia (Unpublished academic dissertation). Helsingin yliopisto. 

Zhang, H., Gallego‐Sala, A.V., Amesbury, M.J., Charman, D.J., Piilo, S.R. & Väliranta, 

M. (2018a). Inconsistent response of Arctic permafrost peatland carbon 

accumulation to warm climate phases. Global Biogeochemical Cycles, 32(10), 

1605-1620. https://doi.org/10.1029/2018GB005980 

https://doi.org/10.1177%2F0959683607082550
https://doi.org/10.1016/j.quaint.2011.05.024
https://doi.org/10.1177/0959683616670471
https://doi.org/10.1034/j.1600-0889.2001.530501.x
https://doi.org/10.1016/j.quascirev.2015.12.005
https://www.worldweatheronline.com/lovozero-weather-averages/murmansk/ru.aspx
https://www.worldweatheronline.com/lovozero-weather-averages/murmansk/ru.aspx
https://doi.org/10.1038/s41598-019-53879-8
https://doi.org/10.1029/2008GM000822
https://doi.org/10.1029/2010GL043584
https://doi.org/10.5194/bg-9-4071-2012
https://doi.org/10.31223/osf.io/hynm7
https://doi.org/10.1002/jqs.2970
https://doi.org/10.1029/2018GB005980


 

58 

 

 

Zhang H., Piilo, S.R., Amesbury, M.J., Charman, D.J., Gallego-Sala, A.V. & Väliranta, 

M.M. (2018b). The role of climate change in regulating Arctic permafrost peatland 

hydrological and vegetation change over the last millennium. Quaternary Science 

Reviews, 182, 121-130. https://doi.org/10.1016/j.quascirev.2018.01.003 

Zhang, H., Väliranta, M., Amesbury, M.J., Charman, D.J., Laine, A. & Tuittila, E.S. 

(2018c). Successional change of testate amoeba assemblages along a space-for-

time sequence of peatland development. European journal of protistology, 66, 36-

47. https://doi.org/10.1016/j.ejop.2018.07.003 

  

https://doi.org/10.1016/j.quascirev.2018.01.003
https://doi.org/10.1016/j.ejop.2018.07.003

