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Abstract 
Lake sediments provide a continuous record of environmental change, 
integrating information about multiple biogeochemical processes occurring 
within the lake and catchment. Much of this is recorded by the chemical 
characteristics of sedimentary organic matter, which can be used as a proxy 
for past conditions. This dissertation examines Holocene lake sediment 
records from Baffin Island and Iceland, which, as a result of Arctic 
amplification feedbacks, are particularly sensitive to changes in climate. We 
integrated sedimentary algal pigments with more commonly used proxies 
such as stable isotopes, C:N ratio, and biogenic silica in order to derive a 
more complete understanding of local climate history and catchment 
biogeochemistry. Contrasting modern climate conditions between the 
Eastern Canadian Arctic and Iceland allows us to examine proxy response 
across different environments.  

The climate records developed in this study broadly agree with other 
regional records, with coherent shifts in biogeochemical proxies occurring in 
response to Holocene climate evolution. The nature, magnitude, and timing 
of proxy response vary between locations, underscoring the need to account 
for the distinct environmental factors of each lake system when 
reconstructing climate history. This study is the first to develop Holocene 
records of sedimentary algal pigments in each study area which distinctly 
characterize changes in lacustrine algal group assemblage through time. In 
Baffin Island, green algae and higher plants are most abundant during the 
early Holocene, with increased diatom relative abundance during the late 
Holocene and Little Ice Age. This is followed by a return to increased green 
algae and higher plants during recent times. This pattern is not replicated in 
Icelandic lakes, where cyanobacteria show the strongest temperature 
response and are more abundant during warm times. More complete 
progression of seasonal algal group succession during longer ice-free seasons 
is the proposed mechanism controlling algal group relative abundance. 
Recent trends in Icelandic lakes from this study do not show as strong of a 
response to Anthropogenic warming as on Baffin Island, where many 
proxies abruptly return to a Holocene Thermal Maximum-like state. The 
results of this dissertation characterize the biogeochemical regimes which 
occur during climatic extremes of the Holocene, and can be used to predict 
future conditions influencing water quality and the carbon cycle in a 
warming Arctic. 
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Chapter 1 

1.1  Introduction  
Temperature and moisture availability are key controls over biological 
processes and both of these factors are directly dependent on climatic 
conditions. Because of this, changes in climate favor certain species or 
groups of organisms (Blois et al. 2013). This relationship also impacts the 
success of human civilization, which is dependent on agriculture, the 
availability of water, and is vulnerable to extreme events. Therefore, past 
changes in climate are predicted to have impacted societies (e.g. Buntgen et 
al. 2011; D’Andrea et al. 2011). Reconstructing the Earth’s past climate is 
essential for understanding the range of conditions that we can expect in the 
future, and more importantly, how rapidly climate transitions might occur 
(Overpeck and Cole 2006). Using the same relationship between climate and 
biology stated above, we can make the assumption that changes in climate 
will lead to a shift in the makeup of biological communities over time at a 
particular location. Additional factors that influence biological communities 
are nutrients, availability of a carbon source, and environmental parameters 
such as pH. These factors may also be directly or indirectly altered through 
changes in climatic conditions. Therefore, by reconstructing past abundances 
of various organisms, along with developing an understanding of the climatic 
and environmental factors controlling their populations, we can use a record 
of biological communities and associated biogeochemical history of a 
specific location as a proxy for changes in past climate. This dissertation 
relies on this core principal to develop climate records from biogeochemical 
information stored in the organic matter of lake sediments.   

  While the range in Holocene climatic conditions is less than that occurred 
over long timescales, it has long been recognized that significant variability 
has occurred (e.g. Mayewski et al. 2004 and references therein). Abrupt, 
non-linear responses to monotonic orbital-driven insolation changes provide 
information about the sensitivity points of the climate system (Mayewski et 
al. 2004; Wanner et al. 2011; Geirsdóttir et al. 2013). Numerous high-quality 
archives are available which record environmental conditions during the 
Holocene, allowing for high spatial and temporal resolution and making 
possible the study of mechanisms causing spatiotemporal variability (e.g. 
Kaufman et al. 2004). Human-caused alterations to the Earth system are now 
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ubiquitous, and the impacts are distinct enough to characterize the 
Anthropocene as a new geological epoch (Zalasiewicz et al. 2011; Wolfe et 
al. 2013). Although no exact analogue exists for the Anthropocene during the 
Holocene because of different forcing mechanisms, understanding the nature 
of Holocene climate events is the best-possible way to make the future 
projections needed to successfully anticipate and adapt to change.  

Particularly important is constraining Arctic climate history, as it is these 
environments that will undergo the most rapid change of greatest magnitude 
as a result of the positive feedbacks associated with loss of snow and ice 
cover (Serreze and Francis 2006; Serreze and Barry 2011). Lacustrine 
environments in the Arctic will experience decreasing duration of ice cover, 
elevated maximum summer temperature, and alteration of mixing regimes 
(Smol et al. 2005; Smol and Douglas 2007). Studying the past changes that 
have occurred in Arctic lakes provides a record of climate events and 
information about how these lakes will evolve with future warming.  This 
lacustrine biological response to climate is relevant for two main reasons. 
First, we are dependent on the condition of global fresh waters for drinking 
and food production. Projected increases in temperature may lead to 
deterioration of water quality due to toxic algal blooms (Paerl and Paul 
2012), increased sediment load, reduced dissolved oxygen (Whitehead et al. 
2009) and declining fisheries (Berkes and Jolly 2001); local communities 
will need to adapt to these future changes. The second major implication of 
changes in Arctic lacustrine productivity is the potential of these 
environments to act as a source or sink of atmospheric carbon. The role of 
Arctic lakes in the global carbon cycle is not well constrained (Sobek et al. 
2014), and climate plays a role in determining the balance between lake 
respiration and sediment carbon accumulation from aquatic and terrestrial 
primary productivity (Leng and Anderson 2014).  Although fresh water 
carbon storage in sediment represents a small portion of the global carbon 
cycle (Cole et al. 2007), rates of carbon burial in high latitude lakes have 
increased in recent times and are projected to become increasingly important 
with future climate change (Heathcote et al. 2015).  

This dissertation utilizes lake sediment cores from Baffin Island and Iceland 
to reconstruct climate and biogeochemical histories using similar suites of 
biological proxies across locations with contrasting mean climate state. The 
results of this study will provide a better understanding of the Holocene 
climate history of Baffin Island and Iceland, as well as how lacustrine 
biogeochemistry changed in response to climate events.       
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1.2  Study sites 
As a region of strong temperature gradients, and a primary pathway of 
northward heat advection by ocean currents and atmospheric circulation, 
North Atlantic climate is sensitive to change and reflects large-scale 
processes of global significance. This dissertation examines field sites from 
Baffin Island, in the western North Atlantic, and northern Iceland in the 
central North Atlantic. The environments at these nearly equivalent latitudes 
are distinctly contrasting due to the southwest to northeast trajectory of 
poleward heat transport, which has a lesser influence on Baffin Island 
climate compared to that of Iceland.  

The western North Atlantic and eastern Canadian Arctic are characterized by 
extreme cold, with mean annual air temperatures (1957-1990) 90 km 
northwest of the study site at Cape Hooper, Nunavut -11.9 ºC; 2.3 ºC during 
summer (JJA) and -16.6 ºC during the non-summer months. Precipitation is 
low (~273 mm yr-1), mostly falling as snow. The summer season is short, 
with freezing temperatures and snow occurring for 9.5 months of the year 
(Environment Canada 2016). Landscape vegetation cover is comprised of 
sparse heath tundra. The cold temperatures of this region are partially 
attributable to the influence of exported polar waters of the Baffin Current 
(Muench 1971) and widespread development of sea ice in Baffin Bay, where 
sea ice is present to some degree in all months except August and September 
(Tang et al. 2004). 

Iceland, in the central North Atlantic, has a maritime climate with higher 
mean annual air temperature and precipitation than Baffin Island. Icelandic 
climate is characterized by relatively warm conditions as a result of heat 
transport from lower latitudes by regional oceanic and atmospheric 
circulation.  North Iceland has a colder and more variable climate than 
southern Iceland (Einarsson 1993). Mean annual air temperatures in the 
study area were ~2.5 ºC between AD 1956 and 1990 
(http://en.vedur.is/Medaltalstoflur-txt/Hraun_352_med6190.txt). The climate 
is variable, with the standard deviation of inter-annual variability greater 
than 1.3 ºC (Einarsson 1993). The Icelandic low, located south west of 
Iceland, is a persistent area of low pressure that dominates the regional 
atmospheric circulation (Serreze et al. 1997), bringing frequent wind and 
precipitation to the island. The coldest conditions in Iceland occur when sea 
ice, exported from Arctic Ocean, reaches the north coast (Einarsson 1984). 
Prevailing wind direction is variable and largely determines the temperature, 
with warm moist conditions characterizing a southwest wind and dry cold 
conditions during northeast winds. Precipitation type is variable, as rain can 
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occur in the winter, with snow only making up 50-70% of winter 
precipitation at sea level in north Iceland. Because of this, the duration of 
complete snow cover can vary from weeks to months (Einarsson 1984). 
Vegetation cover in northwest Iceland is dominated by heathlands of Betula 
nana, Empetrum nigrum, Salix sp., Rachometrium mosses, and various 
grasses and herbs (Arnalds 2015).  

1.3  Questions motivating this 
dissertation 

This dissertation aims to answer several long-standing questions that have 
been the subject of multiple of past studies. These questions remain open, as 
a complete characterization of past environments and climatic conditions is 
nearly impossible to obtain. Increased spatial density of proxy records, the 
discovery of high-quality archives, and advances in methodology all 
continue to provide more complete answers to the questions below: 

1. Was the evolution of Holocene climate linear, or punctuated by 
times of rapid change? Did spatial variability, timing, and 
magnitude of major climate events differ between the western and 
central sectors of the North Atlantic? 

2. How are changes in lake and catchment biogeochemistry related to 
climate events? 

1.4  Research methods and goals 
This dissertation utilizes lake sediment cores as archives of past change. 
Lake sediment incorporates minerogenic and organic material from within-
lake and catchment sources into a continuous archive, which can often be 
precisely dated and sampled at high temporal resolution. Additionally, lakes 
are abundant, and suitable field sites often found in the desired region of 
study. Information is gained from lake sediment cores by examining various 
proxies, each of which records information about a specific process in the 
lake-watershed system. The proxies used in this study are: algal pigments, 
carbon and nitrogen stable isotopes and elemental ratios, FTIRS-inferred 
biogenic silica, diatom species assemblages, total organic carbon, and 
magnetic susceptibility. 

Algal pigments are isoprenoid organic molecules produced by all algae and 
higher plants and function to both harvest energy from sunlight and protect 
against damage from excess light.  While all contain the primary 
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photosynthetic pigment chlorophyll a, each lineage of algae is characterized 
by a different suite of accessory pigments. The pigments discussed in this 
dissertation fall into two major classes, chloropigments, which have a 
porphyrin ring containing a chelated Mg (Rowan 1989), and carotenoids, 
which are composed of a 40-carbon chain of conjugated double bonds. The 
chelated magnesium complex and conjugated double bonds contain weakly 
held electrons that absorb light energy.  

While chloropigments can be specific to algal lineages, the much greater 
diversity of carotenoids makes them more suited for use as biomarkers. This 
dissertation focuses on pigments from the following groups: green algae 
(Chlorophyta), green plants (Plantae), diatoms (Bacillariophyta), 
chrysophytes (Chrysophyta) and cyanobacteria (Cyanophyta). Based on 
pigment composition, these groups of algae can be separated into three 
categories: the green algae/plants, diatoms and chrysophytes, and 
cyanobacteria.  The pigment composition of green algae and higher plants 
consists primarily of the chlorophylls a and b, and the carotenoids 
violaxanthin, neoxanthin, lutein, and β carotene (Bianchi and Finlay 1990; 
Jeffery et al. 1997). Of these pigments, chlorophyll b, violaxanthin, 
neoxanthin and lutein are distinct and can be used for taxonomic 
reconstructions. Diatoms and chrysophtes share a similar pigment 
composition, consisting of chlorophylls a and c, fucoxanthin, diatoxanthin, 
diadinoxanthin, and β carotene (Stauber and Jeffery 1988; Jeffery et al. 1997; 
Leavitt and Hodgson 2001). Fucoxanthin, diatoxanthin and diadinoxanthin 
are diagnostic of these groups. Cyanobacteria have a particularly diverse 
pigment composition, many of which are diagnostic: chlorophyll a, 
canthaxanthin, echinenone, myxoxanthophyll, zeaxanthin, scytonemin, 
oscillaxanthin, aphanizophyll, and β carotene (Nichols 1973; Jeffery et al. 
1997; Leavitt and Hodgson 2001). Pigments can be solvent extracted from 
the water column, algal mats, and sediment, then chromatographically 
separated to quantitatively assess algal group abundance.    

Due to their weakly held electrons, pigments can be easily degraded by 
exposure to high temperature, light, oxygen, and heterotrophy. The most 
stable pigments have relatively simple and unreactive functional groups 
(Bianchi et al. 1993; Leavitt and Hodgson 2001). Because of the immediate 
degradation process that begins upon algal cell death, the most complete 
pigment-inferred algal assemblages are developed from samples of filtered 
lake or ocean water and live algal mats. Sedimentary archives are variably 
suitable for reconstructing past algal abundances. Stratified lakes with anoxic 
bottom waters will retain the most similar pigment composition to that of the 
water column. Because stratified lakes are often difficult to find in desired 
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field areas, paleolimnological studies using algal pigments focus on the most 
stable pigments as well as pigment degradation products. Once degraded, 
carotenoids are converted to cis-isomers and then to colorless compounds 
after alteration of the conjugated system of double bonds (Leavitt et al. 1993; 
Leavitt et al. 2001; Reuss and Conley 2005). Chloropigments are degraded 
into stable pheophytins through the loss of the central Mg2+, or 
pheophorbides through the loss of the phytol chain (Hendry 1987; Scheer 
1991; Leavitt 1993; Jeffery et al. 1997; Leavitt and Hodgson 2001). Once 
buried in the sediment below the active surface layer, pigments are stable on 
geological timescales allowing for the reconstruction of past algal group 
abundance (Leavitt and Hodgson 2001).      

Elemental ratios of carbon and nitrogen in sedimentary organic matter can be 
used to gain information about organic matter source, aquatic productivity, 
and biogeochemical processes (Meyers and Teranes 2001). Plant structural 
material is dominated by carbon-rich cellulose, lignin, and polysaccharides; 
therefore rigid structures will have a high C:N. In contrast, proteins, amino 
acids, and chlorophyll contain nitrogen. Algae produce the least amount of 
structural material, and therefore have the lowest C:N, followed by aquatic 
macrophyte plants and soils, plant leaves, and woody material. The relative 
proportion of each of these materials in lake sediment determines the bulk 
C:N value (Meyers 1994; Meyers and Lallier-Vergès 1999; Meyers and 
Teranes 2001). For example, change in past source of organic matter from 
algae to terrigenous will be seen as an increase in C:N. The amount material 
contributed by each source of organic matter it determined by both the 
biomass and efficiency of transport to the sediment.  C:N has been used to 
reconstruct watershed deforestation (Kaushal and Binford 1999), terrestrial 
vegetation changes (Lamb et al. 2004), soil erosion (Geirsdóttir et al. 2009b), 
and aquatic macrophyte plant abundance (Briner et al. 2006). Post-
depositional microbial alteration of sediment organic matter can also lead to 
changes in C:N. Nitrogen-containing compounds are often labile, being 
preferentially degraded by microbes, and sedimentary nitrate can then be 
reduced to N2 gas by denitrifying bacteria. As a result of this, in young lake 
sediments, there is often an increase in C:N with depth as labile nitrogen is 
removed. Unless the study focuses on recent (~100 yr.) limnological 
changes, or there have been large changes in the redox state of the bottom 
water, the impact of these processes on the sediment record are probably 
minimal as sedimentary values all represent the end result of these early 
diagenetic alterations. In this dissertation, all changes in C:N are therefore 
assumed to be due to variability of organic matter source.   
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The mass dependent fractionation of stable isotopes records information 
about a broad range of biological and chemical processes. Biological 
processes discriminate against the heavier isotope (Fogel and Cifuentes 
1993), and the degree of fractionation varies between organisms and 
environmental conditions. This allows for the study of organic matter source, 
biogeochemistry and environmental conditions during the formation and 
deposition of organic matter. Ratios of isotope abundance are expressed in 
delta notation where δ = ((Rsample/Rstandard)-1) x 1000. Isotopic data is 
reported relative to the V-PDB (δ13C) and Air (δ15N) standards. In this 
dissertation, records of carbon and nitrogen isotopes in bulk organic matter 
are developed for each study site. Carbon isotopes of organic matter in lake 
sediment are controlled by changing organic matter source (Meyers 1994; 
Wolfe et al. 1999; Wang and Wooller 2006), aquatic productivity which can 
reduce concentrations of CO2(aq) (Hodell and Schelske 1998; Brenner et al. 
1999), and the utilization of HCO3

- over CO2(aq) during photosynthesis by 
algae and aquatic plants (Hollander and Mackenzie 1991; Hassan et al. 
1997). Nitrogen isotopes in lake sediment are more complex to interpret 
(reviewed by Talbot 2001), and generally require cross comparison with 
other proxies to determine the most likely driver of variability. Paleo and 
modern limnological studies have utilized nitrogen isotope records to 
examine past aquatic productivity (e.g. Gu et al. 1996; Teranes and 
Bernasconi 2000), nitrogen biogeochemisty (Wolfe et al. 1999; Teranes and 
Bernasconi 2000; Hu et al. 2001; Jones et al. 2004; Patione et al. 2006; and 
many others), and lake fertilization due to anthropogenic and animal inputs 
(Wolfe et al. 2001; Michelutti et al. 2009; Holtgrieve et al. 2011; Wolfe et al. 
2013).  

Diatoms (Bacillariophyta) are algae that create distinctly patterned siliceous 
cell walls, which persist in the sediment and are identifiable to the species 
level (Battarbee et al. 2001). Their great diversity and frequently narrow 
tolerance to environmental conditions make diatom species assemblages 
excellent paleoenvironmental indicators.  Notable uses of diatom 
assemblages in paleolimnology are reconstruction of water chemistry 
parameters such as pH and conductivity (Wolfe 2003; Michelutti et al. 
2007), phosphorous availability and eutrophication (Bradshaw and Anderson 
2001), lake water level change (Wolin et al. 1999) and, less robustly in 
freshwater than marine environments, summer temperature (Rosén et al. 
2000; Bigler and Hall 2003). The response of diatom assemblages to 
environmental parameters is determined by development of regional transfer 
functions (e.g. Joynt and Wolfe 2001).  Diatom species have shown a 
marked response to recent changes in climate and nutrient input, this change 
in assemblage is one of the defining expressions of the Anthropocene in lake 
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sediment archives (Antoniades et al. 2005; Smol et al. 2005; Wolfe et al. 
2013)  

Biogenic silica (BSi), which is comprised of the sedimentary concentration 
of siliceous microfossils produced primarily by diatoms and chrysophytes 
(Douglas and Smol 1999), is used to estimate within-lake algal productivity 
(Conley and Schelske 2001). There is often a strong link between algal 
productivity and climate, and biogenic silica concentrations have been shown 
to co-vary with temperature change in some lakes (Blass et al. 2007; McKay 
et al. 2008). In this dissertation, changes in BSi are attributed to diatom 
production and dilution by variable sedimentation rate, together representing 
qualitative change in environmental conditions as in other regional studies 
(Geirsdóttir et al. 2009b). 

This dissertation is the first to employ algal pigments to address the long-
standing questions discussed above. When used together with more 
traditional proxies, sedimentary algal pigments allow for a more complete 
characterization of paleolimnological changes. Detailed cross validation and 
comparison of multiple proxies is often the only way to precisely interpret 
past variability. The proxy comparisons of this dissertation will assist the 
interpretation of future lake sediment records in the region.  

The goals of this dissertation are: 

1. Evaluate algal pigments as an environmental proxy in Arctic lakes, 
where they have been underutilized  

2. Use pigments as part of a multi-proxy study to derive high-resolution 
records of Holocene climate from lakes on Baffin Island and Iceland 

3. Compare these records to evaluate catchment and regional scale 
differences in proxy response and climate history 

1.5  Dissertation overview  
The introduction has attempted to briefly explain the techniques used and 
provide the necessary context to understand how this study is relevant to the 
broader field of research. Chapters 2 through 4 are presented as individual, 
stand-alone manuscripts.  Chapter 2 presents a multi-proxy study of a 
sediment core from Qivitu Highlands Lake located on Baffin Island in the 
eastern Canadian Arctic. Part of this study included the development of 
laboratory techniques to analyze algal pigments at INSTAAR. Chapter 2 is 
followed by an addendum, which describes several data sets are each lacking 
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a key element required for a publication.  These data sets may be used in 
future studies and are presented here to make the information accessible. 
Chapter 3 compares two late Holocene records from Icelandic lakes 
Torfdalsvatn and Bæjarvötn, using an identical suite of proxies, which show 
varying response despite similar climate history. Chapter 4 presents a 
complete Holocene record from Torfdalsvatn.  The conclusions of this 
dissertation aim to summarize major findings and put these in a broader 
perspective.  
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2.1  Abstract 
In order to better constrain the limnological impacts from recent climate 
change relative to those of the Holocene, we developed a high-resolution 
multi-proxy paleoenvironmental record from a small lake on eastern Baffin 
Island, Arctic Canada. Carbon and nitrogen elemental and isotopic 
compositions from sediment organic matter, algal pigments, and diatom 
assemblages are integrated to provide robust indices of paleoclimatic 
variability. In particular, the ratio between individual carotenoid pigments 
(lutein:diatoxanthin) reveals a shift in dominant primary production from 
‘green’ taxa (chlorophytes, higher plants, and bryophytes) during the 
Holocene Thermal Maximum (HTM) to ‘brown’ taxa (diatoms and 
chrysophytes) over the mid- to late Holocene. Green pigment abundance 
appears most sensitive to mean summer temperatures, and their increased 
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relative abundance in the past serves as an indicator of warm times. 
Regionally, the HTM occurred shortly after local deglaciation (10 ka), 
persisting until ~7 ka. This timing agrees with that revealed by chironomid 
assemblages and ice core records elsewhere in the Canadian Arctic, but is 
significantly earlier than suggestions from palynology on Baffin Island. This 
study provides additional evidence that this discrepancy represents the ecesis 
for higher plant dispersal and colonization on distal, freshly deglaciated 
landscapes. Pigment and diatom data indicate that mid Holocene cooling 
began between 7 and 6 ka, intensifying after 3 ka. All proxies show 
pronounced change after 1.5 ka, with the greatest divergence from average 
Holocene values occurring during the Little Ice Age (LIA), supporting the 
growing consensus that the LIA was the coldest multi-centennial interval of 
the Holocene. In the 20th century, most proxies, including sedimentary 
carotenoid ratios, abruptly returned to a similar state as the Holocene 
Thermal Maximum, while diatom species assemblages present a more muted 
response. This underscores that anthropogenic alteration of the Earth system 
has created conditions with no exact analog in the past 10,000 years. 
Collectively, these results add new information on the dimensions of Arctic 
lake responses to Holocene climate change, which in turn can be used to 
reconcile paleoclimate reconstructions from diverse proxies. 

2.2  Introduction 
The extent and persistence of Arctic snow and ice cover can influence 
climate on a global scale (Serreze and Francis 2006; Miller et al. 2012), yet 
also produces profound local impacts on nutrient cycling and biological 
communities in Arctic lakes and watersheds (Wolfe 2002; Smol et al. 2005; 
Michelutti et al. 2007). It is this relationship that allows the reconstruction of 
past climate based on changes in organic matter characteristics and 
microfossil assemblages preserved in Arctic lake sediments. Understanding 
the nature of Holocene paleoclimatic events at high spatial and temporal 
resolution is necessary to disentangle the variability of climatic evolution 
across the Arctic (Kaufman et al. 2004). Much information is gained about 
the functioning of the Earth’s climate system by examining the variable 
regional responses to a spatially homogenous forcing, such as insolation 
along bands of equal latitude. 

The eastern Canadian Arctic has long been recognized as an important 
region for the study of past climate (Andrews et al. 1972; Hughen et al. 
2000; Miller et al. 2005; Briner et al. 2006; Besonen et al. 2008; Axford et 
al. 2009). Because other continuous high-resolution climate archives (such as 
ice sheets) are relatively sparse, the sediment archived in the abundant lakes 
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of the region can be used to fill gaps in spatial coverage of climate records 
(Smol 2008).            

A wide range of climate proxies from lake sediments has been used to 
reconstruct late Quaternary climates across the eastern Canadian Arctic, 
including quantifications of minerogenic input to lakes (Moore et al. 2001; 
Thomas and Briner 2008) and diatom species assemblages (Wolfe 1994; 
Wolfe and Härtling 1996; Wolfe 2003; Antoniades et al. 2005; Smol et al. 
2005; Michelutti et al. 2007; Podritske and Gajewski 2007; Wilson et al. 
2012). Recent multiproxy records (Briner et al. 2006; Axford et al. 2009; 
Thomas et al. 2011) have exploited carbon and nitrogen elemental 
concentrations and isotopic ratios to shed new light on linkages between 
regional Holocene climate history and aquatic biogeochemistry. 

Algal groups have variable tolerances for environmental conditions and are 
predicted to respond differentially to Holocene climate evolution (Smol and 
Cumming 2000).  Sedimentary pigments provide a means to reconstruct the 
abundance of taxonomic groups that do not leave morphological remains. 
These pigments can be used to differentiate contributions from green algae, 
higher plants, and mosses, from those originating from diatom and 
chrysophyte production (Leavitt and Hodgson 2001).  For example, the ratio 
between the xanthophyll carotenoids lutein and diatoxanthin is predicted to 
track such changes over time. Lutein and diatoxanthin are similarly stable 
because they both lack the 5,6-epoxide group that makes pigments such as 
fucoxanthin particularly unstable (Bianchi et al. 1993; Leavitt and Hodgson 
2001). The similar structure, and thus stability, of these compounds allows a 
ratio to be used without diagenetic artifacts biasing the signal. 

The goal of this study is to further refine the timing and magnitude of 
regional Holocene climate change by integrating more commonly used 
geochemical and biological properties with algal pigments. We employ 
multiple proxies of organic matter provenance and algal biomarkers, with 
diatom microfossil assemblage composition included to provide an 
independent proxy to help deconvolve the geochemical proxy signals. 
Although sedimentary pigments have been used extensively in temperate and 
Antarctic paleolimnological studies (Leavitt et al. 1997; Hodgson et al. 2004; 
Tani et al 2009; Hede et al. 2010), they have seen limited use in studies of 
Arctic lakes (Leavitt et al. 2003).  By combining sedimentary pigments with 
geochemical and microfossil techniques, we present a multiproxy record of 
the past 10 ka which allows for a comprehensive understanding of past 
lacustrine bio-productivity and inferred climate history. 
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2.2.1 Regional Holocene Climate 

The coastal lowlands of eastern Baffin Island were deglaciated as early as 14 
ka (Dyke et al. 2002; Miller et al. 2005; Briner et al. 2007), but local glaciers 
persisted in the interior highlands until substantially later. The timing of the 
onset of the regional Holocene Thermal Maximum (HTM) remains 
contentious. Chironomid species assemblages (Briner et al. 2006; Axford et 
al. 2009) show peak warmth occurring 10 to 8.5 ka. The record from the 
Agassiz Ice Cap (Fisher et al. 2012) shows a similar timing, with peak melt 
occurring between 11 and 9 ka and remaining elevated until ~6.5 ka. 
However, palynological records from Baffin Island sediment cores suggest 
that peak warmth occurred much later, with maximum pollen concentrations 
occurring at approximately 6 ka while other proxies in the same cores point 
to earlier peak warmth (Miller et al. 2005). Regional syntheses of HTM 
timing such as Kaufman et al. (2004), rely on the integration of multiple 
proxies, some of which may have an inherent delayed response to a change 
in climate. The apparent discrepancy in HTM timing highlights the 
importance of selecting proxies that are responsive and representative of 
climate changes. 

As the strength of summer insolation decreased, Neoglacial cooling began at 
~5.5 ka and became more severe after 2 ka as shown by both decreases in 
lacustrine productivity as well as the growth of plateau ice caps (Miller et al. 
2005, Miller et al. 2013). The culmination of Neoglacial cooling occurred 
during the Little Ice Age (LIA; ~1250-1850 AD) and is recognized 
throughout the North Atlantic as the coldest summers in the last 8 ka (Miller 
et al. 2010). In the last century, anthropogenic emission of greenhouse gasses 
has led to summer temperatures greater than any other century of the 
Holocene (Miller et al. 2013). 
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Figure  2.1. (A) The eastern North Atlantic showing the locations of proxy records discussed. 
KHL=Qivitu Highlands Lake, CF3=Clyde Foreland lake 3, AIC=Agassiz Ice Cap.  (B) Qivitu Peninsula 
showing KHL, Itiliq Lake (ITL), and Kekerturnak Lake (KEK). (C) An aerial photograph of KHL during 
2010 coring, note coring platform for coring location and scale.   

2.2.2  Study Site 

Qivitu Highlands Lake (hereafter: KHL after the earlier spelling as Kivitoo) 
is located on the forelands of the Qivitu Peninsula of eastern central Baffin 
Island, Nunavut, Arctic Canada (Fig. 1). It is a small (~0.3 km2), shallow 
(3.75 m) lake, 100 m asl., with a small catchment (~1 km2) and two trickling 
inlets.  The lake surface is frozen as thick ice most of the year, with an 
estimated modern ice-free season of ~2.5 months from mid-June until 
September. Because of its shallowness, it experiences relatively warm 
summer water temperatures but has little thermal inertia, cooling off quickly 
in late summer. Sparse vegetation fills crevices between till boulders in the 
catchment, with limited soil development.  Mosses and lichens predominate 
with scattered shrub willow (Salix) and heaths (e.g. Cassiope and 
Empetrum). 
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2.3 . Materials and methods 
2.3.1 Modern Sampling 

Lake water parameters were measured in the field (August 2010) using a 
Hydrolab multi-sensor probe and are listed in Table 1. Modern samples were 
collected to characterize the isotopic composition of various organic matter 
sources in the catchment. These consisted of lake margin soils (5-15 meters 
from the lake shore), aquatic moss from the littoral zone, aquatic moss from 
the central basin of the lake, and two plankton tows (Table 2). Plankton tows 
were conducted by pulling a fine (43 µm) mesh net across several transects 
of the lake at a depth of <1 m below the lake surface. 

Table 2.1.  

Depth (m) Specific conductivity 
(µS·cm-1) 

pH Dissolved oxygen 

(mg·L-1) 

0 14 6.4 13.4 

0.5 14 6.3 13.1 

1 14 6.3 13.1 

1.5 14 6.2 12.7 

2 14 6.2 12.9 

2.5 14 6.2 12.1 

3 13 6.1 11.8 

3.5 13 6.1 12.6 
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Table  2.2. Modern lake-water parameters measured at Qivitu Highlands Lake during 
August 2010.  

Sample type δ15N 

(‰) 

%N δ13C 

(‰) 

%C C:N 

 

SOIL 

SOIL  

SOIL 

TERRESTRIAL 
PLANT AVG (n=8) 

 

-1.2 

 3.2 

 3.0 

 

-1.6  

±3.6 

 

0.10 

0.60 

0.04 

 

1.8  

±1.6 

 

-24.7 

-26.3 

-25.5 

 

-26.9 

±1.21 

 

5.0 

9.8 

0.6 

 

43 

±10 

 

41 

19 

20 

 

48 

±29 

MOSS (shallow water)  0.4 0.70 -20.1 20 36 

MOSS (deep water)  0.6 0.90 -22.3 22 27 

MOSS (deep water)  1.3 1.0 -23.1 26 30 

PLANKTON  6.8 5.7 -30.9 44 9.0 

PLANKTON  6.2 4.5 -30.5 33 8.5 

Table 2.2. Isotopic composition of modern samples collected in and around 
KHL in summer 2010. These samples characterize the sources of organic 
matter to lake sediments.  

2.3.2  Sediment Cores 

Sediment cores from KHL were taken during three field seasons. A meter-
long core, 95KHL-02, was recovered in 1995 and a macrofossil date at the 
contact with basal sandy diamicton provides a minimum age for local 
deglaciation (Table 3). A 60-cm surface core (05KHL-01-2), which did not 
recover the entire sediment package, was entirely extruded and subsampled 
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in the field at high resolution in 2005. A 74-cm-long sediment core (KHL10-
2A), visually identical to 95KHL-02, was recovered using a hammer-driven 
piston corer from an anchored raft platform in August 2010. An adjacent 
surface c-ore (KHL10-2B) with intact sediment-water interface was 
recovered and carefully extruded in the field at 0.25 to 0.5-cm-resolution to 
preserve the most recent part of the record. The composite sediment 
stratigraphy comprises 70 cm of organic-rich gyttja underlain by sandy 
glacial diamicton. When split, the top 3 cm as well as the bottom 44 cm of 
gyttja were dark and reduced, with diffuse transitions to a lighter, oxidized 
layer in between.  A macrophyte layer occurs at 36 cm composite depth, just 
below the transition between reduced and oxidized sediment. The upper 
several cm of the 2010 surface core has high water content (93% at 1 cm), 
and thus permits high-resolution sampling of the last century.  

2.3.3  Sediment Chronology 

The chronology of the uppermost sediments was developed from the excess 
210Pb profile measured by a-spectroscopy at MyCore scientific, Ontario, 
Canada on 05KHL-2 (Fig. 2). The 210Pb chronology was calculated using the 
Constant Rate of Supply (CRS) model (Appleby and Oldfield 1978), and 
transferred to the 2010 core by matching organic matter proxies (TOC, 
carbon and nitrogen stable isotopes) from the two cores to determine a tie-in 
point where only background (supported) 210Pb remains. Carbon isotopes 
show the strongest signal at the tie-in point, shown for each core in Figure 2. 
This tie-in point, at 1870 AD, was given an uncertainty of 30 years to 
account for limitations in the method of splicing the two records. 

Macrofossils of aquatic mosses were sampled from the core wherever 
possible to develop a radiocarbon chronology for the remainder of the core. 
Although rare, macrofossils were recovered at 14.5 cm, 27.5 cm, and 36 cm 
depth, and dated by 14C. The basal age of this core was determined by dating 
the humic acid fraction (Abbott and Stafford 1996) of bulk sediment at 65.5 
cm, 4.5 cm above the contact between organic sediment and glacial 
diamicton (Table 3). This date is consistent with the stratigraphically deeper 
basal macrofossil date of 95KHL-02. Although humic material is typically 
older than the date of sedimentation due to an age reservoir in the catchment, 
the paucity of relict organic material on deglaciation leads to little age offset 
in the sediment shortly following deglaciation (Wolfe et al. 2004). All 
radiocarbon samples were processed at the Radiocarbon Laboratory of the 
Institute of Arctic and Alpine Research. The CLAM software package 
(Blaauw 2010), which integrates the Intcal 09 14C calibration (Reimer et al. 
2009) was used to develop an age-depth model using a smooth spline (Fig. 
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2), which incorporates all radiocarbon ages as well as the 1870 ±30 AD 210Pb 
derived age control point. 

 

Figure  2.2. (A) Smoothed spline age model for KHL10 created using the program CLAM 
(Blaauw 2010). (B) The steep decline in unsupported 210Pb in 05KHL shows that post-
depositional mixing of the surface sediment has been minimal. (C) KHL10-2A-1N-01, (D) 
KHL10-2B-1B-1, and (E) 05KHL-2 showing the tie-in point for each core determined by 
characteristic proxy value. Carbon isotopic composition is shown here, however the same 
tie-in point is also obtained by using nitrogen isotopes or TOC%. Differences in the 
resolution and rate of change of proxy values are attributed to varying sediment density of 
each core. 
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Table  2.3. Radiocarbon ages from KHL, processed at the Radiocarbon Laboratory of the 
Institute of Arctic and Alpine Research 

2.3.4  Sediment Geochemistry 
Total organic carbon (TOC) and total nitrogen (N), as well as their stable 
isotopes, were measured on lyophilized homogenized bulk sediment at the 
Carnegie Institution of Washington’s Geophysical Laboratory in 
Washington, DC.  After being weighed into tin capsules, the samples were 
loaded into the autosampler of a CE NC 2500 Elemental Analyzer and 
combusted in an oxidation column at 1020 °C. CO2 and N2 were separated 
by gas chromatography and measured for concentration and isotopic 
composition by a Finnigan Delta V Plus isotope ratio mass spectrometer.  An 
acetanilide standard was measured every 12th sample and used to correct for 
drift.  Isotopic data is reported in standard delta notation relative to the V-
PDB (d13C) and Air (d15N) standards, and have analytical precision of 
±<0.2‰ for both d13C and d15N values, estimated from duplicate analyses.  

2.3.5  Algal Pigments 
Algal pigments were measured at continuous half-centimeter resolution at 
the Institute of Arctic and Alpine Research following the methodology 
described in Leavitt and Hodgson (2001) pp. 305-306, using an Agilent 1200 
series HPLC with an Eclipse XDB C18 15-cm column. The archive half of 
KHL10-2A was used for pigment analysis because it was sealed, stored cold, 
and not visibly oxidized at the time of sampling. All subsamples were kept 
frozen under nitrogen until the time of measurement.  Freeze-dried 
subsamples of varying mass were extracted immediately upon lyophilization 
in 5 mL of 80:15:5 acetone:methanol:water solvent mixture in an amber vial, 
which was flushed with nitrogen and sealed. Samples were sonicated for 30 
seconds to disperse the sediment, then stored at -10°C for 24 hours. After the 
extraction was complete, samples were filtered through a 0.2 µm PTFE 
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syringe filter, which was then flushed with three milliliters of acetone to 
insure complete recovery of pigment. This extract was evaporated to dryness 
under N2, after which a known volume of rehydration solution (acetone, 
methanol, and ion pairing reagent) was added and an aliquot transferred to a 
refrigerated autosampler. Pigments were identified and quantified by a Diode 
Array Spectrophotometer (DAD) calibrated with standards from DHI, 
Denmark. Carotenoids were quantified using the area under peaks in a trace 
at 435 nm. Because lutein and zeaxanthin co-elute using our methodology, 
identity and purity of the lutein peak was confirmed by examining the 
absorbance spectrum of this peak for each sample. Lutein has a deeper 
‘trough’ between the second two absorbance peaks which are also slightly 
offset from those of zeaxanthin, occurring at slightly shorter wavelengths. 
Specifically, on our system, the second peak of the lutein spectrum occurs at 
445 nm, the trough at 460 nm and the third peak at 472 nm. The ratio of the 
height of the first peak to the height of the trough is 1.31. For zeaxanthin, the 
second peak occurs at 450 nm, the trough at 468 nm and the third peak at 
476 nm. The ratio between the height of the second peak and the trough for 
zeaxanthin is 1.17. Spectra from all chromatograms were examined to assure 
that the peak quantified did not show evidence of zeaxanthin. Co-elution 
with carotenoids prohibited quantification of chlorins using the DAD, 
therefore chlorins were measured by fluorescence (excitation = 435 nm, 
emission = 667 nm). Pigment concentrations were normalized to the organic 
carbon content of the sediment to reduce apparent variability due to changing 
minerogenic inputs to the lake.  

2.3.6  Diatom Preparation and Counting 
 Diatom microfossils were enumerated at 1-cm resolution using the same 
subsamples used for stable isotope and elemental analysis. Organic matter 
was digested using 30% hydrogen peroxide heated to approximately 90ºC 
overnight. Samples were then centrifuged and rinsed three times with 
distilled water. Clean diatoms were suspended in distilled water and several 
drops were placed on a microscope slide coverslip. These were allowed to 
dry and then mounted using ZRAX, a high refractive index mounting media. 
At least 300 diatom valves were identified per sample based on taxonomy 
and nomenclature following the Baffin Island flora of Wolfe (2003) and 
Wilson et al. (2012). Due to the variable nature of diatom preservation in this 
core, valves that were visibly dissolved (and not identifiable) were counted 
along with intact valves. Those levels where partially dissolved valves 
reached ~40% or more of the 300 counted were not included in our 
reconstructions to avoid any potential bias. Baffin Island transfer function 
calibration data of Joynt and Wolfe (2001) was entered into the C2 program 
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version 1.7 (Juggins 2011) to develop a pH transfer function.  Diatom 
diversity is expressed in Hill’s N2 index, also calculated by the C2 program. 
Biogenic silica (BSi) was measured to provide an indication of diatom 
abundance, but was not used for climate reconstruction. 

2.3.7  Data Analysis 
Statistical analysis of the dataset was performed using Principal Component 
Analysis (PCA) on a correlation matrix using the princomp function in the R 
environment (R Development Core Team 2010). PCA was conducted on two 
separate data sets: the geochemical data that spans the entire record, and the 
diatom taxonomic data, which is limited to the past 6 ka due to preservational 
constraints. The geochemical PCA data set contains all proxies measured, with 
the exception of BSi, which was excluded due to the lower temporal resolution 
of analysis. The diatom PCA was performed using a combination of simplified 
species data along with diatom preservation and Hill’s N2 diversity index. 
Diatom inferred pH was excluded because the transfer function results are 
directly obtained from the species data. All principal components used in the 
study are significant as determined by the broken stick model performed by the 
bstick function within R. PCA factor scores were plotted through time to obtain 
a simplified proxy summary curve. 

2.4 . Results 
2.4.1  Chronology 
The 210Pb profile (Fig. 2) shows monotonic decay back to background levels, 
indicating little mixing of the upper sediments despite the shallowness of the 
lake. This gives confidence that surface sediments are not prone to redistribution 
by bioturbation or wave action. The small size of the lake limits the depth of 
wave action, and maximum winter lake ice is less than 2 m, so ice disturbance is 
unlikely. Surface sediment of the 2010 core was less dense than that of the 2005 
core, with approximately twice the sediment depth represented by equal mass. 
Radiocarbon dates (Table 3) increase with depth without age reversals and the 
basal ages of the 1995 and 2010 cores are similar. The slightly older date from 
the base of 95KHL indicates the onset of organic sedimentation occurring prior 
to ~10.6 ka. High sedimentation rates in the early Holocene rapidly decrease in 
the mid to late Holocene (Fig. 2, 3). Low sedimentation rates persist until the top 
of the core where lower sediment densities cause an apparent increase of mass 
accumulation rates. Although the age-depth relationship increases at the top of 
the core, the mass accumulation rate remains low, reaching a minimum between 
1250 and 1850 AD. An increase in the mass accumulation rate occurs after 1850 
AD. 
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2.4.2  Sediment Geochemistry 
Total organic carbon (TOC%) content of KHL sediments ranges from 3.8 to 
13%, with a stable maximum between 8.5 and 1.5 ka (Fig. 3). Between the start 
of organic sedimentation and 8.5 ka, TOC% increases, associated with decreased 
minerogenic input. After 1.5 ka, TOC% rapidly drops into a pronounced trough, 
reaching a minimum (3.8% at 1500 AD), which persists until a sharp recovery 
to 13% in the 20th century. Due to the large changes in sediment accumulation 
rate, organic carbon flux is quite different than TOC%. Organic carbon flux is 
greatest immediately following deglaciation, which then decreases but remains 
high until 7 ka. After 7 ka the flux of organic carbon gradually decreases until 
stabilizing at 5 ka, remaining at a low level (0.045 g cm-2 yr-1) through the rest of 
the mid Holocene and reaching a minimum of 0.011 g cm-2 yr-1 during the LIA. 
Carbon flux increases during the 20th century, returning to similar values as in 
the early Holocene. Within-lake algal organic matter has low C:N (~9), while 
terrestrial organic matter is typically high (20-80), and aquatic mosses are 
intermediate (27-36; Table 2). C:N in bulk lake sediment ranges between 11.0 
and 15.3, indicating that the sediment organic matter is composed of a varying 
mixture of terrestrial, aquatic macrophyte, and algal sources (Fig. 3). C:N values 
are highest during the early part of the record, with the maximum value 
occurring at 9.8 ka. There is a subsequent decrease in C:N until it stabilizes 
(~12.8) at 7 ka. C:N undergoes a slight rise between 7 ka and 2.2 ka, followed 
by a decrease. This decrease steepens at about 1400 AD and reaches a minimum 
value (~11) at 1870 AD, after which it rebounds sharply (~12.8) in the 20th 
century. 
Carbon isotopic composition becomes steadily more enriched from the 
beginning of the record to ca. 3 ka, when δ13C reaches its highest value (-
20.4‰; Fig 3). Subsequently δ13C becomes increasingly depleted, gradually 
at first, then more rapidly after 1500 AD, reaching its lowest value (-24.6‰) 
at 1870 AD, which coincides with the C:N minimum. Nitrogen isotopic 
composition closely tracks the δ13C variability between 8 and 3 ka, but the 
two isotopic systems decouple and trend in opposite directions after 3 ka. A 
pronounced positive excursion of δ15N occurs during the LIA with values 
reaching 2.2‰, contemporaneous with the lowest values of C:N and δ13C 
(Fig. 3). During the 20th century, sediment δ15N rapidly declines from the 
high values seen in the LIA to ~0.5-0.8‰.  
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Figure  2.3. Organic carbon percent, carbon to nitrogen atomic ratio, and isotopes along with 
fluxes of bulk sediment and organic carbon 
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2.4.3  Algal Pigments 

Algal pigment concentrations show large changes throughout the record. 
Because chlorins are not taxonomically specific, we focus on the two most 
abundant and continuously-preserved xanthophyll carotenoids, lutein and 
diatoxanthin. While the former is produced primarily by higher plants and 
chlorophyte algae, the latter is produced exclusively by siliceous ochrophyte 
algae (diatoms and chrysophytes). Lutein is the most abundant carotenoid in 
the sediment between 10 and 7.5 ka. This is captured as the lutein to 
diatoxanthin ratio (L:D) in Figure 4. Between 7.5 and 5 ka L:D gradually 
decreases, indicating the relative depletion of lutein-producing taxa from the 
watershed. After 5 ka, L:D remains consistently low, with elevated 
diatoxanthin concentration persisting during the late Neoglacial and LIA. In 
the 20th century, the relative contribution of lutein sharply rebounds with the 
L:D returning to HTM values.Variable preservation of pigments down core 
does not appear to be controlling observed trends. Concentrations of both 
lutein and diatoxanthin at the top of the core are relatively low and increase 
down core, which gives confidence that there has been minimal post-
depositional diagenesis of these two carotenoids. The ratio of chlorophyll a 
to its degradation products (pheophytin a and pheophorbide a) is variable  
throughout the record but is not correlated with any factors that are expected 
to demonstrate a change in pigment preservation (such as sedimentation rate, 
TOC flux, or total chlorophyll a flux). Therefore, this ratio does not seem to 
be indicative of total pigment preservation but potentially reflects variably 
preserved aquatic and terrestrial pigment sources (Fig. 3, 5). 
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Figure 2.4. Sedimentary carotenoid concentration and flux along with chlorophyll a and a 
ratio of chlorophyll a to pheophytin a and pheophorbide a indicating the type and 
magnitude of lacustrine primary productivity. Lutein to diatoxanthin ratio shows the 
relative contribution of diatoms and chrysophytes (diatoxanthin) and green algae, 
bryophytes, and higher plants (lutein). For plots with two axes, solid lines represent 
pigment flux in µg mg C-1 year-1 (upper axis) while dashed lines indicate pigment 
concentration in µg mg C-1 (lower axis). 
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2.4.4 Diatom Assemblage Change 

Diatoms are present, well-preserved, and abundant in the uppermost portion 
of the core but become progressively less well-preserved with depth. 
Preservation declines between 1 and 6 ka (Fig. 5). Before 6.5 ka, over 40% 
of valves show significant dissolution and were not enumerated. Valves were 
considered partially dissolved only when a non-identifiable fragment 
consisting of a sternum, central nodule, fascia or hyaline areas was tapered 
and thinner than that of an intact valve. Diatom microfossils are extremely 
rare in sediments older than ~8 ka. The greatest number of taxa occurs in the 
surface sediments, with many taxa (Discostella spp., Cymbella gaeumannii 
Meister, Nitzchia spp. and Eunotia exigua Rabenhorst) not seen other than in 
the top several centimeters of the core.  The LIA sediments are dominated by 
Aulacoseira species along with Pinnularia biceps Gregory. There is a 
transition from the mid-Holocene fragilaroid taxa (primarily Stauroforma 
exiguiformis (Lange-Bertalot) R.J.Flower, V.J.Jones & F.E.Round) to the  
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Figure  2.4. Dominant diatom taxa of the last 6.5 ka, the interval in which they were 
relatively well preserved.  Partially dissolved valves are plotted to show decreasing valve 
preservation with increasing depth/age.  Lake water pH was reconstructed using the 
calibration data set of Joynt and Wolfe (2001) and a transfer function calculated using the 
C2 program (Juggins, 2011). Hill’s N2 diversity shows increasing diversity in recent 
sediments. N2 was also calculated using the C2 program. Grey shading indicates the interval 
of poor diatom preservation  
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LIA-type diatoms beginning at about 3 ka (Fig. 5). This transition is gradual 
until a threshold is reached (likely pH-driven) just after 2 ka, when 
Aulacoseira perglabra (Østrup) E.Y.Haworth becomes dominant.  

Biogenic silica (BSi) captures changes in the accumulation of diatom silica 
to the lake’s sediment, regardless of whether or not individual valves 
subsequently dissolve in the sediment column.  BSi indicates that the flux of 
diatom valves was highest during the early Holocene even though diatoms 
valves are not well preserved in that part of the core. Due to the large 
difference  

in silica per diatom frustule between fragilaroid taxa and Aulacoseira, as 
well as the potential for dissolved silica leaching from the sediment, BSi 
appears not to be a sufficiently reliable measurement of diatom abundance to 
be used in this climate reconstruction. 

2.5  Discussion 
In this study, we have utilized algal pigment assemblages, organic matter 
bulk stable isotopes, and algal microfossils (which are all produced and 
deposited within the catchment) from the KHL sediment record as a means 
to provide a better understanding of past regional climate-driven 
environmental change. The proxy data show coherent trends and reveal 
climate states based on the sensitivity of each proxy measured. Additionally, 
the major climate states of the last 10 ka are uniquely characterized, with 
clearly distinguishable biogeochemical regimes observed in the time periods 
10-7 ka and 2 ka to 1900 AD, with a transitional state occurring in between. 
The most recent century appears similar to the early Holocene in all proxies 
except diatom species assemblages, which are unique with respect to those 
observed earlier in the record. 

2.5.1  Pigment and Diatom Preservation 

Algal pigment preservation needs to be carefully considered in any study 
utilizing sedimentary pigments, which are inherently unstable. This is due to 
the nature of the light-absorbing chromophore and associated weakly held 
electrons. Factors that decrease pigment preservation are exposure to high 
light, temperature, oxygen, and heterotrophic consumption, which are all 
highest in the water column and in the active layer at the sediment-water 
interface (Leavitt and Hodgson 2001). Pigments will be best preserved when 
they are quickly deposited and buried in the sediment column. The shallow 
depth of the lake and the high concentration of sedimentary pigments suggest 
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that much of the pigment is sourced form benthic algae and macrophyte 
plants rather than from phytoplankton in the water column. Benthic pigments 
would be more quickly buried and removed from conditions favorable for 
degradation. The residence time of pigments in the active sediment layer 
depends on the sediment accumulation rate. Because there is a large 
reduction in accumulation rate over the KHL record, there is the potential for 
this to overprint the climatic signal contained in the pigment record. Pigment 
concentration, however, is actually higher during times of low sediment 
accumulation rate, suggesting that preservation is always high, and dilution 
by non-pigment organic material is a predominant control on sedimentary 
pigment abundance (Fig. 3). Additionally, there is no first order decrease in 
pigment concentration through time, indicating that in this environment, 
pigments remain stable once buried for at least the duration of the record. 
This shows that while there may have been small changes in pigment 
preservation over the Holocene, the climate signal of the pigment record in 
this core is reliable and not overprinted by degradation.  

Changes in diatom preservation down-core are likely due to post-
depositional processes that lead to elevated pH in sediment pore water, rather 
than dissolution due to lake water chemistry at the sediment water interface. 
Diatom dissolution is enhanced in waters with high pH, temperature, and low 
dissolved silica (Lewin 1961; Ryves et al. 2001). Although pH was possibly 
higher in the early Holocene, as reconstructed in other nearby lakes 
(Michelutti et al. 2007; Wilson et al. 2012), it was probably not sufficiently 
high to dissolve biogenic silica at the sediment water interface. Similar 
bedrock and lake morphology suggest that Holocene pH values at KHL 
should be roughly the same as those at lake CF3, which had an early 
Holocene diatom-inferred pH of ~8.0 without significant evidence of 
dissolved valves (Michelutti et al. 2007). The presence of measureable 
biogenic silica (BSi, Fig. 5) in sediments without visible diatoms leads us to 
believe that the dissolution occurred post-deposition and after removal from 
the active upper sediment layer. This would allow dissolved silica to be 
trapped in sediment pore water. The reduction in diatom preservation occurs 
at the same depth at which sediments become black and presumably more 
strongly anoxic due to increased organic matter content. Processes such as 
denitrification and sulfate reduction in anoxic sediment can elevate the pH of 
the pore water due to hydroxide and bicarbonate ions produced, leading to in 
situ silica dissolution (Drtil et al. 1995; Warthmann et al. 2000). Elevated 
sediment organic matter encourages both denitrification and sulfate 
reduction, as heterotrophic respiration will deplete pore water oxygen and 
lead to the use of these alternate electron acceptors. 
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2.5.2  Early Holocene (10-7 ka) 

The HTM occurred at this site between 10 and 7 ka and is distinctly 
characterized by most proxies. HTM organic matter has C:N above 11, low 
δ13C, high chlorophyll concentrations, high L:D ratio, and the lack of well-
preserved diatoms. In Baffin Island lake catchments, due to the minimal 
terrestrial vegetation cover, high C:N can be interpreted as either a greater 
proportion of terrestrial to aquatic organic matter (Thomas et al. 2011), or a 
greater contribution from aquatic macrophyte mosses (Briner et al. 2006). 
Modern samples from the lake catchment (Table 2) show that terrigenous 
soil (C:N 20-40) and lacustrine mosses (C:N 27-36) are not readily 
distinguished by this measure. δ13C can aid in this distinction (Wang and 
Wooller 2006). Terrestrial and algal organic matter have consistently lighter 
carbon isotopic composition than that derived from aquatic macrophytes 
(Meyers and Teranes 2001; Wang and Wooller 2006). Modern terrestrial 
plants and soil collected near KHL are consistent with this, with plants 
averaging -26.9‰ (n=8, σ=1.21) and soils -25.5‰ (n=3, σ=0.8) (Table 2). 
High C:N coupled with light δ13C suggest early Holocene conditions were 
characterized by a greater flux of allochthonous organic matter to the lake 
due to relatively abundant terrestrial biomass. 

2.5.3  Mid Holocene (7 ka to 2 ka) 

After the peak HTM warmth TOC flux is greatly reduced, becoming low and 
stable after 6 ka. This reflects an overall decline in biological productivity 
with the onset of mid Holocene cooling. The gradual rise of δ13C and δ15N 
between 8 and 3 ka suggests increasing abundance of aquatic macrophytes 
until 3 ka, when a decoupling of the correlation between δ13C and δ15N 
shows a shift toward algae as the predominant organic matter source to the 
lake. 

An increase in diatoxanthin concentration relative to lutein indicates a shift 
in primary production characteristics in and around the lake. This is 
interpreted as a reduction of contributions from green algae, macrophytes, 
and higher plants after the HTM, with increasing relative abundance of 
diatoms as Neoglacial cooling begins. This in turn suggests that the ‘green’ 
taxa are more sensitive than diatoms to changing climate. L:D reaches a 
decreased value by 5 ka, indicating that higher plants and green algae were 
greatly reduced following the initial mid-Holocene cooling. Diatoxanthin 
flux remains high during the LIA, suggesting that diatom abundance may be 
more influenced by water chemistry or lake ontogeny than temperature. 
Additionally, diatom growth is often characterized by early-season blooms, 



32 

which then become silicon-limited before the end of ice-free conditions. 
Length of growing season is likely more limiting than nutrient availability 
for green plants, which grow slowly throughout the season and in some cases 
retain biomass from one season to the next. Because of this, diatom 
productivity is less sensitive to length of summer than higher plants or 
aquatic macrophytes. This is important to note as many studies have used 
diatom abundance to reconstruct total lake productivity, which is unlikely to 
accurately reflect total aquatic production. 

The onset of continuous diatom preservation occurs after the end of the 
HTM, as organic matter flux decreases, suggesting that the post-depositional 
processes that led to the dissolution of diatoms were linked to this warm 
interval. Diatom preservation in KHL sediments can thus be interpreted as 
another piece of evidence for the termination of HTM conditions and onset 
of Holocene cooling between 7 and 6.5 ka. Improved diatom preservation, 
along with the change in color of the sediment (5.7-5.5 ka), represents a 
further transition in the lake basin in response to intensified mid Holocene 
cooling. During the mid Holocene, many of the organic matter proxies show 
relative stability, indicating an unchanging source. Contrastingly, the diatom 
record reveals significant changes in the lake basin during this time. The pH 
transfer function reveals a mid-Holocene pH of around 6.8, remaining 
relatively stable until 3 ka when a decrease in pH is indicated by the 
replacement of fragilaroid taxa by Aulacoseira. Although pH is not directly 
dependent on climate, an increase in the duration of ice cover and the 
associated buildup of carbonic acid in the lake water has been cited as a 
predominant driver of pH changes over the Holocene in poorly buffered 
Arctic lakes (Wolfe 2002; Michelutti et al. 2007). This diatom assemblage 
change indicates a pronounced increase in the duration of lake ice cover after 
~3 ka. 

2.5.4  Late Holocene (2 ka BP to ~1900 AD) 

All organic matter proxies show that the biggest change in sediment 
properties from their mean Holocene state since the end of the last glaciation 
occurred during the LIA. A sharp decline in C:N, more negative δ13C, and 
more positive δ15N shows an increasing relative contribution of algal organic 
matter, reaching its maximum during the late LIA. These characteristics all 
suggest a dominantly aquatic provenance for sediment organic matter. This 
requires that the landscape was nearly barren of plants or that prolonged 
frozen conditions prevented the mobilization of soil. 
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2.5.5  Anthropocene (~1900 AD to present) 

Subsequently, many proxies from 20th–century sediments return to similar 
values as those recorded during the HTM. L:D shows the return of ‘green’ 
algae and plant predominance. C:N and carbon flux are elevated, indicating 
higher productivity and greater influx of terrestrial organic matter. Diatom 
assemblages, however, did not return to an assemblage similar to earlier in 
the record, indicating different environmental conditions to that of the mid 
Holocene. The rise of Discostella and assemblage diversification is similar to 
that observed by Smol et al. (2005) at many Arctic sites.  Many of these 
assemblage changes were observed without associated changes in water 
chemistry and are linked to changes in air temperature. The rise of 
Discostella likely indicates warmer temperatures and reduced ice cover at 
KHL in the last century.  We also note that sediment proxies from KHL 
provide a detailed and compelling expression of the Holocene-Anthropocene 
transition (Wolfe et al. 2013). During the 20th century, sediment δ15N 
declines markedly, corresponding with trends observed across much of the 
Arctic that reflect anthropogenic nitrogen deposition (Holtgrieve et al. 2011).  
In many cases (e.g. L:D, C:N, and carbon flux), peak values attained during 
the HTM have been reached or exceeded in sediments deposited during 
recent decades, ultimately implying that recent warming has reached 
temperatures not consistently encountered since the early Holocene. 

2.5.6 PCA Analysis 

Plotting PCA component values through time was used to summarize 
multiple proxies and develop a composite proxy curve (Fig. 6,7).  The two 
principal components that explained the greatest proportion of variance were 
examined for each data set. Component one from the geochemical data 
explains 46.3% of the total variance and is primarily controlled by the 
anticorrelation between δ15N and sedimentation rate, C:N, L:D and other 
pigment fluxes. This principal component is interpreted as primarily 
representing length of ice-free season and summer temperature. Geochemical 
component two explains 23.8% of the total variance, controlled by the 
inverse correlation of δ15N with δ13C, TOC%, and (chlorophyll a / pheophytin 
a + pheophorbide a). The diatom data component one (not shown) explains 
67.5% of the variance and is driven by the late Holocene diversification of 
assemblages. Diatom component two represents the shift in assemblages 
during the LIA. This component explains 18.8% of the variability and is 
possibly related to summer temperature. 
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Both geochemical PCA component 1 and the diatom data derived component 
2 likely represent signals of climatic change rather than the within-lake 
thresholds that drive the other principal components. The PCA component 1 
plot (Fig. 7) highlights the HTM, as well as the major departures from the 
average climate of the Holocene-the late Neoglacial (after 2 ka) and LIA 
(1400-1900 AD). Anthropogenic influence on climate is recorded as a 
dramatic rise in PCA component 1, rapidly returning to a similar state as the 
HTM.  PCA 2 (of the diatom data) differs in that most of the change occurs 
between 3.0 and 1.2 ka, and is a response to Neoglacial intensification rather 
than the LIA maximum. Multiproxy records have the advantage of including 
the unique point of sensitivity of each proxy. If only the geochemical record 
was examined, environmental change occurring during this interval would 
not have been detected.      

2.5.7  Comparison with Regional Records 

 Chironomid-inferred summer air temperatures from lake CF3, ~300 km 
north of KHL and in a similar setting (Briner et al. 2006), and Agassiz Ice 
Cap melt (Fisher et al. 2012) show a distinct HTM shortly after deglaciation, 
contemporaneous with the summer insolation maximum. Good agreement in 
the timing of the warm period at both of these sites with proxy records  

 

Figure  2.5. Principal component biplots of components one and two for the geochemical 
(A) and diatom (B) data 
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presented here strongly support an HTM between ~10 and 7 ka across 
eastern Baffin Island (Fig. 7). An early HTM conflicts with the HTM timing 
shown by pollen records, such as those presented in Miller et al. (1999; 
2005), which suggest that thermophilous vegetation communities only  
developed ~2 ka after peak summer temperature. We propose a similar 
conclusion to that of Miller et al. (2005) to explain the discrepancy between 
pollen and lacustrine apparent peak warmth: the delayedresponse of higher 
terrestrial plants reflects the combined influences of residual Laurentide ice 
and long migration distances, thereby delaying higher plant ecesis. 
Vegetation succession in other Arctic sites has been relatively rapid since the 
end of the LIA, with mature tundra developing in as little as 100 years in a 
site on Svalbard (Prach and Rachlewicz 2012). Because it has been shown 
that plants are able to rapidly colonize nearby freshly deglaciated landscapes, 
we place more of an emphasis on migrational constraints rather than 
pedogenesis as the limiting factor to terrestrial plant community 
development. A comparison of proxy based global temperature anomalies 
presented by Marcott et al. (2013) implies that the Baffin Island HTM was 
considerably earlier than the global average, while the LIA timing was 
synchronous with the global average (Fig. 7). 

A climate record of the last 2 ka from nearby Itilliq Lake (Thomas et al. 
2011), located 5 km from KHL, shows few similarities to the most recent 2 
ka of the KHL record. The distinct 1000 AD cold period described in 
Thomas et al. (2011) is not apparent in KHL. It is possible that our 
chronology and sample resolution does not properly resolve this event, 
although this should not change the fundamental structure and information 
contained in the proxy curves. Ultimately, the different records shown by 
these two lakes highlight the need to perform multiple studies utilizing a 
variety of proxies in each region to account for the variability of natural 
systems in response to equivalent climatic events. 
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Figure  2.6. Summary of proxy data by PCA factor scores through time. Principal 
component 1 for the geochemical data set and principal component 2 for the diatom data set 
are interpreted as representing summer temperature at the site. These summary plots are 
compare 
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2.6 . Conclusions 
The multi-proxy reconstruction from KHL shows Holocene-scale changes in 
dominant primary producers and sediment organic matter provenance, as 
well as threshold changes of algal taxa during the HTM, Neoglacial, LIA, 
and 20th century. It is the first paleolimnological study in the region to 
integrate pigment-based reconstructions to a suite of more commonly 
measured proxies. The ratio of diagnostic carotenoids is shown to be a 
sensitive proxy for examining past abundances of photosynthetic organisms 
that cannot be differentiated by other methods.  Dominant production shifted 
from chlorophytes, bryophytes, and higher plants in the early Holocene to 
diatoms in the mid- to late Holocene, reversing again following the LIA. 
This suggests that diatoms are less sensitive to summer cooling compared 
with higher plants and green algae. L:D provides a sensitive novel climatic 
indicator, particularly for periods of peak warmth in this environment, such 
as the HTM and 20th century. 

The organic matter proxy values for the early Holocene require that 
considerable terrestrial biomass was established shortly after deglaciation. 
This is much earlier than the terrestrial floral development as indicated by 
pollen records, which suggest a modern flora was established only after 8 ka.  
We suggest that higher plant ecological dynamics and migration, rather than 
temperature limitations, were the dominant control on the appearance of 
pollen-producing plants in the watershed following deglaciation. The early 
Holocene vegetation must have comprised an abundant biomass dominated 
by few taxa. Terrestrial biomass became greatly reduced by 3 ka, with 
sediments becoming almost completely comprised of autochthonous algal 
organic matter during the LIA. 

The compilation of proxies by their PCA component scores enables a 
summary of regional Holocene climate evolution (Fig. 7). HTM conditions 
extended from 10 to 7 ka, with a transition to a cooler yet stable mid 
Holocene climate between 7 and 5 ka. Neoglacial cooling intensified from 3 
to 1.5 ka and culminated in the LIA (beginning at ~1400 AD and peaking at 
1870 AD), which is the coldest prolonged period of Holocene summers at 
this location. A dramatic return of some proxies to values similar to the HTM 
suggests that modern conditions are comparable those of the HTM. 
However, diatom species assemblages and several of the geochemical 
proxies have continued to evolve away from those of the HTM, possibly due 
to additional factors such as atmospheric nitrogen deposition, which 
indicates that the Anthropocene is truly unique in character  relative to the 
entirety of the Holocene (Wolfe et al. 2013). 
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2.8  Addendum to Chapter 2: 
Unpublished Baffin Island carbon and nitrogen elemental and isotopic data 
sets 

In addition to the KHL record, five other sediment cores were subsampled 
and analyzed for C:N, δ13C, and δ15N. These records were deemed unsuitable 
for full multi-proxy analysis due to either lack of adequate chronology or to 
lack of apparent climate signal in the isotopic data.  

2.8.1 . Cores collected in the April 2009 field season 

  Flat Lake (64°42'59" N, 70°48'43" W)  2.8.1.1
Flat Lake is located in south central Baffin Island, on a peninsula that 
extends into the much larger Amadjuak Lake. This site was selected for its 
position on the carbonate bedrock that extends from Foxe Basin across 
western central Baffin Island. While developing radiocarbon chronology is 
impossible due to reservoir age effects from dissolving bedrock, the 
carbonate composition of the sediment makes it easily dissolvable, and 
because of this, Flat Lake is well-suited to isolation of cryptotephra shards 
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for the development of an age model. This portion of the Flat Lake study was 
led by Kate Zalzal, who successfully extracted and geochemically analyzed 
cryptotephra from the sediment. These tephra shards were identified as 
having Cascadian and Alaskan provenance, primarily a mixture of Mt. St. 
Helens, Newberry and White River. Unfortunately, distinct horizons of these 
tephra with consistent and diagnostic geochemistry were not found. Tephra 
of similar geochemistry was widely distributed throughout the sediment, 
suggesting that it was reworked and therefore unsuitable for use as a 
chronostratigraphic marker.  

Despite challenges with sediment chronology, down-core analysis of C:N, 
δ13C, and δ15N was carried out at the Carnegie Geophysical Lab in 2010 after 
removing sedimentary carbonate by acid fumigation. All elemental and 
isotopic parameters show strong, coherent trends through the length of the 
record. Total organic matter content gradually rises through the bottom two 
thirds of the core, stabilizing to around 16% in the upper 30 cm (Fig. 2.8). 
Organic matter content of the sediment is predominantly controlled by the 
balance between watershed productivity, and dilution by inorganic material. 
The monotonic increase in TOC suggests that dilution might be the driver of 
the changes seen. Aquatic productivity should develop relatively rapidly 
after initial lake formation, especially because the relatively late local 
deglaciation should lead to some of the warmest lake water temperatures 
directly after formation. The bottom, less organic-rich portion of the core 
likely represents a time of higher sedimentation rates and large amounts of 
mobile till present after deglaciation and before establishment of terrestrial 
plant communities. A strong anticorrelation between δ13C and δ15N implies 
that a common factor may have been influencing the change of both proxies 
through the record (Fig. 2.8). This could be related to either the organic 
matter source or the productivity and nutrient dynamics of the lake. δ13C 
reaches its highest value and δ15N its lowest at around 48 to 55 cm, which 
should be less than 1000 years after local deglaciation based on a linear 
sediment-age assumption. Heavy carbon isotope values most likely indicate 
high aquatic productivity or aquatic macrophyte organic matter while 
decreases in δ13C could have been caused by low aquatic productivity, a 
greater proportion of terrestrial or algal organic matter. Increasing C:N 
throughout the core suggests that the decrease in δ13C is more likely driven 
by increasing terrestrial organic matter as opposed to algal material. The 
nitrogen isotopic record could either suggest a change in nutrient supply 
through time, a change in organic matter source, or changes in 
denitrification. Aquatic macrophyte samples measured from KHL (Table 
2.2) are characterized by high δ13C and relatively low δ15N, consistent with 
the proxy values of the early part of the Flat Lake record.  Increasing δ15N 
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and C:N with decreasing δ13C can be explained by a shift to a greater 
contribution of soil organic matter. Increasing organic matter content of the 
sediment should increase the activity of heterotrophic microbes and decrease 
pore water oxygen content. Rising δ15N could also indicate increased 
denitrification and the resulting preferential removal of light nitrogen 
isotopes, which could also drive the slightly increasing C:N during this 
interval.  A final mechanism that could be responsible for the change in δ15N 
is a long-term shift from phosphorous to nitrogen limitation through the 
Holocene. In a nitrogen-limited environment, primary producers will not be 
able to discriminate against heavy nitrogen isotopes and they will be 
incorporated into aquatic organic matter.  

The alkaline pH of Flat Lake water (resulting from the dissolution of 
carbonate bedrock) suggested that it may be a good place to look for 
alkenone biomarkers (Toney et al. 2010), which contain a paleotemperature 
signature (Prahl and Wakeham 1988) that has been widely utilized in marine 
(Brassell et al. 1986; Sachs and Lehman 1999; Bendle and Rosell-Mele 2007 
and many others), and more recently, freshwater sediment records (Zink et 
al. 2001; D’Andrea and Huang 2005; Liu et al. 2006; D’Andrea et al. 2011). 
Produced by haptophyte algae that are not present in all environments, 
alkenones have been shown to be more common in freshwater environments 
than originally thought. After initial confirmation of clean and abundant 
alkenones in Flat Lake surface sediment by William D’Andrea in 2010, six 
samples at 10 cm increments from Flat Lake were selected for alkenone 
analysis at INSTAAR.  These samples were extracted at high temperature 
and pressure using dicholomethane in an Accelerated Solvent Extractor, then 
separated and quantified by GC-FID analysis of the ketone fraction of the 
total lipid extract. The Uk

37 index was calculated from each sample and 
converted to temperature using the Zink et al. (2001) calibration. Increasing 
alkenone-inferred temperatures occur from the base of the core to 40 cm, 
then decrease toward the top of the core, with the top two samples giving 
equivalent temperatures (Fig. 2.9). This temperature progression is what 
would be expected over this time interval, with an HTM shortly after 
deglaciation followed by late Holocene cooling. Further alkenone analysis of 
the Flat Lake sediment would be worthwhile if a secure chronology can be 
developed. The best hope for developing a chronology of this core is through 
compound specific radiocarbon dating of terrestrially derived organic 
molecules, which is not a trivial undertaking.    
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Figure  2.7. Proxy plots from Flat Lake, Baffin Island 
 

Absence of short-term variability in the Flat Lake record suggests that 
bioturbation may have led to mixing of the sediment. This is also supported 
by the lack of distinct cryptotephra horizons. Future users of this core should 
be aware that this is likely a smoothed record not suited for high-resolution 
climate studies but may be acceptable on multi-centennial timescales. 
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  Middle Lake (64°18'31" N, 69°51'39" W) 2.8.1.2
Middle Lake, located 64 kilometers southwest of Flat Lake, is on the border 
between carbonate and crystalline bedrock and was selected in hope that the 
reservoir effect from the dissolved carbonate would not influence 
radiocarbon ages of aquatic macrofossils. A single macrofossil was 
submitted for dating from ~10 cm above the transition from glacial to 
lacustrine sediment. The radiocarbon date obtained from this macrofossil is 
~7.5 ka, significantly older than the estimated local deglaciation of 6.3-6.8 
ka (Dyke 2004) suggesting substantial reservoir effect and necessitating an 
alternate geochronological method. Clear changes in the isotopic record 
(only the upper part of the core was analyzed) suggest that this record is not 
bioturbated like Flat Lake, and could be useful for future studies if a secure 
chronology can be developed.   

  Ledge Lake  2.8.1.3
Ledge Lake was selected for its proximity to Flat Lake and its position on 
crystalline bedrock, which allows a conventional radiocarbon age model to 
be developed. The ~90 cm of organic-rich sediment in this core (LDG09-02), 
which would have been deposited over approximately 6.5 thousand years, 
would allow for relatively high resolution sampling. This core was sampled 
and run at 1 cm resolution for C and N isotopes at the Carnegie Geophysical 

Figure.  2.8. Alkenone-inferred summer water temperatures at Flat lake 
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Laboratory. The proxy record lacks variability through the entire post-glacial 
portion interval, indicating low climate sensitivity of these proxies at this 
location (Fig. 2.10). Future analysis of other proxies, such as diatom species 
assemblages, may be more worthwhile.  The surprising stability of isotopic 
values may suggest that the record is smoothed by bioturbation.  An 
unchanging 210Pb decay curve in the surface sediment would suggest 
bioturbation. This should be checked prior to conducting additional proxy 
analysis on this core.  A basal radiocarbon date of this core, however, is 
worthwhile and would provide important age control, constraining the exact 
timing of local deglaciation.   

 

Figure  2.9. Carbon and nitrogen elemental and isotopic values from Ledge Lake 
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2.8.2 Cores from the August 2010 field season 

 Kekerturnak Lake (67°51'26" N, 64°52'31" W) 2.8.2.1
To complement the previous studies by Wolfe et al. (2001; 2002), an 
additional core of Kekerturnak Lake was taken in the 2010 field season due 
to its close proximity to KHL. This core was also subsampled and analyzed 
for carbon and nitrogen isotopes at the Carnegie Geophysical Laboratory. 
Although preliminary isotope data looked to provide interesting climate 
information, the KHL record was selected for analysis due to constraints of 
time and funding. Due to the complete lack of macrofossils, developing a 
chronology for this core would require radiocarbon dating of humic acid, 
which is potentially hindered by a large reservoir effect (Wolfe et al. 2004). 

2.8.3  Cores from previous field seasons 

  Canso Lake (67°12'20"N, 63°34'12"W) 2.8.3.1
The 98CAN-05 core was selected to examine an interval of laminated 
sediment, which suggests a period of anoxic bottom waters. Throughout this 
anoxic interval, labile biomarkers should be well preserved, making this core 
suitable for early Holocene organic geochemical studies. The timing of the 
anoxic interval itself could also have climate significance, as a period of high 
biological productivity or low wind stress. This core was subsampled and run 
for carbon and nitrogen isotopes at the Carnegie Geophysical Laboratory at 
high resolution (Fig. 2.11).  The isotopic record shows coherent variability, 
although it seems that some of the major proxy excursions are driven by 
changes in organic matter dynamics at the transition between anoxic and 
oxygenated bottom waters. A multi-proxy approach would be necessary to 
contextualize the isotopic record. This is likely worthwhile due to the climate 
inferences that can be made from past lake stratification as well as the 
increased biomarker preservation potential of these sediments.  
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Figure  2.10. Carbon and nitrogen elemental and isotopic values from Ledge Lake 
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3.1 Abstract 
Lake sediments are frequently utilized for reconstructing paleoclimate in the 
Arctic, particularly in Iceland, where high sedimentation rates and abundant 
tephra layers allow for the development of high-resolution, well-dated 
records. However, when developing climate records using biological proxies, 
catchment-specific processes must be understood and separated from the 
primary climate signal in order to develop accurate reconstructions.  In this 
study, we compare proxy records (biogenic silica [BSi], C:N ratio, ∂13C, and 
algal pigments) of the last 2 ka from two nearby lakes in northwest Iceland in 
order to elucidate how different catchments respond to similar climate 
history. Torfdalsvatn and Bæjarvötn are two coastal lakes located 60 km 
apart on either side of Húnaflói bay; mean summer temperatures are highly 
correlated between the two sites over the instrumental record, and likely for 
the past 2 ka as well. Consistent with other Icelandic lake records, both lakes 
record a first-order cooling as decreasing aquatic productivity (BSi) over the 
last 2 ka. Both sediment cores also record the onset of landscape 
destabilization, reflected by increased terrestrial input (C:N and ∂13C), which 
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suggests an intensification of cooling. However, the timing and magnitude of 
this shift differ markedly between lakes. Biological proxies indicate gradual 
landscape destabilization beginning ~900 AD. This is more gradual at 
Torfdalsvatn than Bæjarvötn, where sharper, more intense landscape 
destabilization at ~1400 AD follows initial variability. Because temperatures 
at the two lakes are well correlated, different proxy responses are likely the 
result of catchment-specific thresholds and processes. Specifically, a steeper 
catchment and freeze-thaw processes due to higher precipitation at 
Bæjarvötn may allow for a more pronounced influx of terrestrial material as 
the critical shear stress for soil erosion is surpassed more readily.  

3.2  Introduction  
The chemical characteristics of lake sediment organic matter (OM) can be 
used to determine past total primary productivity and organic matter source 
(Meyers and Ishiwatari 1993; Meyers and Teranes 2001). Changes in climate 
modulate environmental parameters such as growing season length and 
availability of habitat and nutrients. This relationship allows temperature 
history to be inferred from changes in the biological and geochemical 
makeup of lake sediment (Douglas and Smol, 1999; Smol et al. 2005). 
Changes in the nature of sedimentary OM are driven by multiple factors in 
addition to temperature change; therefore, it is necessary to develop a local, 
watershed-scale interpretation relating proxy record trends to regional 
climate. Factors such as biological ontogeny, changes in precipitation, 
nutrient supply, human activity, and the unique local-scale response of 
biological communities to environmental change may serve to amplify or 
obscure the signal of actual regional temperature changes.  

The degree to which we are able to extract climate records from lake 
sediment archives depends on our ability to develop accurate interpretations 
of proxy records. Obtaining direct paleotemperature proxy records from lake 
sediment archives is often difficult, as quantitative proxies are only present 
in certain depositional environments or require local calibrations (Castañeda 
and Schouten 2011; Ho et al. 2014; D’Andrea et al. 2016). Because of this, 
qualitative biogeochemical proxies are frequently employed to infer past 
climate; this necessitates developing a best-possible interpretation of the 
relationship between proxy behavior and change in climate. Qualitative and 
quantitative calibration of climate state with proxy response is frequently 
accomplished utilizing high-resolution sediment records compared with 
instrumental temperature or precipitation data (Seppä and Birks, 2001; Bigler 
and Hall 2003; Autio and Hicks 2004; Mckay et al. 2008; Rühland et al. 
2008; Geirsdóttir et al. 2009; and many others), but low sedimentation rates 
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and a scarcity of meteorological data often render this impossible in the 
Arctic. Biogeochemical proxies have the potential to exhibit threshold 
behavior as specific tolerances of the catchment’s biological system are met 
by changing environmental conditions (Tzedakis et al. 2004; Rühland et al. 
2008; Dodds, et al. 2010; Willis et al. 2010). These threshold changes may 
not be observed in the limited range of variability represented in short-term 
comparisons with instrumental data and are difficult to deconvolve from 
rapid climate change events in proxy records. Additionally, parameters not 
measured in instrumental records, such as date of spring ice melt, may have 
significant influence on the translation between climate shift and biotic 
response.  As the ability to develop accurate chronologies increases along 
with the technology to more accurately measure chemical proxies, 
improvements in understanding proxy behavior are essential to the 
development of high quality paleoclimate records. When instrumental proxy 
calibration is not feasible, comparing proxy response in multiple proximal 
lakes is a means to examine which factors are driving proxy response in each 
basin, as well as to better understand regional climate history (Anderson et 
al. 2012). 

Several previous studies have sought to address and quantify the way in 
which changes in climate are recorded in lake sediments and how this 
relationship is influenced by the local environment. Blenckner (2005) 
developed a conceptual model consisting of a ‘landscape filter’ and an 
‘internal lake filter’ to better understand and explain why lakes respond 
uniquely to changes in climate. The landscape filter consists of variables 
such as the lake’s geographic position, catchment characteristics, and lake 
morphometry. The internal lake filter consists of individual lake history and 
biotic-abiotic interactions (such as the changing ice cover altering 
phytoplankton blooms). This concept was further developed by Leavitt et al. 
(2009), who break down the way climate change alters lake systems as 
occurring through changes in the influx of either energy or mass to the lake 
(the ‘Em flux approach’). Each of these parameters is filtered through either 
atmospheric or catchment processes before directly or indirectly affecting the 
lake. Anderson et al. (2012) examined paired lake records along a coastal-
inland transect from southwest Greenland. The inland lake pair responded 
similarly to climate forcing but the costal records differed, likely due to 
catchment-specific factors filtering the climate signal. Although these studies 
provide a framework for assessing how different lake catchments variably 
incorporate climate information into sedimentary archives, local studies need 
to be carried out in order to properly address how catchment-specific factors 
in each study area influence what is observed in the proxy record.    
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In Iceland, where the high spatial density of lacustrine records allows for the 
compilation of detailed regional composite records, catchment-specific 
factors remain a key uncertainty. In this study we compare two 2-ka proxy 
records of sedimentary organic matter-inferred paleoenvironmental 
conditions from nearby lakes in north Iceland, which show different proxy 
response despite experiencing similar climatic histories. We hypothesize that 
differences in the morphology of each lake and catchment along with lake-
specific biogeochemistry have led to variation in proxy response to late 
Holocene cooling.  

3.2.1  Local climate history  

A growing regional consensus from sediment archives shows the earliest 
onset of cooling in Iceland occurring between 5.5 and 4 ka, with evidence of 
initial ice cap regrowth at Langjökull (Larsen et al. 2011), reduced biological 
productivity at Haukadalsvatn (Geirsdóttir et al. 2013) and increasing drift 
ice on the North Iceland Shelf (Moros et al. 2006).  The last 2 ka has been 
characterized by a period of widespread cooling temperatures in response to 
the long-term decrease in Northern Hemisphere summer insolation, as well 
as short-term perturbations such as increased sulfate aerosols from volcanic 
eruptions (Kaufman et al. 2009; Zhong et al. 2011; Miller et al, 2012). Each 
of these forcings is modulated by the internal dynamics of the climate 
system; therefore, the resulting cooling trend was not linear, but rather 
punctuated by relatively warm intervals and periods of rapid cooling. The 
strongest departure from the mean Holocene climate state occurs during the 
Little Ice Age (LIA, ca. 1250-1850 AD/CE) of the last millennium. 
Dramatically increasing sedimentation rates at glacial lake Hvítárvatn 
characterize the expansion of Langjökull, which reached its maximum extent 
at 1870 AD (Larsen et al. 2011). The coldest diatom-inferred sea surface 
temperatures (SST) of the Holocene were observed off northern Iceland 
during this time (Jiang et al. 2015), which were also associated with 
maximum sea ice influence as recorded by elevated quartz and biomarker IP-
25 in the same region (Andrews et al. 2009; Cabedo-Sanz et al. in review).  
An observed increase in terrestrial organic matter in multiple lake cores 
across Iceland suggests the onset of widespread landscape destabilization. 
This landscape destabilization is due to a reduction of overlying vegetation 
during the LIA, which lead to rapid erosion of soils (Wooller et al. 2008; 
Geirsdóttir et al. 2009; Larsen et al. 2011). At some sites, such as Vestra 
Gísholtsvatn in south Iceland, this is potentially overprinted by 
anthropogenic effects (Blair et al. 2015). 
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3.3  Materials and methods 
3.3.1  Study Site 

Lake sediment records from Icelandic lakes are characterized by relatively 
high sedimentation rates due to the easily eroded basaltic bedrock and 
contain abundant tephras that can be geochemically identified as 
chronostratigraphic markers. These tephra horizons can be dated using 
historical information and radiocarbon of soil, lacustrine and marine archives 
providing robust chronologies with minimal age uncertainties. These detailed 
chronologies allow for direct comparison of the records from nearby lakes to 
develop regional syntheses of climate history (Geirsdóttir et al. 2013). In 
addition to providing high-quality sediment records, Iceland is well-
positioned to record past environmental changes. It is located at the interface 
between warm Atlantic and cold polar ocean currents; therefore, small shifts 
in these currents due to dynamical response to climate forcing should 
translate to significant changes in the mean terrestrial climate state. Sea ice, 
both imported and locally formed off the north coast of Iceland during 
extreme cold events, provides a positive feedback for increasing the duration 
and severity of short-term perturbations such as volcanic eruptions (Miller et 
al. 2012).  
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Figure:  3-1 Map showing the location of each core along with proximal weather stations. 
The catchment of each lake is colored red 

  Torfdalsvatn (66° 13.56’N, 20° 122.81’W)  3.3.1.1
Torfdalsvatn (Fig. 3.1) is located on the northwest tip of the Skagi peninsula 
of northern Iceland with a surface area of 0.4 km2, maximum depth of 5.8 m, 
and elevation of 52 m above sea level (a.s.l.). The nearby weather station at 
Hraun á Skaga (~12 km to the northeast of Torfdalsvatn) reports mean annual 
air temperature from 1956-1990 of 2.5ºC, with 475 mm precipitation 
(http://en.vedur.is/Medaltalstoflur-txt/Hraun_352_med6190.txt). The 
catchment is small (2.76 km2), and the inlet stream had an estimated 
discharge of 0.25 m3s-1 in July 2014. The landscape surrounding the lake has 
a relatively low gradient (average slope of 1.7º) with a vegetation cover of 
poor heathland (Fig. 2; Arnalds, 2015). An 8.2-m-long sediment core was 
retrieved in February 2012 using a hammer-driven piston corer from the lake 
ice in two drives, which were then sub-sectioned to 1.0-1.5 m in the field. 
This core was then split, imaged and measured for density and magnetic 
susceptibility using a GEOTEK MSCL-S at the University of Iceland. 
Modern water parameters as measured in July 2014 are listed in Table 3.1.  
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Table.  3.1. Modern physical parameters and water chemistry from each lake 
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Figure  3.2. Photographs of each lake taken in July 2014. The Torfdalsvatn catchment is less 
steep than that of Bæjarvötn, where there is significant visible erosion on steep slopes 
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  Bæjarvötn (65° 43.74’N, 21° 25.74’W) 3.3.1.2
Bæjarvötn (Fig. 3.1) is located 61 km to the southwest across Hunafloi (the 
inner N. Iceland shelf), with a surface area of 0.65 km2, maximum depth of 
23 m, and elevation of 110 m a.s.l (Fig. 1). The lake is separated into three 
distinct sub-basins, increasing in depth from north to south.  The weather 
station at Gjögur (~30 km north of Bæjarvötn) records a 30-year mean 
annual air temperature of 2.7ºC and mean annual precipitation of 757 mm 
from 1956-1990 (http://www.vedur.is/Medaltalstoflur-
txt/Stod_295_Gjogur.ArsMedal.txt). The catchment is 10.35 km2

 and has a 
higher average relief (2.5º) than the catchment of Torfdalsvatn (Table 3.1). 
Vegetation cover is similar between the sites. Evidence of soil erosion is 
apparent in the catchment, with eroded gullies occurring on the steep 
southeast shore of the lake (Fig. 3.2). A 1.38-meter-long sediment core with 
an undisturbed sediment-water interface was taken from the middle basin of 
the lake (10 meters water depth) in winter of 2010 using a hammer-driven 
piston corer. The core was split, imaged, and subsampled at the LacCore lab 
at the University of Minnesota.  

Modern instrumental temperatures at the two sites are well correlated, and 
the two lakes are assumed to have experienced similar climate histories (Fig. 
3.3).   
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Figure  3.3. Correlation between instrumental mean annual temperature and annual 
precipitation records from Gjögur, located near Bæjarvötn, and Hraun á Skaga, near 
Torfdalsvatn. Modern temperatures between field sites are well correlated.  Precipitation is 
higher at Gjögur and is not as strongly correlated between the sites. 
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3.3.2  Chronology 

Chronologies for each sediment core were developed using a combination of 
radiocarbon dates on preserved aquatic macrofossils and tephrochronology, 
utilizing the wealth of chronostratagraphic markers left by historically 
documented Icelandic eruptions (Table 3.2). Tephra layers in each lake were 
visually and geochemically identified by comparing their geochemical 
composition and stratigraphic position to that of known regional eruptions. 
Radiocarbon ages of aquatic macrofossils were calibrated using IntCal13 
(Reimer et al. 2013) within the CLAM software package (Blaauw 2010). 

 

Core Depth 
(cm) 

Material 14C age  
(years BP) 

Age Range   
BP) 

   

BAE10-2C 

BAE10-2C 

BAE10-2C 

BAE10-2C 

BAE10-2C 

TORF12-1A 

TORF12-1A 

TORF12-1A 

TORF12-1A 

TORF12-1A 

TORF12-1A 

29.1 

53 

77.8 

106.5 

133 

17 

66 

84 

125 

148 

346 

Hekla 1477 AD 

Macrofossil 

Settlement tephra 

Macrofossil 

Hekla 3 

Hekla 1766 AD* 

Hekla 1300 AD* 

Hekla 1104 AD 

Settlement tephra* 

Macrofossil 

Macrofossil 

 

900 ± 25 

 

2160 ± 25 

 

 

 

 

 

1390 ± 15 

3305 ± 15 

 

     473±5 

     741-908 

     1079±2 

     2089-2305 

     2980±65 

     184±2 

     650±5 

     846±5 

    1079±10 

    1286-1331 

   3476-3570 
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Table  3.2. Age control points from both cores. * denotes tephras that were identified 
visually 

The Torfdalsvatn age model is comprised of a combination of visibly distinct 
tephra layers and radiocarbon dates of aquatic macrofossil plants (Table 3.2). 
Because radiocarbon ages of humic acid extracted from Icelandic lake 
sediment have been shown to be significantly older than their stratigraphic 
position suggests (e.g. Geirsdóttir et al. 2009), only aquatic macrofossils 
were used for dating. The uppermost part of the core is devoid of aquatic 
macrofossils and age control is provided solely by tephra in this interval. In 
the Bæjarvötn core, the age model is also comprised of tephra and 
radiocarbon control points; however, the macrofossils were not identifiable 
as aquatic or terrestrial. Tephras from both cores were sampled, cleaned, 
prepared for geochemical analysis, and identified by comparison with 
regional eruptions. Age control points were entered into the CLAM software 
package (Blaauw 2010) operating in the R environment and an age-depth 
model was created using a smoothing spline curve fit (Fig. 3.4).  

3.3.3  Sediment and modern sample isotope 
geochemistry 

Carbon and nitrogen elemental and carbon isotopic analysis was performed 
on homogenized and freeze-dried modern and sediment core samples at the 
Carnegie Geophysical Laboratory, the University of California, Merced and 
the University of California, Davis. Sediment, soil, vegetation and epilithon 
samples were selected to characterize the primary organic matter sources to 
the sediment.  An aliquot of material was weighed into a pre-combusted tin 
capsule that was crimped shut and run on an Elemental Analyzer Isotope 
Ratio Mass Spectrometer (Finnigan Delta V Plus with a CE NC 2500 
Elemental Analyzer). Carbon isotopic values are expressed in standard delta 
notation in reference to the PDB. 

3.3.4 3.3.4. Algal pigments 

Algal pigments were solvent extracted from freeze dried sediment samples 
using 6 ml of 80:20 mixture of acetone:methanol overnight in amber vials 
under N2 at -10°C. Samples were touch mixed and sonicated to disperse 
sediment and increase extraction efficiency, then filtered through a 0.2 µm 
PTFE syringe filter which was then rinsed with 2 ml of acetone to recover 
sample residue from the filter. The extract was then dried down and 
rehydrated with a known volume of acetone containing a known 
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concentration of α-tocopherol standard. Samples were placed in the 
refrigerated autosampler of an Agilent 1200 series High Performance Liquid 
Chromatographer (HPLC) and derivitized to improve chromatographic 
behavior immediately prior to injection with an equal volume of 28 mM 
tetrabutyl ammonium acetate in water. A binary mobile phase system was 
used with solvent A composed of a 70:30 mixture of methanol:28 mM 
tetrabutyl ammonium acetate in water and solvent B composed of pure 
methanol at a flow rate of 1 mL min-1. An Agilent Eclipse XDB-C8 4.6 x 
150 mm column was used to separate pigments whose absorbance of visible 
light was detected by an Agilent Diode Array Detector (DAD) scanning 
between 400 and 750 nm. Pigments were identified by comparing 
characteristic absorbance spectra with that stored in a library created from a 
suite of standards obtained from DHI Denmark.  

3.3.5  FTIRS-Inferred biogenic silica  

Subsamples of freeze-dried sediment were weighed and mixed with 
potassium bromide at a ratio of 0.02 to disperse and reduce the IR 
absorbance of the sample. The sediment and KBr mixture was then ground to 
a fine powder using a mortar and pestle, and analyzed by Diffuse 
Reflectance Fourier Transform Infrared Spectrometry (FTIRS) by a Bruker 
Vertex 70 with a Praying Mantis diffuse reflectivity accessory (Harrick). 
Samples were scanned 64 times at 4 cm-1 resolution over wavelengths 
ranging from 3750 to 450 cm-1. Baseline shifts were removed by applying a 
linear baseline correction in the Opus software. Area under the absorbance 
curve was then integrated from 1000 to 1250 cm-1, the region with the 
strongest correlation to biogenic silica (Meyer-Jacob et al. 2014). We chose 
to not calibrate the FTIRS areas to biogenic silica concentration for two 
reasons. First, we wished to avoid the additional sources of error associated 
with both the traditional wet-digestion measurement methods and the 
calibration transfer function itself. Additionally, because published 
calibration curves are linear, they would only change the absolute BSi values 
and not the relative changes observed in downcore data. We do not interpret 
the absolute values of the FTIRS-inferred biogenic silica data, only relative 
changes over time, and therefore favor presenting the raw FTIR 
measurements.  
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3.4  Results and discussion 
3.4.1  Chronology 

At both sites radiocarbon ages correspond well with the ages derived from 
tephrochronology (Fig. 3.4, Table 3.2). Systematic age offsets between 
radiocarbon and tephrochronology, such as were found in nearby 
Haukadalsvatn (Geirsdóttir et al. 2009), were not observed in Torfdalsvatn. 
This lack of age offset is due to the sampling of aquatic remains in the cores, 
which, in contrast to terrestrial material, have a short residence time prior to 
deposition in the sediment. The radiocarbon ages of macrofossils at 
Bæjarvötn do show a slight offset from what would be expected based on 
tephra alone. This suggests that the macrofossils sampled from Bæjarvötn 
were terrestrial in origin, and the older ages reflect the longer residence time 
of the material on the landscape.  

These age models show that the sediment records are continuous, without 
hiatuses or age reversals. The sedimentation rate at Torfdalsvatn is roughly 
twice that of Bæjarvötn, having an accumulation rate of approximately 100 
cm per thousand years compared to just less than 50 cm per thousand years 
at Bæjarvötn. Because Torfdalsvatn has a smaller catchment with less relief, 
the higher sedimentation rate at this site is probably attributable to elevated 
aquatic productivity.  
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Figure  3.4.  Age-depth model of both cores, Torfdalsvatn in red (left depth axis) and 
Bæjarvötn in blue (right axis) 

This is expected, as Torfdalsvatn is much shallower with a greater proportion 
of the lake bottom in the photic zone and supporting the growth of aquatic 
macrophyte plants.  

3.4.2  Modern samples 

To characterize the modern environment and give local context to the proxy 
reconstruction, samples representing each source (algal, aquatic macrophyte 
plant, terrestrial vegetation, and soil) of sedimentary organic matter were 
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collected from the lakes studied as well as other sites in northwest Iceland 
and analyzed for their carbon and nitrogen elemental and carbon isotopic 
ratios. End member values are presented in Table 3.3.  

Organic matter source δ13C (‰) C:N 

Algae  -24.1 (±4.6)  13.2 (±5.7) 

Aquatic vegetation  -15.5 (±5.1) 25.0 (± 11.6) 

Soil -26.1 (±0.97) 17.7 (±4.2) 

Terrestrial Vegetation -27.6 (±2.7) 46.2 (±17.7) 

      
 

Table  3.3. Average C:N and carbon isotope values for each organic matter source. 
Complete data set in Appendix A. 

3.4.3  Algal organic matter 

The algal endmember was most difficult to collect as it is nearly impossible 
to sample by filtering or collecting epilithon without contamination from 
suspended or detrital terrestrial or aquatic macrophyte material. For this 
reason ‘algal’ values should be cautiously interpreted and assumed to be 
somewhat contaminated. Carbon isotopic composition of predominantly 
algal material varied widely from -6.7 to -30.1‰. Surprisingly enriched 
values were obtained from Nostoc sp. dominated epilithon at Torfdalsvatn. 
These values were removed from the calculated averages of algal material 
because of their vastly different isotopic composition and because their low 
overall abundance renders them relatively unimportant as a source of 
sedimentary organic matter. Excluding the Nostoc-dominated material, 
carbon isotope values averaged -24‰ (±4.6), still somewhat more enriched 
than expected (Boutton 1991; Meyers and Lallier-Vergès 1999). This could 
be explained by contamination from other (likely aquatic macrophyte) 
sources or by the existence of a locally drawn down dissolved inorganic 
carbon (DIC) pool, which due to the preferential removal of light carbon 
atoms would lead to the successive enrichment of primary producer-derived 
organic matter.  

Carbon-to-nitrogen ratios of many samples measured were higher than 
expected for purely algal material, ranging from 6.2 to 17.4 (avg. 13.2, ±5.7). 
The lower C:N samples likely represent the most purely algal material 
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collected with the higher samples indicating contamination from other 
organic matter sources. High algal C:N values could also be due to nitrogen 
limitation at some of the sites; however, this is unlikely given the relatively 
depleted nitrogen isotope values of the samples.  

3.4.4 Aquatic macrophyte organic matter 

The aquatic macrophyte organic matter carbon isotopic composition 
averages -15.5‰, representing the most enriched organic matter source other 
than the much less abundant Nostoc-dominated epilithon. The range of 
values is from -10.5‰ to -24‰ and has minimal overlap with algal and 
terrestrial sources, allowing for robust identification of aquatic macrofossil 
material in the sediment by carbon isotopes.  

Carbon-to-nitrogen ratios of aquatic macrophytes average 25 (±11.6) with a 
range of 8.0 to 47. The large range in C:N is likely attributable to the 
variable amount of nitrogen-poor structural material present in different 
species or leaf/stem material sampling bias. Overall the C:N of macrophyte 
material is higher than the algal values but not unique among all sources, 
indicating that isotopic composition is the best tracer of aquatic macrophyte 
material.  

3.4.5  Soils 

The soil end member is important to distinguish from terrestrial vegetation 
because it is hypothesized to be the most easily transported and therefore the 
most important allochthonous material contributing to lake sediment organic 
matter.  Soils represent the least well-constrained end member other than 
algal material as previous studies focused terrestrial sampling on plant 
material (Wang and Wooller 2006). 

The carbon isotopic composition of soils measured in this study has a 
relatively narrow range of -24.6 to -28‰, averaging 26.1‰ (±0.97). This is 
within the expected range of soils with organic matter derived from the 
decomposition of C3 plants (Staddon 2004). Discrimination against heavy 
isotopes during respiration and decomposition of parent material will lead to 
preferential removal of 12C, leaving the remaining organic matter slightly 
enriched. Therefore, soil carbon isotopic composition is controlled by source 
material and degree of microbial decomposition. The efficiency of microbial 
decomposition is predominantly controlled by moisture, temperature and 
oxygen availability. Differences in these parameters most likely explain the 
variability in modern samples and it is possible that different past climate 
regimes would produce higher or lower isotopic values.   
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Soil C:N is between 13 and 36 (avg. 17.7, ±4.2). This value is somewhat 
higher than has been measured in soil pits near Hvítárvatn, where values 
remained consistent around 14 through the past 6 ka (Larsen et al. 2011). 
Variability in measured C:N values in modern soil samples probably results 
from variable vegetation cover and changes in environmental variables such 
as moisture content. Weintraub and Shimel (2003) measured higher C:N 
values in tussock tundra soil compared with wet meadow soil, in part 
attributed to the unfavorable conditions for decomposition in the wet sites 
and the difference in overlying vegetation.  

3.4.6  Terrestrial Plants 

Isotopic and elemental ratios of terrestrial plants and mosses in this study are 
within expected values of C3 plants with ∂13C ranging from -30.4 to -24.7‰ 
(avg. -27.6‰, ±2.7), and C:N ranging from 14 to 68 (avg. 46.2, ±17.7). 
Terrestrial plant material is a direct source of material contributing to the 
lake sediment and also the parent material for catchment soil organic matter. 
Low abundance of preserved terrestrial plant macrofossils in both cores 
suggest that soil, rather than intact plant material is the dominant terrestrial 
source to the sediment at both sites. For a larger dataset and detailed 
discussion of north Iceland terrestrial plant C:N and isotopic values, see 
Wang and Wooller (2006).    

3.4.7  Sediment organic matter geochemistry 

Total organic carbon content (TOC) in the Bæjarvötn core ranges from 2 to 
15 percent, with consistently low values occurring earlier in the record, onset 
of variability occurring just before 900 AD, which is followed by a stepwise 
increase in TOC at ~1450 AD that persists for the remainder of the record. 
Consistent C:N values (~11.2) increase abruptly at ~1450 AD, mirroring the 
stepwise change in TOC, to variable values between 14.5 and 21 (Fig. 3.5). 
Covariance in TOC and C:N  suggests that the increase in TOC represents a 
change in OM source, with the additional carbon entering the sediment 
coming from high C:N terrestrial material. At Bæjarvötn, the most enriched 
carbon isotope values also occur in the older part of the record, with values 
around -22.5‰ sharply decreasing to values around -26.6‰ 
contemporaneous with the increase in TOC and C:N. This further indicates 
that the additional organic carbon entering the sediment represents a change 
in dominant organic matter source from aquatic to terrestrial. This shift in 
organic matter source is coincident with peak LIA conditions and can be 
attributed to increased erosion of soils after harsh climatic conditions led to a 
decrease in vegetation cover in the catchment. 
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Torfdalsvatn TOC is less variable, with a range of 5 to 10.5 percent. The 
Torfdalsvatn record has little first order change in TOC, with lower values 
corresponding to intervals of tephra deposition. In contrast, C:N increases 
throughout the last 2 ka as seen at  Bæjarvötn, but the increase at 
Torfdalsvatn is gradual, from steady values around 7.9 until ~1000 AD, at 
which point values start to increase to 9.5 in the modern sediments (Fig. 3.5). 
The increase in C:N in the Torfdalsvatn core also represents a shift in 
organic matter source from aquatic to terrestrial, but the lack of covariance 
with TOC and lesser magnitude suggest a relatively subdued environmental 
shift compared to that at Bæjarvötn. Bulk sedimentary carbon isotopes at 
Torfdalsvatn show most enriched values of around -17‰ near 0 AD, steadily 
becoming more depleted to a value of -23‰ at 1700 AD, where the trend 
reverses and values rise to -21‰ at the top of the core. The heavier carbon 
isotope values at Torfdalsvatn imply a greater contribution of aquatic 
macrophytes to the sediment. This is consistent with modern observations of 
thick aquatic vegetation and abundant aquatic plant macrofossils observed in 
the sediment. While both lakes show the sediment becoming terrestrial-like 
in composition, the transition at Torfdalsvatn is gradual with an earlier onset 
than the later-occurring stepwise shift seen at Bæjarvötn.  

3.4.8  Sedimentary algal pigments and biogenic silica  

Although a wide range of individual pigments were measured in each core, 
for simplicity of presentation the pigment data will be shown as total chlorin 
(the sum of chlorophyll and degradation products), and diatom-derived 
pigment (the sum of fucoxanthin, diadinoxanthin, and diatoxanthin). Because 
pigments are inherently unstable and are thus unlikely to survive transport 
from the landscape, they primarily reflect a within-lake source and represent 
aquatic productivity; this was confirmed by analyses of Icelandic soils and 
detrital leaves, which yielded only small concentrations of intact pigments 
(primarily degraded chlorins and lutein). Different climatic conditions may 
favor different algal groups through direct temperature influence, alteration 
of the duration of ice-free conditions, wind mixing, nutrient availability, and 
pH (Florian et al. 2015).   

In Bæjarvötn, pigments show two periods of elevated inferred aquatic 
productivity based on total chlorins. The first interval is centered around 300 
AD and the second ranges from ~950-1350 AD, potentially representing 
longer open-water season during the Medieval Warm Period (MWP). 
Between these intervals of high aquatic productivity is a slight decrease that 
could be associated with the Dark Ages Cold Period (DACP). After 1400 
AD, coincident with regional intensification of LIA cooling, pigment 
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concentration sharply decreases at a similar time as the major shift in organic 
matter source (Fig. 3.5). This is interpreted to be caused by a combination of 
decreasing aquatic productivity and the change in organic matter source. 
Pigment concentrations are normalized to TOC and a transition from 
pigment-rich aquatic material to pigment-poor soil will appear as a reduction 
in total pigment concentration. Diatom carotenoid concentration shows a 
similar pattern as total chlorins, with a peak from 300-500 AD followed by a 
sharp trough between ~700 and 800 AD. This first decrease in diatom 
pigment likely represents the intensification of late Holocene cooling during 
the DACP. The highest diatom pigment concentration occurs between 1100 
and 1300 AD, after which values decrease to a minimum value at 1700, 
broadly coincident with peak LIA conditions.   

The BSi record also shows several strong negative departures at 300-500 
AD, 900-1100 AD, and 1400-1500 AD (Fig. 3.5). The declines beginning at 
300 and 1400 are associated with increases in C:N and decreases in ∂13C, 
implying increased terrestrial organic matter washing into the lake at these 
times. This suggests that these were either cold intervals which lead to 
landscape destabilization, or that the BSi was diluted by a short-term influx 
of allochthonous material. This is difficult to test as the resolution of the age 
model does not allow accurate calculation of decadal-scale changes in 
sedimentation rate and associated BSi dilution. Regardless of the exact 
mechanism leading to the negative departures in the biogenic silica record, 
these suggest that there was a transition towards cooling temperatures at 
Baejarvotn before 900 AD. The diatom pigment record and BSi are not as 
well correlated as would be expected. Normalization of the pigments to 
organic carbon could reduce the influence of dilution by terrestrial organic 
matter. Algal pigment production is not constant and can change based on 
environmental conditions, such as light and nutrient availability (Goericke 
and Montoya 1998). Changing environmental conditions could potentially 
alter the amount of pigment produced by an algal community of constant 
size, thereby changing the relationship between BSi and diatom pigment. 
Variable preservation of either diatom frustules or pigments in the sediment 
could also lead to a divergence in the proxy curves; however, this is not 
supported by any obvious changes in sediment character that would imply 
changes in redox conditions or depositional environment. 
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Figure  3.5. Biogenic silica, C:N, carbon isotopes, and pigment proxies from each core. 
Shading represents the onset of increased input of terrestrial organic matter. 
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The pigment record from Torfdalsvatn shows less overall change (Fig. 3.5). 
Chlorin concentration, while showing short-term changes, is only slightly 
decreasing through time. This is consistent with what is expected from both 
decreasing total watershed productivity with cooling temperatures and 
dilution from pigment-poor terrestrial organic matter. Diatom pigments also 
show a subtle first-order decline, steepest between 0 and 1000 AD. The lack 
of significant changes in pigment abundance and composition in the last 2ka 
at Torfdalsvatn suggest that in this interval, aquatic productivity was 
relatively stable, responding to long-term cooling but not rapid climate 
change events. 

BSi also shows a first-order decrease through the Torfdalsvatn record, 
exhibiting a greater overall change than the pigments (Fig. 3.5). As at 
Bæjarvötn there is an imperfect correspondence between diatom pigments 
and BSi, although they are more similar in this record than at Bæjarvötn. 
Dilution of the BSi by increased minerogenic and diatom-free terrestrial 
organic matter may play a stronger role at this site; however, the decrease in 
diatom abundance begins before the increase in organic matter, suggesting 
climate sensitivity at a time when the terrestrial biomass was still resilient to 
change. A change in diatom species assemblage in response to changing 
environmental conditions could also lead to decreasing abundance of 
biogenic silica if the assemblage shifts to a more lightly silicified species.    

3.5  Mechanisms driving proxy response 
at each site  

The most notable feature of the 2 ka proxy records from Bæjarvötn and 
Torfdalsvatn is the increase in terrestrial organic matter entering the lake 
sediment after ~900 AD at Torfdalsvatn and ~1400 AD at Bæjarvötn shown 
by increasing sedimentary C:N and decreasing ∂13C (Fig. 5). While this same 
overall trend is seen at each site, we assume differences in timing and 
magnitude of this change are not related to differences in climate history 
between the sites, given their proximity and the tight correlation of their 
modern weather. Additionally, there is greater variability in pigment-inferred 
algal assemblages at Bæjarvötn compared to Torfdalsvatn. These differences 
in the proxy records can be explained by examining catchment-specific 
responses to late Holocene cooling, different biogeochemical status, and 
potential human disturbance of the landscape.  
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3.5.1  Climate sensitivity of soils and vegetation of 
Iceland 

Increased input of terrestrial organic matter has been variably interpreted by 
many studies of Icelandic sediment cores as a proxy for local landscape 
destabilization and subsequent erosion due to deteriorating climate 
(Geirsdóttir et al. 2009) or as a result of clearing of Birch forests and 
development of agriculture by settlers after ~870 AD (Arnalds, 1987; 
Kristinsson 1995).  Soils of Iceland are primarily volcanic andosols and are 
particularly susceptible to erosion due to their physical properties. There is 
widespread evidence of massive erosion of soils across Iceland during the 
last thousand years. This has been typically attributed to human activity 
(Arnalds 2015), but some lake records suggest that the onset of 
environmental change predated the settlement (Andrews et al. 2001; 
Geirsdóttir et al. 2009b). Historical accounts and pollen records (Rundgren 
1998; Hallsdóttir 1995; Hallsdóttir and Caseldine 2005; Eddudóttir et al. 
2015) suggest that a large area of Iceland was covered by birch (Betula) 
forests prior to human settlement, which have since disappeared. It is known 
that settlers rapidly deforested the landscape for fuel wood (Thorarinsson 
1974); however, some pollen records suggest that Betula was already in 
decline prior to the settlement (Andrews et al. 2001). In a century-long 
dendroclimatological study, Levanic and Eggertsson (2008) found that birch 
growth in north Iceland is negatively affected by dry winters and below 
average summer temperatures; these environmental conditions likely 
characterized the LIA. The late Holocene vegetation changes and soil 
erosion are likely due to a sum of these factors, and climate-induced 
reduction in woodland health due to decreased temperatures and possibly 
increasing aridity prior to settlement may have predisposed the landscape to 
disturbance from human settlement. Tephra deposition is also a mechanism 
for causing landscape destabilization and in wash of terrestrial material has 
been observed after eruptions in Icelandic lake records through the Holocene 
(Larsen et al. 2012; Blair et al. 2015). Frequent eruptions in the last 1.5 ka 
(Gudmundsdóttir et al. 2012; Larsen et al. 2014) most likely also contributed 
to degradation of terrestrial environments amplifying or predisposing the 
landscape to the impacts of cooling climate and anthropogenic disturbance. 

Because andosols have little cohesion, once vegetation is removed due to an 
initial disturbance, the exposed soil is highly susceptible to rapid erosion and 
undercutting (Arnalds 2000). Subsequent collapse of the formerly stable land 
surface render these landscapes susceptible to threshold behavior, in which 
tipping point sensitivities may be dependent on watershed-specific factors, 
such as the resilience of local vegetation and steepness of the landscape. 
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Andosols have a high capacity for storage of organic carbon of terrestrial 
origin (Arnalds 2013), which is transported along with the minerogenic soil 
component during erosion. Both the minerogenic and organic components of 
the soil are deposited in lake sediment archives and this organic matter is 
chemically distinct from that produced within the lake (Meyers and Ishiwarti 
1993; Meyers 1994). This allows the proportion of terrigenous organic 
matter contained in lake sediment to be used as a proxy for past erosion of 
soils (Noël et al. 2001; Geirsdóttir et al. 2009b).   

 

Figure  3.6. Carbon isotopes and C:N of modern samples from northwest Iceland of each 
major organic matter source. Circles represent lake sediment samples from each core, with 
arrows showing the increasing input of soil to the lake sediment through time. 

The input of terrestrial material to a lake is in part controlled by climate 
(through terrestrial productivity, precipitation amount, weathering rates, 
etc.), but is also highly dependent on catchment relief and vegetation cover 
(Rubensdotter and Rosqvist, 2003; Petterson et al., 2010; Anderson et al., 
2012). Soil erosion in this region is likely driven by both aeolian and 
overland flow processes (Arnalds 2015). Wind, although relatively more 
important at Torfdalsvatn where there is less precipitation, likely impacts 
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both catchments similarly, but catchment morphology is a primary control on 
overland flow erosion. Given that a significant amount of terrestrial erosion 
occurs via overland flow from rainfall and snowmelt, the non-climatic 
factors that influence overland flow sediment transport must be examined. 
Due to the higher precipitation near Bæjarvötn, overland flow processes may 
have a greater influence on erosion occurring in the Bæjarvötn catchment. 
Freeze-thaw processes and solifluction are common in northern Iceland, and 
were especially prevalent during colder intervals such as the LIA (Veit et al. 
2011). Soil erosion occurs when the bed shear stress (𝜏𝜏) resulting from 
laminar flow exceeds some critical value, termed the critical shear stress (𝜏𝜏c; 
Julien and Simons, 1985). Bed shear stress is defined as 

 𝜏𝜏 = 𝜌𝜌𝜌𝜌ℎ𝑆𝑆 

where 𝜌𝜌 is the density of water, 𝜌𝜌 is gravitational acceleration, ℎ is the height 
of the flow, and 𝑆𝑆 is the slope of the flow. Because shear stress is directly 
proportional to slope, a steeper catchment is more likely to meet the 
condition of 𝜏𝜏 > 𝜏𝜏c and thus experience soil erosion given the same intensity 
of rainfall or snowmelt. We calculated the slope of each grid cell in a 50-m 
digital elevation model of each lake catchment to determine the relative 
relief of each site (Fig. 3.6). The median slope of Bæjarvötn is 1.9º, while the 
median slope at Torfdalsvatn is 1.1º, 42% less steep overall. The Bæjarvötn 
catchment is also characterized by steeper terrain directly adjacent to the lake 
(Fig. 3.7), which likely plays an important role in determining the efficiency 
with which eroded soil is deposited in the lake basin. Erosion due to freeze-
thaw processes, which are not accounted for in the above equation, is 
assumed to be directly proportional to precipitation and slope, both of which 
are higher at Bæjarvötn.  This difference in catchment relief may in part 
explain the greater magnitude, and stepwise proxy response at Bæjarvötn 
(Fig. 3.5), which points to increased soil input during LIA cooling (Fig. 3.6).  
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Figure  3.7. Slope calculated from a 50 m digital elevation model for each watershed. The 
number of pixels representing each slope value is shown in the insets. The Torfdalsvatn 
catchment has a lower median steepness, with the majority of the area having a slope of less 
than 2º 

3.5.2  Algal response to environmental change 

Proxies of past aquatic productivity are complementary indicators of climatic 
conditions, serving as independent recorders of past conditions when used 
along with landscape stability proxies. Aquatic productivity can be 
reconstructed and characterized in two ways: through the total magnitude of 
productivity, and through the assemblage of primary producers occurring in 
the lake. The total magnitude of aquatic productivity is determined by a 
combination of the length of growing season and the availability of light, a 
carbon source, and nutrients. Because length of the ice-free season and the 
degree of thermal stratification exert significant control on aquatic 
productivity, aquatic communities are sensitive to changes in summer 
temperatures (Smol et al. 2005). The exact response of lacustrine biological 
communities to warmer summers is not linear in all environments and can 
vary based on what the controlling environmental variable at each location is 
(Adrian et al. 2009).  Algal microfossil abundance, measured as the amount 
of primarily diatom-derived biogenic silica (Conley and Schelske 2002), has 
been shown to covary with regional temperature records at decadal 
timescales (Blaas et al. 2007; McKay et al. 2008). Biogenic silica, however, 
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only records one portion of total lacustrine primary productivity, and other 
methods such as analysis of sedimentary algal pigments can be employed to 
gain a more comprehensive understanding of changes in aquatic primary 
productivity through time. Lake sediment contains both universally-produced 
pigments (by all algae and higher plants), such as chlorophyll a, along with 
algal group specific xanthophyll carotenoids, which serve as biomarker 
molecules of algal type and overall abundance. The concentration of chlorin 
(all chlorophylls and their degradation products) has been employed as a 
total productivity measure while individual diagnostic carotenoids are used 
as a way to reconstruct past abundance of various algal groups, whose 
prevalence is potentially linked to certain climate states.  

Nutrients are a predominant control on the overall nature and magnitude of 
primary productivity. The availability of phosphorous is often correlated to 
phytoplankton abundance, as it is the limiting nutrient in many lacustrine 
environments.  Ratios of major nutrients are a control on abundances of 
major algal groups, with nitrogen-fixing cyanobacteria more likely to have a 
competitive advantage in lakes with TN:TP ratio below 30 (Pick and Lean 
1987). Seasonal succession of algal groups typically begins with a diatom 
bloom in the spring, followed by cyanobacteria and chlorophytes in the 
summer and fall (Lin 1972), although other studies have shown that this 
progression may be regionally variable (Zhang and Prepas 1996). Short 
summers associated with cold climate intervals may not allow for this 
complete succession, therefore making late-succession algal groups 
(cyanobacteria and chlorophytes) stronger climate indicators. Longer, 
warmer summers increase lake stratification, which changes nutrient 
dynamics and reduces bottom water oxygen concentration. Warmer summers 
also result in increased weathering of bedrock and increased leaching of soil 
nutrients (Adrian et al. 2009). Both of these factors should lead to increased 
availability of nutrients during warm times, allowing for higher productivity.  

Differences in nutrient availability between the lakes may play a large role in 
algal groups varying response to past climate events. Torfdalsvatn is 
phosphorus limited (TN:TP 43.5, well above the Redfield ratio of 16:1; 
Table 3.1) and therefore likely has a relatively sparse phytoplankton 
community and is rich in aquatic macrophytes (Sondergaard 2007). If algal 
communities are strongly phosphorus limited, temperature response may be 
muted because populations run out of nutrients before the end of the ice-free 
season. The aquatic macrophytes that thrive in P-limited environments are 
also poor climate indicators because they are able to maintain their biomass 
through the winter, therefore maintaining a more stable population through 
time.  Bæjarvötn, which is more N-limited (TN:TP 10.7, which is below, but 
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closer to Redfield ratio values), is likely to contain a greater algal biomass 
which is not as severely nutrient limited as a Torfdalsvatn. This may allow 
temperature to influence algal communities and abundance to a greater 
degree. Differences in lake morphology help to explain the difference in 
nutrient status between the two sites. The primary source of phosphorous to 
the water column is from the sediment. Deeper lakes like Bæjarvötn are 
more stratified more of the time, allowing accumulation of phosphorous in 
the bottom waters where it is out of the photic zone and inaccessible to 
primary producers. Well-mixed, shallow lakes like Torfdalsvatn will not 
have this period of re-accumulation to reset their nutrient balances.  

3.5.3 Human activity or climate? 

One factor that may influence proxy response and is not well addressed by 
this study is the influence of human arrival in each watershed. While modern 
populations are very sparse locally, sheep are present at both sites and must 
have been brought there at some point between settlement and present day. 
The arrival of sheep and associated physical disturbance of grazing on the 
landscape, along with potential human-caused deforestation, is likely to 
influence what is seen in the sediment record. Without a proxy for 
anthropogenic activity, it is impossible to determine the exact sedimentary 
horizon where humans begin to alter the local biological system.  Organic 
biomarker molecules specific to humans and livestock are a promising tool, 
making possible a watershed-scale history of anthropogenic impact and 
therefore deconvolving the human and climate signals (D’Anjou et al., 2012; 
Pansu et al. 2015).  

3.6 . Conclusions 
Sediment core records from proximal Torfdalsvatn and Bæjarvötn provide 
the opportunity to examine how proxy records can potentially be influenced 
by differences in lake and catchment morphology—in this case a deep lake 
in a steep catchment versus a shallower lake in a catchment with low relief. 
Both records show general cooling over the last 2ka, in agreement with other 
regional lake and marine core records, with peak cold conditions inferred 
from both records during the LIA. The contrasting sensitivity of algal groups 
to environmental change at each site suggests that biological thresholds in 
environmental tolerance were not crossed during the LIA at Torfdalsvatn, 
but were in Bæjarvötn, resulting in a marked increase in pigment-inferred 
productivity during the MWP relative to the DACP and the LIA.  
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As seen in other Icelandic lake sediment records, there is an increase in the 
proportion of terrestrial material entering the sediment of both lakes during 
the last 2 ka, representing the widespread late Holocene destabilization of 
soils (Fig. 3.6). We interpret the difference in timing of the destabilization 
between sites to reflect threshold-type response of the steep catchment at 
Bæjarvötn to late Holocene cooling as opposed to the more gradual response 
of lesser magnitude at Torfdalsvatn (Fig. 3.5, Fig. 3.7). Additionally, freeze-
thaw processes may be a significant driver of the nature of soil erosion at 
Bæjarvötn, as this site has significantly higher precipitation than 
Torfdalsvatn. This highlights the potential for differences in apparent climate 
reconstructions from various sites due to catchment-specific processes. Both 
sites give climatic information but must be interpreted within the context of 
their specific catchment and lake morphologies. The organic matter proxies 
at Bæjarvötn do not consistently reflect climate changes linearly. Minor 
fluctuations begin in all proxies before 900 AD, but this early variability is 
followed by the simultaneous and permanent shift in proxies that occurs at 
~1450 AD likely reflects a significant climate change toward colder 
temperatures. The signal was insensitive to climate events before the 
threshold response, then nearly saturated afterward, with a sediment C:N and 
δ13C indistinguishable from the soils of the catchment (Fig. 6). Algal 
pigments and BSi at Bæjarvötn show similar response to changes at the site 
and allow for the development of a continuous local record of aquatic 
productivity. The Torfdalsvatn record of terrestrial destabilization is much 
more gradual, beginning in ~900 AD and indicating a lower overall 
magnitude of change. The aquatic proxies show less change through time, 
and there appears to be little climate sensitivity of algal assemblages over the 
late Holocene. This suggests that while overall aquatic productivity declined 
due to cooling, algal assemblages were controlled by other factors such as 
nutrient dynamics.  

When selecting lakes as study sites for past climate change, it should be 
considered that steep catchments are potentially more likely to exhibit 
threshold behavior, but may give a larger overall signal than lakes with a 
gradual catchment. Shallower, warmer lakes may require a greater climate 
shift to change the assemblage of aquatic primary producers. Because of this, 
proxies such as sedimentary algal pigments may be more successful in colder 
environments, as these colder environments will have greater variability in 
length of ice-free conditions between warm and cold times. Biogeochemical 
proxies are inherently sensitive to complex landscape processes—which may 
have variable response to changing climate between locations. Additionally, 
human activity often completely restructures multiple aspects of watershed 
biogeochemistry, overprinting the proxy record. Even in Iceland, where there 
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are excellent records of settlement history, the precise timing and magnitude 
of human influence is difficult to determine. Future studies will employ 
biomarker molecules to better quantify past human influence on sediment 
records. Additionally, quantitative temperature proxies not subject to 
catchment-specific factors will be the focus of future Icelandic terrestrial 
climate reconstructions.  

3.7 . Discussion of nitrogen isotopes in 
modern samples omitted from the 
publication  (Data in Appendix A) 

Nitrogen isotopic composition of algal material ranges from -1.6 to 4.4‰, 
with an average value of 0.7‰. The range of values could be due to different 
overall catchment DIN values between sites as a result of differences in 
nitrogen fixation or nutrient limitation. The 4.4‰ sample could also be 
potentiality contaminated by invertebrate heterotroph material, which is 
consistently more enriched than algae. 

Nitrogen isotopes of aquatic macrophyte plants are the most depleted of all 
sources measured, with an average value of -3.8‰ and a range of -15.5 to 
+3.2‰. These values fall in the expected range due to the greater availability 
of isotopically lighter ammonium in sediments, and the ability of rooted 
macrophytes to access a larger sedimentary nitrogen pool and more 
effectively discriminate against heavy isotopes (Barko et al. 1991; Talbot 
2001). 

Soil ∂15N averages 1.8‰, ranging from a high value of 4.9‰ and a low of -
1.6‰. Soil nitrogen isotope abundance is controlled the balance of N-
fixation and atmospheric deposition (N-inputs), with losses from microbial 
metabolism (denitrification), plant uptake, and leaching. The compilation of 
global soil nitrogen isotope values by Amundson et al. (2003) shows a trend 
toward lower ∂15N with increasing latitude, as a result of the strong 
temperature and moisture dependence of processes controlling the soil 
nitrogen cycle. The measured values from this study are in good agreement, 
although slightly lighter, than the estimated range for Icelandic soils of 2.1-
4.8‰ from Amundson et al. (2003). As a result of the influence of 
temperature and precipitation on soil ∂15N, the isotopic composition of 
Icelandic soil may have changed with Holocene climate variability. 
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4.1  Abstract 
Icelandic climate is controlled by processes that are globally significant. 
Biological communities are directly affected by changes in climate; therefore 
the regional climate history can be inferred by examining evidence of past 
biogeochemical change preserved in lake sediment.  Building on past studies 
at the site, we develop a high-resolution, multiproxy lake record of 
Torfdalsvatn, North Iceland. The proxies used in this study provide a history 
of landscape stability along with the magnitude and characteristics of past 
aquatic productivity. This study is the first to generate a complete Holocene 
record of sedimentary algal pigments from an Icelandic lake. Prior to the 
Saksunarvatn tephra, most proxies reflect the establishment of a Holocene-
like environment. The Holocene Thermal Maximum is evident after 8 ka, 
characterized by increased cyanobacterial abundance and denitrification 
which occur as a result of longer ice-free season, lower wind stress, and 
greater aquatic productivity. Soil stability lags regional peak warmth, with 
proxies for erosion reaching the lowest Holocene values after 6ka. C:N 
reflects increasing input of terrestrial organic matter after 4.5 ka with the 
onset of late Holocene cooling. A transition to increased erosion after 1.8 ka 
indicates landscape destabilization as a result of cooling temperatures, which 
occurs in two steps. An increase in minerogenic material, likely due to 
increased Aeolian transport, precedes an abrupt increase in terrestrial organic 
matter derived from the destabilization of soils. Aquatic productivity also 
declines at this time, with peak erosion and lowest productivity occurring 
during Little Ice Age (ca. 1250-1850 AD/CE). Diatom and green algal 
pigments do not track regional climate events, therefore other factors such as 
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nutrient availability may control the relative abundance of these groups. The 
cyanobacterial pigment record, however, corresponds well to sea surface 
temperatures from MD99-2275 and nearby lake sediment records, suggesting 
temperature sensitivity of cyanobacterial populations. Because of this, algal 
pigments may become an important part of Icelandic paleoclimate studies. 
Additionally, this study suggests that future warming may lead to an increase 
in cyanobacterial populations in Icelandic lakes.  

4.2  Introduction 
A wealth of recent studies indicate North Atlantic Holocene climate 
evolution has been nonlinear, despite being controlled on millennial 
timescales by the long-term monotonic change in Northern Hemisphere 
summer insolation (Berger and Loutre 1991). Changes in complex regional 
oceanic and atmospheric circulations, as well as ice-albedo feedbacks, are a 
mechanism for these rapid, non-linear climate events (Mayewski et al. 2004; 
Wanner et al. 2011; Geirsdóttir et al. 2013). As the North Atlantic is the site 
of the largest equator to pole heat flux of the Northern Hemisphere (Wunsch 
1980), and the location of deep water formation that drives the global 
Thermohaline Circulation, changes in local climate have widespread global 
influence (Denton and Broecker 2008). A better understanding of past 
changes in North Atlantic climate history is vital to our understanding of 
how these global heat transport systems may respond to Anthropogenic 
warming and the potential for future rapid climate change events.   

Iceland is located in a region of strong temperature gradients, from the warm 
Atlantic currents to the south to the cold, Arctic waters to the north 
(Einarsson 1984; Orvik and Niiler 2002; Rudels et al. 2002, 2005). Small 
changes in ocean and atmospheric dynamics can have a profound influence 
on local sea surface temperatures, which are a predominant control on 
terrestrial air temperatures. When reconstructing climate history, marine 
records are often limited by difficulty in developing accurate chronologies 
due to uncertainty of past reservoir age of dissolved carbon in ocean water 
(Reimer et al. 2002; Ascough et al. 2005). Complex stratification of ocean 
water also hinders proxy interpretations, as the water column source of the 
proxy must be well characterized, and a temperature change at one depth, 
while still giving important climatic information, may not be representative 
of boundary layer conditions. Lake sediment records provide an alternative 
continuous archive of past environmental change that directly reflects local 
air temperature due to smaller volume and less complex hydrology. In this 
study, we utilize a high-resolution lake sediment record from Torfdalsvatn to 
better constrain the Holocene climate history of north Iceland. 
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Biological primary productivity is a good indicator of paleoenvironmental 
conditions. This is especially true in high-latitude environments where the 
length of ice-free season determines the length of the growing season. 
Changes in climate will alter the length of ice-free season, which has direct 
and indirect implications on multiple aspects of catchment biogeochemistry 
(Smol and Cumming 2000; Wolfe 2002; Smol et al. 2005; Schindler and 
Smol 2006). Sedimentary algal pigments, primarily derived from within-lake 
algae and macrophyte plants, provide a record of past algal group 
assemblages (Leavitt and Hodgson 2001). Change in algal group 
assemblages over time holds additional climate information that is not 
contained in records of total productivity, as changing environmental 
conditions alter the succession of algal types through the summer. In 
particular, it is hypothesized that algal groups such as green algae and 
cyanobacteria, that tend to dominate during warm conditions and the second 
half of the growing season, will be most sensitive to change (Lin 1972; 
Zhang and Prepas 1996; De Senerpont Domis et al. 2007).  In addition to 
climate reconstruction, understanding the past nature of aquatic productivity 
is important in making predictions of how freshwater ecosystems may 
change with anthropogenic warming and nutrient inputs (Smol and 
Cumming 2000).  The goal of this study is to develop an additional high-
quality, multi-proxy, lake sediment record from north Iceland which 
incorporates algal pigments to track changes in the climate history and nature 
of aquatic productivity. This will fill in a spatial gap in Holocene terrestrial 
climate records from Iceland as well as test the how each organic matter 
proxy responds to climate variability at this site.  

4.3  Study site 
4.3.1  Geological setting  
Torfdalsvatn (Figure 4.1, 6613.5670N, 20122.8150W) is a relatively small 
(0.4 km2) and shallow (Z=5.8 m) lake on the Skagi peninsula of coastline at 
52 m a.s.l., just above the Holocene marine limit (Rundgren et al. 1997). 
Because of its temporally-long lacustrine sediment record, along with its 
proximity to marine core records and high sedimentation rate, Torfdalsvatn 
has been the site of several previous studies. These past studies examined 
tephrochronology, pollen assemblages (Bjorck et al. 1992; Rundgren 1995, 
1998; Rundgren et al. 1997), chironomid-inferred summer 
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Figure  4.1. Map of Torfdalsvatn relative to other sediment records mentioned in the chapter. 
Approximate location of the cold East Green Current (EGC) and warm Irminger Current 
(IC) are marked with dashed and solid lines. 
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Figure 4.2. Co-variance of detrended summer (JJA average) 2-meter air temperature over 
Torfdalsvatn with JJA averaged sea-surface temperatures from 1950 to 2010. The figure was 
produced by Leif Anderson using Air temperature data from Legates and Willmott (1990) 
and SSTs from http://www.esrl.noaa.gov/psd/data/gridded/data.cobe.html. The strongest 
correlation of summer air temperature with SST occurs just east of Torfdalsvatn, near the 
marine sediment core MD99-2275. Therefore we compare the Torfdalsvatn record to 
reconstructed summer SSTs this core (Jiang et al. 2015) rather than the more proximal but 
less well-correlated MD99-2269.  
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temperatures (Axford et al. 2007), and isotopic composition of lake sediment 
and landscape plants (Wang and Wooller 2006; Axford et al. 2007). 

4.3.2 . Controls on regional climate 

Present day air temperature at Torfdalsvatn is strongly correlated to sea 
surface temperatures off the coast over the instrumental record (Fig. 4.2). 
Regional ocean temperatures are largely determined by the  

relative dominance of the cold East Greenland Current (EGC) and the Warm 
Irminger Current (IC). The EGC is made up of cold Arctic Ocean water of 
relatively low salinity, and is the main conduit of polar waters and exported 
sea ice from the Arctic Ocean to the North Atlantic through the Fram Strait. 
Southward migration, or increases in the strength of the ECG, will lead to 
regional cooling and increased presence of sea ice off North Iceland (Moros 
et al. 2006). The IC is a branch of the North Atlantic Current, both of which 
comprise a significant proportion of oceanic poleward heat transport (Orvik 
and Niiler 2002). The IC splits from NAC at the North Atlantic Subpolar 
Gyre, and changes in the size and location of the gyre will change the 
trajectory of the IC (Hátún et al. 2005). As the IC reaches Iceland, it 
branches to form the North Iceland Irminger Current (NIIC), which directly 
influences the north coast of Iceland (Stefansson 1962). The strength and 
northward extent of the IC is in part controlled by the vigor of the Atlantic 
Meridional Overturning Circulation (AMOC), which is a global-scale control 
on climate (Thornalley et al. 2009). North Iceland is the closest landmass to 
the interface of the IC and the EGC, therefore small changes in the strength 
and extent of these currents have a large influence over regional temperature; 
terrestrial records from North Iceland should reflect the oceanographic 
history of the region.   

On shorter timescales, changes in atmospheric circulation patterns such as 
the North Atlantic Oscillation (NAO), which describes the pressure gradient 
between the Azores High and the Icelandic Low and subsequent northward 
or southward displacement of the westerlies (Hurrel 1995; Hurrel et al. 
2003), can also lead to a change in predominant climate conditions over 
Iceland. While the NAO is always variable on inter-annual to decadal 
timescales, different extended mean states can occur, and have contributed to 
multi-centennial climate events such MWP and LIA (Trouet et al. 2009; 
Larsen et al. 2013). Long term positive or negative NAO states can influence 
ocean currents due to the variable trajectory of the westerlies, with an 
associated contraction or expansion of the North Atlantic Subpolar Gyre 
(Hátún et al. 2005; Lohmann et al. 2008), which in turn leads to variable 
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extent and strength of the NIIC (Blindheim and Malmberg 2005; Miettinen 
et al. 2011).  

4.4  MATERIALS AND METHODS 
An 8.2-meter-long sediment core (TORF12-1A/2A-1N) was recovered in 
February 2012 using a hammer driven piston corer from the lake-ice 
platform. The entire sediment package was recovered in two successive 
drives where re-entry of the previous coring hole was made possible by 
shallow water. The first drive was 2.6 meters and the second was 5.8 m, 
reaching dense, deglacial sediment. The two drives are assumed to be 
continuous, with no evidence of missing or reworked sediment. The core was 
then sub-sectioned in the field into 1.5-meter sections which were 
transported back to the University of Iceland and stored in a refrigerated cold 
room. The cores were then split, imaged, and measured for density and 
magnetic susceptibility by a GEOTEK (MSCL-S) core scanner. The core 
was sampled continuously at 2-cm-resolution and the subsamples were 
placed in pre-combusted glass vials, which were freeze-dried for 
geochemical analysis and frozen under nitrogen for algal pigment analysis.  

A chronology for this core was developed using tephra and radiocarbon 
dating of aquatic macrofossils (Table 4.1). Only identifiably aquatic 
macrofossils were used to avoid the potential age offsets that can occur from 
long residence time of terrestrial organic matter and humic acids, resulting in 
dates that are too old for their stratigraphic position (e.g. Geirsdóttir et al. 
2009b). Tephras were identified visibly and geochemically by comparing 
with those from other nearby Icelandic sites. The age control points were 
entered into the CLAM software (Blaauw 2010), where radiocarbon ages 
were calibrated using the IntCal13 calibration curve (Reimer et al. 2013). An 
age-depth model was also developed in CLAM using a smoothing spline, 
where the sediment contribution of visible tephras was removed by assigning 
values of equal age over intervals with thick, visible ash layers.   
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Table  4.1. Age control points used to develop an age-depth model for the TORF12-1A/2A 
core. Pre-historical tephra ages from Björck et al. (1992), Dugmore et al. 1995 and 
Rasmussen et al. (2006) Tephras marked with an * have been visually identified. 

4.4.1  Sediment isotope geochemistry 

Sub-samples of carbon and nitrogen isotopes and elemental ratios were 
measured at the Carnegie Geophysical Laboratory using a Finnigan Delta V 
isotope ratio mass spectrometer with a CE NC 2500 Elemental Analyzer. 
Isotopic ratios were corrected for drift using an acetanilide standard and are 
reported in standard delta notation relative to the standards V-PDB for 
carbon and Air for nitrogen. Duplicate analyses show a precision of less than 
0.2‰ for each isotope ratio. 

4.4.2  Algal pigments (Methodology is identical to that 
reported in Chapter 3 and is repeated here for 
completeness) 

Algal pigments were solvent extracted from freeze dried sediment samples 
using 6 ml of 80:20 mixture of acetone:methanol overnight in amber vials 
under N2 at -10°C. Samples were touch mixed and sonicated to disperse 
sediment and increase extraction efficiency, then filtered through a 0.2 µm 
PTFE syringe filter which was then rinsed with 2 ml of acetone to recover 
sample residue from the filter. The extract was then dried down and 
rehydrated with a known volume of acetone containing a known 
concentration of α-tocopherol standard. Samples were placed in the 
refrigerated autosampler of an Agilent 1200 series HPLC and derivitized to 
improve chromatographic behavior immediately prior to injection with an 
equal volume of 28 mM tetrabutyl ammonium acetate in water. A binary 
mobile phase system was used with solvent A composed of a 70:30 mixture 
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of methanol:28 mM tetrabutyl ammonium acetate in water and solvent B 
composed of pure methanol at a flow rate of 1 mL min-1. An Agilent Eclipse 
XDB-C8 4.6 x 150mm column was used to separate pigments whose 
absorbance of visible light was detected by an Agilent Diode Array Detector 
(DAD) scanning between 400 and 750 nm. Pigments were identified by 
comparing characteristic absorbance spectra with that stored in a library 
created from a suite of standards obtained from DHI Denmark.   

4.4.3  FTIRS-Inferred biogenic silica (Methodology is 
identical to that reported in Chapter 3 and is 
repeated here for completeness) 

Subsamples of freeze-dried sediment were weighed and mixed with 
potassium bromide at a ratio of 0.02 to disperse and reduce the IR 
absorbance of the sample. The sediment and KBr mixture was then ground to 
a fine powder using a mortar and pestle, and analyzed by diffuse reflectance 
FTIRS by a Bruker Vertex 70 with a Praying Mantis diffuse reflectivity 
accessory (Harrick). Samples were scanned 64 times at 4 cm-1 resolution 
over wavelengths ranging from 3750 to 450 cm-1. Baseline shifts were 
removed by applying a linear baseline correction in the Opus software. Area 
under the absorbance curve was then integrated from 1000 to 1250 cm-1, the 
region with the strongest correlation to biogenic silica (Meyer-Jacob et al. 
2014). The measured values are expressed in FTIR absorbance rather than 
mass (BSi) in order to avoid error associated with the calibration. Published 
calibrations are linear, and therefore the calibration does not change the 
structure of the proxy curve derived from the measurements.  

4.5  RESULTS AND DISCUSSION 
4.5.1 . Chronology 

The age-depth model for TORF12-1A/2A core integrates four radiocarbon 
dates and eight geochemically and/or visibly identified tephra layers (Fig. 
4.3). The tephra and radiocarbon derived age control points agree without 
significant offset. Despite the assumed presence of unconsolidated 
minerogenic material upon deglaciation, sedimentation rates prior to the 
Saksunarvatn tephra are the lowest of the record. This may indicate very 
short ice-free season for at least some of this time, which would reduce 
import of material to the lake as well as limit productivity.  Sedimentation 
rates steadily increase from ~10 to ~7 ka, associated with an increase in 
organic matter content, suggesting that material derived from aquatic 
productivity is a major contributor to the sediment at Torfdalsvatn. The age-
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depth relationship remains nearly linear for the remainder of the record, 
supported by all subsequent age control points. The lack of variability in 
sedimentation rate leads to relatively low age uncertainties for the most 
recent 7 ka of the record.  

 

Figure  4.2. Age-depth model of the TORF12-1A/2A core, grey shading represents tephra 
horizons over which an equivalent age has been assigned 

4.5.2  Landscape stability record 

A record of past landscape stability and erosion can be developed by 
comparing proxies for minerogenic flux (magnetic susceptibility) and 
terrestrial versus aquatic organic matter source (C:N). The controlling factors 
on the quantity of magnetic material that enters the lake are the amount fine-
grained inorganic material available (from receding glaciers or tephra 
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deposition), how well stabilized this material is by vegetation, and the 
strength of a transport mechanism (erosion by wind or water). Organic 
matter source can be easily distinguished as either terrestrial or aquatic by 
carbon to nitrogen ratio and isotopic composition (Meyers and Teranes 
2001). This reflects the relative biomass in each environment, as well as 
efficiency of the transport of stored terrestrial material by soil erosion, which 
in Iceland, is easily accomplished by both wind and water due to the lack of 
cohesion of andosol soil (Arnalds 2015). An increase in magnetic material 
without associated increase in C:N represents either an increase in available 
source material (such as tephra), stable terrestrial vegetation that is resistant 
to wind, or a relatively small carbon-producing biomass that reduces dilution 
of minerogenic material.  

 Shortly after deglaciation there was abundant, easily erodible material 
deposited by the receding Pleistocene glaciers. Terrestrial vegetation cover 
had not yet developed, and this interval is characterized by the highest values 
of MS seen in the record (Figure 4.4). MS decreases as the quantity of easily 
erodible material was depleted and vegetation cover began to develop. The 
pollen record from Torfdalsvatn indicates that the first pioneer grass and 
herb species were present in the catchment as early as ~13ka, with dwarf 
shrubs appearing at approximately 12.7 BP, likely associated with Bølling-
Allerød warmth (Rundgren 1995). Although Rundgren (1995) sees a 
decrease in shrubs during the Younger Dryas at Torfdalsvatn, the MS 
continues to decrease along with increasing  
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Figure  4.3. Proxies reflecting organic matter source and catchment erosion, elevated values 
in each proxy indicate a greater flux of allochthonous material to the lake sedimen 

C:N, indicating further development of terrestrial biomass and stability of 
catchment soils. MS sharply increases at ~10.3 ka associated with the 
Saksunarvatn tephra, decreases rapidly until ~7 ka, and more gradually until 
2 ka when the lowest MS values occur (Fig. 4.4). Spikes of MS through the 
mid Holocene represent major tephra horizons, and therefore are not 
interpreted to be related to climate-induced landscape change.    

The ratio of BSi to TOC is a relative measure of proportion of aquatic to 
overall watershed productivity (Fig. 4.5). As expected in the earliest part of 
the record, this ratio is at its lowest, with watershed productivity being 
predominantly aquatic prior to the colonization and expansion terrestrial 
plants. The steady increase until ~7.5 ka suggests the maturation of the 
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terrestrial environment, at which point the ratio remains stable until just after 
1 ka. This period of stability indicates that there was no dramatic change to 
either the terrestrial or aquatic ecosystems at this time.  

 

Figure  4.4. Total organic carbon, biogenic silica and the ratio of the two values. This ratio 
provides an alternate measure of terrestrial vs. aquatic organic matter source. 
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C:N rises steadily from 12 to 8 ka, possibly representing increased terrestrial 
biomass which did not accumulate in soils. Carbon isotopes, however, 
become increasingly enriched, indicating that abundant aquatic macrophyte 
plants (high C:N and δ13C) may have been the dominant control over C:N at 
this time. C:N then decreases, reaching a minimum value of ~8.5 just after 5 
ka. This decrease in C:N is most likely driven by a reduction of the influx of 
terrestrial material because δ13C remains high (Fig. 4.6), suggesting that 
aquatic macrophyte abundance was unchanging. A reduction in the influx of 

Figure  4.5. Carbon to nitrogen ratio, nitrogen isotopes, carbon isotopes, and biogenic silica from 
Torfdalsvatn 
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terrestrial organic matter, when it is known that regional terrestrial 
productivity was high from pollen records (Rundgren 1998; Hallsdóttir and 
Caseldine 2005; Eddudóttir et al. 2015), may indicate a reduction in the 
transport of terrestrial material which would have led to organic matter 
accumulation in soils. 

A pronounced increase in erosion is evident in MS and organic matter source 
proxies beginning at 1.8 ka. At this time, the decreasing trend of MS is 
reversed, suggesting that late Holocene cooling became severe enough to 
both decrease vegetation cover, and increase wind transport of minerogenic 
material to the sediment. Several eruptions occur within several hundred 
years on either side of 1 ka (Grönvald et al. 1995; Stothers 1998; Thordarson 
and Larsen 2007) and the associated tephra also contributes to the elevated 
MS during this time. Unlike earlier tephra deposition events, which appear as 
short-lived spikes, MS never returns to its baseline state after 1.5 ka. This 
suggests that cooling climate may have increased the susceptibility of soils to 
damage from tephra deposition. At 1 ka, shortly after the increase in MS, 
C:N begins to rise along with the TOC to BSi ratio, also associated with a 
decrease in δ13C (Fig. 4.6). This change in proxy values unanimously 
suggests a shift to increasing flux of terrestrial organic matter to the 
sediment. The initial increase in MS precedes the change in organic matter 
source as well as major tephra layers, which suggests increased wind and 
surface shear stress could be the primary driver. The import of terrestrial 
material to the sediment is interpreted as the destabilization and erosion of 
soils in the catchment, as has been seen in lake records across Iceland 
(Wooller et al. 2008; Geirsdóttir et al. 2009b; Larsen et al. 2011). This 
increase in soil erosion could be derived from the combined influence of 
cooling climate, human colonization, and disturbance from tephra 
deposition.  

4.5.3 Algal and aquatic productivity proxy record 

The second focus of this study develops a comprehensive history of past 
lacustrine productivity at Torfdalsvatn, utilizing algal pigments and FTIR-
inferred BSi. Using this approach, both the total magnitude and aquatic 
primary producer composition can be deduced. Through changing length of 
summer ice-free season, and subsequent alteration of total productivity and 
algal group succession, paleoenvironmental reconstructions can be 
developed from the nature and magnitude of aquatic productivity.  

BSi, reflecting the relative amount of siliceous material produced by lake 
algae (mostly diatoms), is a commonly used measure for reconstructing total 
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aquatic productivity (Conley and Schelske 2001). At the beginning of the 
record BSi is at its lowest value, indicating low overall aquatic productivity 
(Fig. 4.5). Low abundance is also attributable to dilution by the large amount 
of minerogenic material entering the lake at this time. BSi steadily rises until 
~9.5 ka due to increased aquatic productivity and decreasing dilution by 
minerogenic material. Warming temperatures through this interval would 
have led to longer ice-free season and increasing terrestrial vegetation cover 
and landscape stability, which would have reduced the flux of inorganic 
material. BSi reaches its highest value at 5 ka, after which there is a general 
trend towards decreasing values, punctuated by increases at around 4 and 2 
ka. This trend toward decreasing aquatic productivity could indicate the 
onset of late Holocene cooling. After 1.8 ka, biogenic silica concentration 
begins a sharp decline that continues to the top of the core. This time period 
has been identified as the onset intensified cooling (Massé et al. 2008; Sicre 
et al. 2008; Larsen et al. 2011; Geirsdóttir et al. 2009b), therefore we 
interpret this decrease in BSi to reflect reduced aquatic productivity as a 
result of decreasing ice free season and reduced maximum summer lake 
water temperature. There is also increased dilution of BSi by minerogenic 
material and terrestrial organic matter due to increased erosion as inferred 
from MS and C:N, however this is probably not the main driver of the BSi 
signal, as there is no discernable increase in sedimentation rate.  

Algal pigments provide a more comprehensive view of past aquatic 
productivity as they record all groups, rather than just those that produce 
silicified structures (Leavitt and Hodgson 2001). Here, algal pigment results 
are presented as total chlorin (chlorophyll + degradation products), diatom 
pigments (fucoxanthin + diatoxanthin + diadinoxanthin), lutein to 
diatoxanthin ratio (L:D; ratio of green algae and higher plants to diatoms and 
chrysophytes), and the cyanobacterial pigment canthaxanthin (Figure 4.7). 
These pigment concentrations and ratios can be used to characterize both 
total aquatic productivity and the relative contribution of the three major 
algal groups. Additionally, the majority of pigments used are relatively stable 
(with the exception of fucoxanthin and diadinoxanthin), reducing the bias of 
variable pigment preservation through time. Pigments are expressed as 
normalized to sedimentary organic matter content, as percent of total 
pigments, or as a ratio of two pigments. Each way of expressing the pigment 
data gives slightly different information about past conditions and each 
requires making particular assumptions about pigment production, 
deposition, and preservation. The standard way to express pigment data from 
sediment cores is to normalize to organic matter, usually measured by loss 
on ignition (Leavitt and Hodgson 2001). This method assumes that the 
primary control on pigment concentration is the total organic content of the 
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sediment, and that meaningful information about past algal productivity can 
best be obtained by removing the influence of variable overall organic matter 
content. Although the proportion of pigment to total organic matter depends 
on the amount of aquatic productivity, dilution by pigment-poor organic 
matter, such as soil, can also be a mechanism for changing proxy values. 
Expressing pigment data as percent of total pigment helps remove the 
influence of dilution and poor preservation. These curves cannot be 
interpreted as total productivity records, as they only show how pigment 
composition, and therefore algal assemblages, have changed over time. 
Similarly, ratios of pigments diagnostic to a particular algal group are used to 
track relative abundance. This assumes that pigments used to calculate the 
ratio are similarly stable and a change in the depositional environment will 
affect both equally. Specifically, the ratio of lutein to diatoxanthin (L:D) is 
used to track the relative proportion of green algae to diatoms as they are 
similarly stable. Using these methods of data presentation, a comprehensive 
reconstruction of past overall aquatic productivity, algal group relative 
abundance and organic matter source can be developed.  

 Primary factors influencing the total magnitude of aquatic productivity and 
biological community structure on Holocene timescales are changes in 
climate and nutrients (Smith 1979; Smol and Cumming 2000). Additional 
factors influencing the pigment records are assumed to be changes in 
preservation, dilution, and variable pigment production per amount of algal 
biomass. The greatest pigment preservation will occur in material with the 
least transport distance and associated exposure to oxidative and 
heterotrophic degradation (Leavitt and Hodgson 2001). Interpretation of total 
pigment concentration history is based on using a multi-proxy approach to 
determine which of these processes were most dominant through time.    

In all samples measured, chlorins are the most abundant pigment, making up 
between ~65 and 95 % of total pigments detected (Fig. 4.7). This reflects 
their ubiquity in all photosynthetic organisms and their function as dominant 
light harvesting pigment. In the earliest part of the record, chlorin 
concentration is at its highest value, peaking at ~11.5 ka, rapidly decreasing 
until ~9.8 ka. Directly after deglaciation and before development of 
terrestrial biomass, the majority of organic matter was autochthonous and 
therefore pigment rich. The decrease in chlorin values between 11.5 and 9.8 
ka is interpreted as the development of terrestrial biomass and associated 
import of pigment-poor material, not as reduction in overall aquatic 
productivity. This interpretation is supported by the TOC:BSi and C:N, 
which indicate increased proportion of non-aquatic carbon through this 
interval (Fig. 4.4; 4.5). Chlorin concentration remains low until increasing 
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again, remaining elevated between 5.5 and 3.5 ka. These higher chlorin 
values are associated with the lowest C:N of the record, suggesting that a 
shift of organic matter source towards more aquatic might be again 
responsible for the higher pigment concentrations. From pollen records 
(Rundgren 1998; Hallsdóttir and Caseldine 2005; Eddudóttir et al. 2015) we 
know that terrestrial vegetation communities were well-developed at the 
time, which, to explain observed proxy values, would require either elevated 
aquatic productivity or very stable terrestrial conditions reducing the export 
of organic matter to the lake.  After this broad peak centered around 4.5 ka, 
chlorins steadily decline, reaching their lowest values during the LIA at 
around 1500 AD.  The mechanism for this is again interpreted as a shift 
towards greater influx of pigment-poor terrestrial organic matter as a result 
of the late Holocene landscape destabilization and erosion discussed in the 
previous section.  
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Figure  4.6. Pigments from Torfdalsvatn representing total productivity (chlorins), diatom 
pigments, relative abundance of green algae and plants vs. diatoms (lut:diato), and 
cyanobacteria (canthaxanthin). Values expressed as normalized to organic carbon (left axis, 

The proportion of diatom pigments is variable, ranging from ~1 to 27% of 
total pigment with the lowest relative abundance of diatom pigments 
occuring in the beginning of the record. This is unexpected as diagnostic 
accessory pigments from other algal groups are also low, which suggests low 
overall algal abundance despite elevated sedimentary chlorins, which show 
high aquatic productivity. Although a mechanism for this is difficult to 
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assign, it is possible that different depositional environment characteristics 
may have favored preservation of chlorins over carotenoids, or accessory 
pigment production in algae was suppressed due to environmental 
conditions. Diatom pigments become more abundant after the deposition of 
the Saksunarvatn tephra and an increase in BSi during this interval suggests 
that an increase in overall diatom abundance occurred during this time (Fig. 
4.6; 4.7). After peaking at 8.5 ka, diatom pigment abundance begins to 
decrease, anticorrelated with the ratio of lutein to diatoxanthin. This, along 
with a decrease in C:N, suggests that green algae became more abundant. 
Lutein-producing (green) species remain dominant and the relative 
proportion of diatom pigments is low until 4 ka. Between 4 and 2.5 ka, 
diatom pigments steadily increase and L:D stays low, suggesting elevated 
diatom relative abundance through this interval. Interestingly, BSi does not 
track diatom pigment abundance for much of the record, making it difficult 
to conclusively derive past diatom abundance. While siliceous tephra could 
potentially contaminate the BSi record, elevated BSi is not observed in 
samples adjacent to tephra layers and this is assumed to not be a significant 
factor influencing FTIRS-BSi values. The best explanation for this is that 
there are several complicating factors using both organic and inorganic 
microfossils to reconstruct past algal biomass. Both these proxies can be 
influenced by differences in amount of each compound per unit of algal 
biomass, varying species assemblage, and environmental conditions (Alberte 
et al. 1981; Lavaud et al. 2002; Rousseau et al. 2002; Stramski et al. 2002; 
Finkel et al. 2010). Also, pigment relative abundance and ratios are not 
indicators of total productivity, only of the proportion of productivity 
attributable to each group. An increase in green algae during the mid 
Holocene could help reconcile the pigment and BSi records by driving the 
decrease in relative abundance of diatom pigments.  

Both diatom proxies change coherently during the last 2 ka, with a decrease 
in total pigment concentration, relative abundance, and BSi all pointing 
towards reduced diatom productivity. The combined increase of C:N and 
L:D, with associated decrease in δ13C, suggest that even though pigment 
concentration in soils is low, it may have been enough to increase the lutein 
content of the sediment during the vigorous soil erosion of the last 2 ka. The 
first increase of L:D precedes the change in other diatom proxies and may 
reflect a shift in aquatic productivity towards more macrophytes as it 
immediately precedes an interval of elevated δ13C (Fig. 4.6, 4.7). Shallowing 
of the lake could lead to a threshold-like increase in aquatic macrophytes as 
the bottom of the lake enters the photic zone. Further increase in L:D is 
associated with decreasing δ13C and therefore cannot be attributed to aquatic 
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macrophyte organic matter, most likely this is lutein from terrestrial 
vegetation washed into the lake.   

Cyanobacterial populations have been shown to quickly increase in response 
to temperature and nutrients, and may prove to be an important indicator 
species for past lake conditions (De Senerpont Domis et al. 2007; Paerl and 
Paul 2012). The only detectable pigment biomarker of cyanobacteria in 
Torfdalsvatn is canthaxanthin, present throughout the core at low relative 
abundance between ~0.5 and 2.5% of total pigment. Nostoc sp. were 
commonly observed on shoreline rocks while sampling epilithon in July 
2014, and are the most likely source of canthaxanthin. Cyanobacterial 
relative abundance and total concentration track each other more closely than 
is seen with other pigments, implying that increasing cyanobacterial relative 
abundance is consistently due to an increase in overall biomass, not driven 
by a decrease in other algal groups.  

Cyanobacterial pigments are low between 12 and 10 ka, then steadily 
increase until 8 ka. Both relative abundance and concentration remain high 
until ~5.5 ka, with relative abundance reaching its maximum value at ~6.5 
ka. Relative abundance then decreases until becoming stable at 4 ka, while 
total concentration continues to decrease, reaching a minimum value during 
the LIA. The pattern of change in canthaxanthin, mirrors other regional 
temperature records (Fig. 4.8), suggesting that the abundance of 
cyanobacteria may controlled by more closely by temperature and length of 
summer than the other algal groups.   

Together, the pigment records show a complex history of algal group 
abundance, with each group having a different response to past 
environmental change. The lack of coherent trend between all pigments 
implies that each algal group may be responding to a different environmental 
variable. Organic matter source may play an equally dominant role in the 
signal seen in pigment proxy records as changing algal group abundance. 
The Holocene algal group ontogeny at Torfdalsvatn progressed from 
dominantly diatoms shortly after the Saksunarvatn tephra, transitioning to 
predominantly green algae, aquatic macrophytes and cyanobacteria. This is 
assumed to have been driven by increased temperatures and length of 
summer during the HTM; the time of peak cyanobacterial abundance may 
represent the warmest Holocene temperatures at Torfdalsvatn. After the 
HTM, diatom abundance increases again in the late Holocene, although the 
import of terrestrial organic matter begins to influence the pigment record 
after 2 ka, making information about algal groups difficult to infer. The 
lowest cyanobacterial abundance occurs during the LIA and this is presumed 
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to be a direct result of cooling temperatures and decreased length of ice-free 
season. 

4.5.4  Nitrogen isotope record 

The relative complexity of the nitrogen cycle often makes unique 
interpretations of sedimentary nitrogen isotope records difficult, as multiple 
processes may have the same influence on sedimentary values (Talbot 2001). 
Nitrogen isotopic composition, as with the other organic matter proxies, can 
be influenced by both changes in lacustrine biogeochemistry and organic 
matter source. A best-possible interpretation of nitrogen isotope records 
needs to take into account both local values of material contributing to the 
sediment, along with the biogeochemical information contained in other 
proxies.  

The nitrogen isotope record at Torfdalsvatn begins with increasing values 
from 12 to 10 ka. Pioneer species are often N-fixers (Lawrence et al 1967; 
Crittenden 1975) as this offers a competitive advantage in freshly deglaciated 
environments, which, in some cases, have very little available N (Hobbie et 
al. 1998). Nitrogen that is biologically fixed undergoes little fractionation, 
and the subsequent organic matter produced will have a signature of around 
0‰ (fractionation factor of -3 to +1‰ from Fogel and Cifuentes 1993; or 
negligible fractionation factor in fixation by cyanobacteria as reviewed by 
Talbot 2001). Through biological fractionation, light isotopes are removed 
preferentially and may be exported from the catchment. The remaining 
nitrogen will become more enriched until a balance between the light 
nitrogen isotopes from fixation and heavier residual nitrogen is reached 
(Talbot 2001).  

At ~9.5 ka, nitrogen isotope values begin to decrease, associated with an 
increase in δ13C and C:N (Fig. 4.6). As discussed previously, the increase in 
δ13C and C:N is attributed to increasing aquatic macrophyte plants. Aquatic 
macrophytes have the most depleted nitrogen isotopes of all modern organic 
matter sources (see discussion in Chapter 3). The decrease in nitrogen 
isotopes is consistent with this, and supports increasing macrophyte 
abundance in the early Holocene. The interval of decreasing values abruptly 
transitions to a broad peak, containing the highest δ15N recorded in the 
sediment (Fig. 4.6). This excursion begins with a sharp peak to ~3‰ at 6.5 
ka, which then levels off, with values remaining between 2 and 2.5‰ until 
decreasing sharply at 5.4 ka. This abrupt increase in δ15N is not mirrored by 
any of the other organic matter proxies and is not likely to be due to a shift in 
organic matter source, which would also influence C:N and δ13C. Changes in 
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the local nitrogen cycle are the most probable mechanism for the increase in 
values.  

 Decreased sediment oxygen content can increase denitrification by 
heterotrophic bacteria that utilize mineralized nitrogen as an electron 
acceptor (Knowles 1982), which strongly fractionates against heavy isotopes 
(Blackmer and Bremner 1977). The product of this denitrification is N2 gas, 
which then diffuses into the atmosphere (Knowles 1982). This process 
efficiently removes light nitrogen isotopes from the sediment, leaving the 
remaining nitrogen enriched (Mariotti et al. 1981). Denitrifiers require low 
oxygen content along with organic carbon to break down for energy. Periods 
of reduced bottom water oxygen concentration and high organic carbon will 
both increase this process (Knowles 1982). High productivity will reduce 
bottom water oxygen concentration by increasing populations of 
heterotrophic bacteria as well as increase the organic content of the sediment, 
creating ideal conditions for denitrification to occur. Lower wind stress will 
also reduce mixing and lead to increased summer stratification of the lake 
(Imboden and Wüest 1995), resulting in reduced oxygen content and 
increased denitrification (Meissner et al. 2005). If the cause of the increase in 
sedimentary δ15N is assumed to be from denitrification, then it can be 
deduced that environmental conditions from 6.5 to 5.4 ka at Torfdalsvatn 
were characterized by high productivity, low wind stress, or the combination 
of the two factors as a result of the HTM.  

After 5 ka, δ15N continues to gradually decline before reaching its most 
negative values between 2 and 1 ka. Increasing δ13C and C:N again point to 
this being driven by changes in organic matter source (Fig. 4.6). Abundant 
aquatic macrophyte populations could be the cause for this as they were 
earlier in the record. Steady shallowing of the lake throughout the Holocene 
would have reduced the water depth by more than half, increasing the 
amount of available light at the sediment surface and likely favoring the 
growth of macrophyte plants. During the LIA, δ15N becomes sharply higher 
at the same time as terrestrial landscape destabilization occurs and the 
sediment becomes increasingly comprised of terrestrial organic matter. Soils 
measured regionally have higher δ15N than macrophyte plants (see organic 
matter sources in Chapter 3), further supporting the interpretation that 
unstable catchment soils were mobilized during the LIA.  

The first-order trend in nitrogen isotopes through the Holocene is toward 
increasingly depleted values due to the consistent shallowing of the lake and 
subsequent increase in aquatic macrophyte plants. The mid Holocene 
departure from this trend suggests increased denitrification due to high 
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productivity and stratification of the water column. Late Holocene increases 
in δ15N are attributed to the widespread erosion of terrestrial soil, and 
subsequent change in dominant sedimentary organic matter source. In this 
location, the departures from the long-term trend provide important 
paleoenvironmental information and help characterize both the HTM and the 
LIA.       

4.6 . Comparison with regional records 
4.6.1 Deglaciation to Saksunarvatn (before 12 ka to 

10.2 ka) 

As the only known Icelandic lake record with non-marine sediments 
extending to beyond 12 ka, Torfdalsvatn provides some of the only terrestrial 
climate information available regionally over this interval. In marine 
sediment cores from the Icelandic Shelf, foraminiferal assemblages at this 
time are characterized by decreasing abundance of arctic species, with boreal 
species appearing just after 11 ka, rapidly increasing in abundance. This 
change in assemblage indicates a shift from the dominance of cold, polar 
water masses to establishment of the IC bringing warm North Atlantic water 
north of Iceland and resulting northward migration of the Polar Front. 
Bottom water temperatures off northwest Iceland increased by nearly 4 
degrees between 11.5 ka and 10.5 ka, but foraminiferal assemblages indicate 
a stratified water column with surface waters influenced by cold, fresh water 
from melting ice (Ólafsdóttir et al. 2010). Pollen records from Torfdalsvatn 
show a transient appearance of shrubs at 12.5 ka, which then disappeared 
during the Younger Dryas before permanently becoming established at ~10.5 
(Rundgren 1995), contemporaneous with the northward extension of the IC 
bringing warm Atlantic water (Ólafsdóttir et al. 2010). Diatom-inferred SSTs 
at MD99-2269 also indicate that the IC had strong influence on the North 
Iceland Shelf at this time, with diatom species assemblages showing a strong 
warming to HTM conditions occurring between 10.5 and 10.2 ka (Justwan et 
al. 2008). The proxies measured at Torfdalsvatn are consistent with these 
previous studies, indicating warming during this time. Increasing aquatic 
productivity (BSi, diatom pigments), along with the establishment of 
terrestrial plants (C:N), suggest longer growing seasons. The predominantly 
aquatic OM source however, suggests that terrestrial biomass remained 
relatively suppressed. As this was a period of lake and landscape ontogeny, 
the proxy signal likely represents the combined influence of warming 
temperatures and early succession of biological communities.  
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4.6.2  Early Holocene (10.2 to 8 ka) 

Although the deposition of the locally up to 28-cm-thick Saksunarvatn ash 
was a setback to the development of terrestrial biological communities, 
pollen indicates that this was only temporary, with limited lasting effect on 
terrestrial plant species assemblages (Rundgren 1998). Reflecting this, 
terrestrial OM in the Torfdalsvatn core (Fig. 4.4; 4.6) continues to increase, 
with reduced erosion indicating a stabilizing  

 

Figure  4.7. The Torfdalsvatn canthaxanthin record compared to regional climate proxies from 
Icelandic lake sediments (Geirsdóttir et al. 2013), Diatom-inferred SSTs from the marine core 
MD99-2275 (Jiang et al. 2015) and sea ice derived quartz from MD99-2269 (Moros 
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landscape.  In regional lacustrine records, this time period was  characterized 
by increasing productivity (Geirsdóttir et al. 2013). A temperature record 
from terrestrial soil derived biomarkers derived from a ratio of the 
cyclization to methylation of branched tetraethers (CBT/MBT) by Moossen 
et al. (2015), suggests that this was the insolation-forced terrestrial HTM in 
northwest Iceland, however this is not supported by regional lake records 
(Larsen et al. 2012; Geirsdóttir et al. 2013). Diatom-inferred marine SSTs 
(which directly influence terrestrial air temperatures) from core MD99-2275 
also shows temperatures below peak Holocene values (Jiang et al. 2015). An 
HTM at this time is supported by a multiproxy record from MD99-2269 
(Kristjánsdóttir 2005). A potential explanation for these discrepancies is 
increased marine stratification, with cold Polar surface waters existing off 
north Iceland and locally suppressing early Holocene temperatures (Axford 
et al. 2007; Ólafsdóttir et al. 2010). Cyanobacterial pigments, which appear 
to track summer temperatures at Torfdalsvatn, are low but increasing; further 
suggesting that peak warmth did not occur in north Iceland until after 8ka, 
despite this being the time of peak summer insolation (Berger and Loutre 
1991). The regionally significant 8.2 ka event (Alley and Ágústsdóttir 2005) 
is not as well characterized in the Torfdalsvatn record as in other nearby 
lakes (Larsen et al. 2012), indicating that biological temperature thresholds 
may not have been crossed at Torfdalsvatn during this time.  

4.6.3  Holocene Thermal Maximum (8 ka to 5.5 ka) 

Both marine and lake proxy records indicate that the maximum temperatures 
of the Holocene in and around Iceland occurred shortly after 8 ka (Eiríksson 
et al., 2000; Castañeda et al., 2004; Kristjánsdóttir, 2005; Justwan et al., 
2008; Knudsen et al., 2008; Ran et al., 2008; Quillmann et al., 2010; 
Geirsdottir et al. 2013; Jiang et al. 2015). This is slightly later than the early 
Holocene insolation maximum, likely due to residual fresh surface water in 
the North Atlantic from glacial melt suppressing AMOC-driven northward 
heat transport to the central North Atlantic (Kaufman et al. 2004). The time 
period shortly after 8 ka is characterized by maximum northward heat 
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transport by the IC (Olafsdottir et al. 2010), which was also expressed in 
surface water proxy records (Jiang et al. 2015). The Torfdalsvatn proxies 
agree with the regional consensus of HTM timing. Shortly after 8 ka, there is 
a decrease in erosion and import of terrestrial organic matter to the lake 
(decreasing C:N and MS), indicating stability and accumulation of soils. 
During this time, diatoms become less abundant, and evidence of increased 
denitrification (δ15N) suggests increased bottom water anoxia from either 
lower wind stress, or increased aquatic productivity. The period of highest 
cyanobacterial pigment relative abundance and concentration coincides with 
the highest August SST at MD99-2275 (Fig. 4.6; Jiang et al. 2015) and the 
highest inferred temperatures from the lake sediment proxy composite of 
Geirsdóttir et al. (2013). This contrasts somewhat with the biomarker 
temperature record from Moossen et al. (2015), which suggests that the 
terrestrial HTM occurred contemporaneous with the summer insolation 
maximum between 10 and 8 ka (similar to what was observed on Baffin 
Island, Chapter 2) and preceded the local marine thermal maximum. The 
tight coupling of terrestrial air temperatures with SSTs in Iceland requires 
that the timing of maximum marine and terrestrial temperatures be 
concurrent (Figure 4.2). This study utilized terrestrially derived branched 
Glycerol Dialkyl Glycerol Tetraether (brGDGT) that were transported to 
fjord sediment (MD99-2266). Changes in inferred soil pH during this time 
are attributed by Moossen et al. (2015) to be due to decreasing aridity, 
however we prefer an alternate interpretation: increasing organic matter 
storage in soils would decrease pH due to leaching of organic acids. The soil 
pH reconstructed by Moossen et al. (2015) mirrors the record of inferred soil 
stability at Torfdalsvatn, suggesting that the timing of soil development may 
have followed a similar pattern across northwest Iceland. Changes in 
brGDGT source as soil organic matter increased through the early Holocene 
could have led to a warm bias in the earliest part of the Moossen et al. (2015) 
record, when the soil-derived GDGTs are at their lowest concentration. 
Additionally, this record is constructed utilizing reworked terrestrial material 
extracted from a fjord core (MD99-2266) which introduces uncertainties 
about the exact source of the organic matter, which may have changed 
through time. Chironomid-inferred temperature records from north Iceland 
(including Torfdalsvatn) contrastingly point to a delayed HTM (Axford et al. 
2007). While it is possible that the chironomid records are sensitive to 
temperature change in a different part of the summer than the other proxy 
records, lack of a strong temperature indicator species in north Iceland could 
allow for other environmental factors to influence the reconstructed 
temperatures. Canonical Correspondence Analysis (CCA) of the northwest 
Iceland chironomid temperature training set shows some of the dominant 
species at Torfdalsvatn plotting along CCA Axis 1, which appears to be 
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additionally controlled by sediment organic matter content (Langdon et al. 
2008). This would suggest that the low sedimentary TOC concentrations in 
early Holocene might have led to a cold bias in the chironomid record. 
Because of these discrepancies, additional biomarker temperature records 
should be developed from multiple depositional environments in north 
Iceland to determine whether this early terrestrial HTM seen in the fjord 
record, or the late HTM seen in the chironomid record, can be replicated. 
The qualitative proxies from the Torfdalsvatn record add to the regional 
consensus of peak Holocene summer temperatures after 8 ka.    

4.6.4 . Mid Holocene Transition to Neoglacial (5.5 to 2 ka) 

With the onset of late Holocene glacier growth (Gudmundsson, 1997; 
Geirsdóttir et al. 2009a; Larsen et al. 2012; Striberger et al. 2012), increasing 
IRD in marine sediment cores (Moros et al. 2006; Fig. 8), and the 
incremental cooling in response to decreasing summer insolation as recorded 
by multiple proxies in other Icelandic lakes (Striberger et al. 2012; 
Geirsdóttir et al. 2013; Fig. 4.8), the Torfdalsvatn record begins to show a 
transition toward cooling temperatures at 4.5 ka although this signal is not as 
strong as in other regional records. MS decreases throughout this time, and 
C:N reaches its lowest values indicating stable soils in the catchment until 
the trend in C:N reverses and begins to increase after ~4.5 ka. Canthaxanthin 
concentration begins to slowly decline at a similar time, suggesting shorter 
growing seasons. Diatom pigment relative abundance increases, as 
conditions may have become more favorable to diatoms over to other algal 
groups. Shorter summers, or environmental parameters such as increasing 
wind speed, may have led to a comparative advantage of diatoms. Analysis 
of diatom species assemblage change through this interval could elucidate 
which environmental variable led to the increase in diatom relative 
abundance and allow a more complete paleoenvironmental interpretation.  

4.6.5  Neoglacial to LIA (2 ka to 1850 AD)  

While proxies at Torfdalsvatn show variable response to climate events 
during most of the record, coherent shifts occur at 1.8 ka and 1 ka, which 
strongly suggest cooling. These changes in proxy values are persistent, and 
represent a fundamental environmental change at Torfdalsvatn. Intensified 
cooling at approximately 1.8 ka is well-represented in other regional records 
as a prominent non-linear response to decreasing summer insolation. A 
reduction in Icelandic lake productivity and increased deposition of glacial 
sediment occurs at the start of the DACP (Larsen et al. 2011; Geirsdóttir et 
al. 2013). This is contemporaneous with the disappearance of Betula pollen 
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from a fjord core at Reykjarfjördur, just west of Torfdalsvatn (Andrews et al. 
2001). Decreasing SSTs are seen in multiple records, particularly in the last 
millennium during the LIA (Massé et al. 2008; Sicre et al. 2008; Jiang et al. 
2015). Icelandic terrestrial records show increased erosion over the last 1 ka 
as is seen at Torfdalsvatn.  This landscape destabilization is nearly 
ubiquitous in all Icelandic lake sediment proxy records (Wooller et al. 2008; 
Geirsdóttir et al. 2009b; Larsen et al. 2011), although the anthropogenic 
impacts of the settlement of Iceland may confound the temperature 
information held by these proxies in some locations (Blair et al. 2015).  

4.7  Conclusions 
The multiple biogeochemical proxy record at Torfdalsvatn provides a novel 
view of Holocene environmental conditions in north Iceland. After 
deglaciation, organic matter source proxies indicate the gradual 
establishment of terrestrial biological communities along with a general 
increase in productivity, which is only briefly impacted by the deposition of 
the Saksunarvatn tephra. There is little evidence for the 8.2 ka event in this 
record, despite being observed in other Icelandic lakes. The HTM occurred 
just after 8 ka, characterized by elevated cyanobacterial productivity and 
increased bottom water anoxia due to high productivity or low wind stress. 
Despite this warmth, proxies for erosion (MS, C:N) show some degree of 
soil instability in the catchment until 6 ka. By 4 ka, several of the proxies 
begin suggest the onset of gradual cooling. The late Holocene is 
characterized by a two-staged cooling, with abrupt transitions beginning just 
after 1.8 ka and 1 ka reflecting decreased aquatic productivity and increased 
erosion, followed by a complete destabilization of catchment soils and 
further decreased aquatic productivity. The coldest inferred temperatures 
occur during the LIA, in agreement with the regional consensus. There is no 
coherent shift between ‘green’ (chlorophyte and higher plant) and diatom 
primary productivity (lutein:diatoxanthin) during regional warm/cold times 
as was seen on Baffin Island, suggesting an aclimatic (nutrient or ontogeny) 
control on green/diatom algal group abundance. The cyanobacterial pigment 
canthaxanthin tracks regional records of summer temperature, which 
indicates that it may be a useful proxy for reconstructing temperature history 
in future studies of Icelandic lake records. There remain discrepancies about 
the timing of the north Iceland HTM, which suggests the need for 
quantitative temperature proxies, such as alkenones, from Icelandic lakes. 
Quantitative temperature records allow for more consistent regional inter-
comparison and additionally will provide insight into how past changes in 
temperature have induced changes in watershed biogeochemistry.  
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5 Conclusions 
5.1 . Conclusions 
This dissertation presents records of biogeochemical change from a suite of 
multi-proxy studies of lake sediment records from three lakes, two Icelandic 
and one from Baffin Island. The motivating questions of this study were: 
What was the nature, timing and spatiotemporal variability of Holocene 
climate events in Baffin Island and Iceland? How did these changes in 
climate influence watershed biogeochemistry? How do catchment 
characteristics influence lake sediment records? To better answer these 
questions, this study incorporated algal pigments along with a suite of 
biological and geochemical proxies to constrain the local climate history and 
the different biogeochemical regimes characterizing periods of long and 
short ice-free season.    

This research effort is the first to utilize sedimentary algal pigments in 
reconstructing past algal group abundance in both regions. Comparison of 
the algal pigment record with other proxies has increased knowledge about 
the response of algal communities in Arctic lakes to Holocene climate 
evolution. There is a shift from green algal and higher plant pigments to 
those derived from diatoms and chrysophytes in the Baffin Island record. 
This shift in algal group abundance does not occur in the Iceland record, 
where most algal groups do not show a coherent response to changing 
climate. Cyanobacterial pigments from Torfdalsvatn do show elevated 
abundances during the HTM, indicating that summer temperature may be a 
control on Icelandic cyanobacterial populations.   

The variable response of algal communities between locations suggests the 
need for developing a regional understanding of proxy behavior prior to 
making climate interpretations. Many lake sediment climate records rely 
heavily on past abundance of diatoms because their siliceous microfossils are 
easily quantified. However, the results of the algal pigment analysis suggests 
that diatom relative abundance does not always tell the whole story of 
lacustrine productivity, this should be considered when interpreting climate 
information from biogenic silica records. Biological proxies can show 
differing response to equivalent climate history due to catchment-specific 
factors such as landscape steepness and nutrient availability. Additionally, 
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each proxy has its own specific response threshold, sensitive to a particular 
range of environmental variability. In the KHL record, pigments distinctly 
characterize the HTM and Anthropocene warmth, but show little variability 
during the Neoglacial. The environmental conditions dictating algal group 
change had already shifted to favor a predominantly diatom algal assemblage 
by ~7 ka. Diatom species assemblages at KHL undergo most of their change 
after 3 ka, associated with intensified Neoglacial cooling. This highlights the 
need for using multiple biological proxies as the whole range of Holocene 
variability is not recorded in each. In addition to the need for the use of 
multiple proxies, results from this dissertation suggest that, due to 
catchment-specific factors influencing proxy response, multiple lakes from 
the same region must be studied before developing a climatic interpretation 
of the proxy record.  If either the Torfdalsvatn or Bæjarvötn core had been 
the only regional record of late Holocene climate history, a different climate 
interpretation would have been developed about the region. Only with 
multiple proxies from multiple lakes can a complete regional environmental 
history be developed from biological proxies in sediment cores.  

One motivating question of this study that is not well addressed by the 
results is that of the nature of rapid, non-linear climate events during the 
Holocene. Using biological proxies, it is difficult to distinguish periods of 
rapid environmental change from those where a certain biological threshold 
was reached. While periods of rapid change in biological communities most 
likely signify a significant climate event, it is impossible to apply a linear 
climate interpretation to qualitative biological proxies. Because of this, 
quantitative proxies or non-biological systems such as glaciers are more 
likely to consistently and faithfully record times of rapid climate change.   

5.1.1 Implications of future anthropogenic change on 
arctic lake biogeochemistry 

By studying changes in how biological communities and carbon and nitrogen 
dynamics of Arctic lakes have changed from the HTM to the LIA, we can 
begin to make predictions of how future warming and anthropogenic nutrient 
inputs will impact these lakes. The various biogeochemical proxies used in 
this study have distinct responses to Holocene environmental change 
between the western and central North Atlantic regions. Examining 
environmental conditions during the HTM provides a possible analogue for 
those that may exist as the warming projected to occur in the Anthropocene 
proceeds.  
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Early Holocene warmth in eastern Baffin Island is characterized by elevated 
accumulation rates of organic carbon, lower sedimentary oxygen content, 
and increased relative abundance of chlorophyte algae and higher plants. 
Longer summers, with potentially elevated temperatures, favored greater 
total productivity and the increased length of summer allowing for longer 
seasonal succession of algal groups and increased abundance of 
chlorophytes. Recent changes back to similar conditions are observed in the 
KHL core, with increasing carbon accumulation rate and chlorophyte/higher 
plant abundance. This indicates that elevated productivity will increase the 
flux and sequestration of atmospheric carbon in lake sediments of Baffin 
Island in the Anthropocene. As all proxies do not return to HTM values, it is 
clear that there is no exact analogue for current conditions. Despite this, the 
proxies that have returned to an HTM-like state show that there has been 
significant environmental change in Baffin Island during the 20th century due 
to anthropogenic warming.  

In Iceland, HTM conditions led to increasing stability of soils, elevated 
cyanobacterial abundance and elevated denitrification due to inferred 
reduced bottom water oxygen content. There is no clear carbon cycle signal 
between warm times, when organic matter accumulates in soil, and cold 
times when there is an increased flux of organic matter from the previously 
accumulated soils to the lake sediment. The aquatic conditions that typified 
the HTM at Torfdalsvatn suggest the potential for decreased water quality in 
Iceland with future warming. Decreased oxygen content could negatively 
impact fisheries and increased predominance of cyanobacteria indicates the 
potential for future toxic algal blooms (Paerl and Paul 2012).  

Greater proxy response to anthropogenic warming at KHL suggests that 
regions with lower mean annual air temperature may undergo more 
biogeochemical changes in response to increasing temperature. The lesser 
response of proxies to modern warming in Icelandic lakes could be due to 
lesser magnitude of recent temperature change in Iceland, or because human 
settlement has altered the environment, and in some cases, changed proxy-
climate relationship.  

5.2  Future research  
The questions addressed by this dissertation still remain open for future 
study and likely will be for years to come, as analytical techniques make 
possible continued proxy development. Directly following this dissertation, 
there are several avenues of study that stand out. Additional pigment records 
are needed from Arctic lakes to determine the relationship between algal 
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assemblages and climate change. Lack of a consistent relationship between 
climate event and algal group response across Baffin Island and Iceland 
indicates that each region, or even each lake, may respond differently. Larger 
changes in algal group assemblage may occur in cold environments, which 
undergo greater change in duration of ice-free season between warm and 
cold times. The relationship between pigments and climate at KHL has not 
been replicated in Iceland. Additional pigment records from Baffin Island 
lakes should be developed to evaluate Holocene scale changes in algal 
groups. Additionally, higher elevation lakes from Iceland that experience 
shorter summers should be examined to see if Holocene changes are more 
similar to those of Baffin Island. Additionally, a modern study of algal 
pigment composition of lakes in different Icelandic environments would 
contextualize the pigment record from Torfdalsvatn. Records of 
cyanobacterial abundance in low elevation lakes across Iceland should be 
developed to assess potential water quality issues that may arise with future 
warming.  

Improved characterization of modern organic matter sources to lakes in 
Iceland will better constrain organic matter source history, which has proven 
to be one of the better proxies for Icelandic paleoenvironmental 
reconstructions. It remains unknown if isotopic compositions of terrestrial 
and aquatic organic matter vary from north to south across Iceland or are 
different between high and low elevation sites. It is also unknown if these 
end member values changed over the Holocene. It would be possible to 
estimate this by sampling both freshly deglaciated and mature landscapes. 
Additionally, the algal end member remains poorly characterized due to 
contamination by suspended particulate organic matter from aquatic 
macrophytes and soil.  

Lipid biomarkers have great potential to improve Icelandic paleoclimate and 
paleoenvironmental reconstructions. Quantitative temperature proxies will be 
necessary to determine whether there was spatial heterogeneity in early 
Holocene warmth in north Iceland. Preliminary analysis of lipid extracts 
from Torfdalsvatn sediment indicate the presence of alkenones, which would 
allow the development of a quantitative temperature record at the site that 
could be compared to the chironomid record and the diatom-inferred 
temperatures from MD99-2269 and MD99-2275. Quantitative temperature 
history at Torfdalsvatn will make possible studying the link between surface 
water and terrestrial summer temperatures. Another potentially valuable 
organic geochemical proxy at Torfdalsvatn is using the chain length 
composition of n-alkanes and n-alkanoic acids to refine organic matter 
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source history, especially to confirm past changes in aquatic macrophyte 
abundance (e.g. Ficken et al. 2000).  

One of the greatest challenges to developing records of recent climate 
change in Iceland is deconvolving the signal from human activity and 
landscape degradation from that of LIA cooling. Measurement of fecal sterol 
biomarkers produced by livestock and humans would make possible 
answering the long standing question of what component of the late 
Holocene landscape destabilization seen in the sediment core records is due 
to humans and what is a result of deteriorating climate (e.g. D’Anjou et al. 
2013). 
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Appendix A. 

Isotopic composition of modern samples from Iceland. 
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Appendix B. 

Modern water chemistry and isotopic composition from July 2014 



135 

  



136 

 



137 

 

 



138 

 



139 

 



140 
 



141 

 



142  


	Abstract
	Acknowledgments
	List of tables
	List of figures
	Chapter 1
	1.1  Introduction
	1.2  Study sites
	1.3  Questions motivating this dissertation
	1.4  Research methods and goals
	1.5  Dissertation overview

	2 Algal pigments in Arctic lake sediments record biogeochemical changes due to Holocene climate variability and anthropogenic global change
	2.1  Abstract
	2.2  Introduction
	2.2.1 Regional Holocene Climate
	2.2.2  Study Site

	2.3 . Materials and methods
	2.3.1 Modern Sampling
	2.3.2  Sediment Cores
	2.3.3  Sediment Chronology
	2.3.4  Sediment Geochemistry
	2.3.5  Algal Pigments
	2.3.6  Diatom Preparation and Counting
	2.3.7  Data Analysis

	2.4 . Results
	2.4.1  Chronology
	2.4.2  Sediment Geochemistry
	2.4.3  Algal Pigments
	2.4.4 Diatom Assemblage Change

	2.5  Discussion
	2.5.1  Pigment and Diatom Preservation
	2.5.2  Early Holocene (10-7 ka)
	2.5.3  Mid Holocene (7 ka to 2 ka)
	2.5.4  Late Holocene (2 ka BP to ~1900 AD)
	2.5.5  Anthropocene (~1900 AD to present)
	2.5.6 PCA Analysis
	2.5.7  Comparison with Regional Records

	2.6 . Conclusions
	2.7  Acknowledgements
	2.8  Addendum to Chapter 2:
	2.8.1 . Cores collected in the April 2009 field season
	2.8.1.1  Flat Lake (64 42'59" N, 70 48'43" W)
	2.8.1.2  Middle Lake (64 18'31" N, 69 51'39" W)
	2.8.1.3  Ledge Lake

	2.8.2 Cores from the August 2010 field season
	2.8.2.1 Kekerturnak Lake (67 51'26" N, 64 52'31" W)

	2.8.3  Cores from previous field seasons
	2.8.3.1  Canso Lake (67 12'20"N, 63 34'12"W)



	3 Catchment geometry influences proxy response in late Holocene records from two proximal lakes located in north Iceland
	3.1 Abstract
	3.2  Introduction
	3.2.1  Local climate history

	3.3  Materials and methods
	3.3.1  Study Site
	3.3.1.1  Torfdalsvatn (66  13.56’N, 20  122.81’W)
	3.3.1.2  Bæjarvötn (65  43.74’N, 21  25.74’W)

	3.3.2  Chronology
	3.3.3  Sediment and modern sample isotope geochemistry
	3.3.4 3.3.4. Algal pigments
	3.3.5  FTIRS-Inferred biogenic silica

	3.4  Results and discussion
	3.4.1  Chronology
	3.4.2  Modern samples
	3.4.3  Algal organic matter
	3.4.4 Aquatic macrophyte organic matter
	3.4.5  Soils
	3.4.6  Terrestrial Plants
	3.4.7  Sediment organic matter geochemistry
	3.4.8  Sedimentary algal pigments and biogenic silica

	3.5  Mechanisms driving proxy response at each site
	3.5.1  Climate sensitivity of soils and vegetation of Iceland
	3.5.2  Algal response to environmental change
	3.5.3 Human activity or climate?

	3.6 . Conclusions
	3.7 . Discussion of nitrogen isotopes in modern samples omitted from the publication  (Data in Appendix A)

	4 A 12 ka record of aquatic productivity and landscape stability from Torfdalsvatn, North Iceland
	4.1  Abstract
	4.2  Introduction
	4.3  Study site
	4.3.1  Geological setting
	4.3.2 . Controls on regional climate

	4.4  MATERIALS AND METHODS
	4.4.1  Sediment isotope geochemistry
	4.4.2  Algal pigments (Methodology is identical to that reported in Chapter 3 and is repeated here for completeness)
	4.4.3  FTIRS-Inferred biogenic silica (Methodology is identical to that reported in Chapter 3 and is repeated here for completeness)

	4.5  RESULTS AND DISCUSSION
	4.5.1 . Chronology
	4.5.2  Landscape stability record
	4.5.3 Algal and aquatic productivity proxy record
	4.5.4  Nitrogen isotope record

	4.6 . Comparison with regional records
	4.6.1 Deglaciation to Saksunarvatn (before 12 ka to 10.2 ka)
	4.6.2  Early Holocene (10.2 to 8 ka)
	4.6.3  Holocene Thermal Maximum (8 ka to 5.5 ka)
	4.6.4 . Mid Holocene Transition to Neoglacial (5.5 to 2 ka)
	4.6.5  Neoglacial to LIA (2 ka to 1850 AD)

	4.7  Conclusions

	5 Conclusions
	5.1 . Conclusions
	5.1.1 Implications of future anthropogenic change on arctic lake biogeochemistry

	5.2  Future research

	References
	Appendix A.
	Appendix B.

