
 

 

 

 

 

Paleolimnology 
 

A literature review 

 

 

William Lidberg 
 

 

 

 

 

 

 

 

 

 

 

 

Student 

Theroretical Geoecology 15 ECTS 

Master’s Level 

Report passed: 11 November 2013 

Supervisor: Richard Bindler 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Paleolimnology 
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Abstract 
The aim of this literature study is to compare and discuss different fields of paleolimnology, 
with a focus on three main research areas – eutrophication, acidification, and climate change. 
Pioneering work and the development of paleolimnological methods around these three areas 
were reviewed and synthesized. Paleolimnology started out as limnology and paleoecology, 
but has evolved tremendously over the past decades. Early paleolimnological studies focused 
on lake ontogeny and mechanics in the catchment such as weathering. The focus eventually 
shifted to nutrient loadings during the 1960s – 1970s as the debate on human induced 
eutrophication emerged. The important question to answer was which nutrient was the 
limiting factor in eutrophication. Acidification was the next topic of investigation during the 
1980s – 1990s, and paleolimnology developed methods to infer past pH change based on 
chironomids and diatom fossils preserved in lake sediment. This research resulted in 
calibration sets and proxies which can be used to reconstruct past conditions. The 
paleolimnological community eventually shifted focus in the late 1990s to climate change and 
began to use lake sediment to reconstruct past climatic trends using multiproxy studies such 
as diatoms, chironomids and geochemistry. Varved lake sediment offered a much needed 
terrestrial high resolution option to the ice core records. History plays a fundamental role in 
all environmental issues and paleolimnology has the ability to provide historical records of 
past environmental conditions. Paleolimnology will most likely play a key role in 
management and restoration in the future. As technology and training sets develop, fast and 
cheap ways to interpret sediment proxies will emerge and maybe even fully automated 
identification of proxies. 
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1 Introduction 
 

The present status of the environment cannot be properly understood without knowledge of 
past environmental conditions. Without long term data it is not possible to know how much 
ecosystems have changed or degraded, or even recovered. It is also extremely difficult to 
establish 4, to mesotropic, eutrophic, and dystrophic status to finally end up as peat bogs 
(Lindeman 1942), although Livingstone (1957) suggested that external process such as 
climate would heavily impact the lake’s trophic state. These pioneering studies successfully 
combined paleoecology with limnology, hence the name paleolimnology which include both 
ecological and geochemical approaches. The early studies were mainly focused on natural 
processes, but new discoveries would soon change the focus to human impacts. Swiss 
researchers found a sudden increase in nutrients in surface sediment from Switzerland, and 
Penington (1943) supported this; however, the lack of a reliable way to sample undisturbed 
surface sediment and accurate dating methods delayed paleolimnological research progress 
(Batterbe and Bennion 2011).  

Paleolimnology has been applied to numerous different fields over the years and often found 
new applications. In the 1960s to 1970s the field of paleolimnology shifted its main focus 
from lake development to eutrophication, which was a rising environmental problem. From 
1980 into the 1990s the focus shifted once again, this time to acidification and the role of 
human impacts vs. natural processes. By the 1990s a new environmental problem started to 
gather attention around the world, namely climate change. Knowledge about the 
environmental implications of climate change became essential to understand the potential 
future impacts. Methods used to investigate past environmental changes were soon being 
applied to infer past climatic trends. Progress in dating, analytical methods, statistics and the 
development of new proxies pushed paleolimnology to the cutting edge of historical 
reconstructions. 

Paleolimnological approaches have recently become important on a political level with the 
introduction of the US Clean Water Act and European Water Framework Directive (Stoddard 
et al 2006, European Parliament, Council 2000). The goal of the directive is that European 
water bodies should be returned to a status that deviates only slightly from what normally is 
associated with undisturbed conditions, by the year 2015-2027. Paleolimnology can play a 
key role by providing proxy data on the habitat quality, biodiversity and ecosystem structure 
and function, to policymakers (Smol 2008, Batterbe and Bennion 2011).  

The aim of this literature study is to compare and discuss different fields of paleolimnology, 
with a focus on three main research areas – eutrophication, acidification, and climate change. 
Specific aims within this literature study are: 1) to review classic papers in paleolimnology 
reflecting some of the pioneering work in these three areas of application; 2) review the 
current status in these areas with a focus on current hot topics of research – one key 
component is how research has progressed since the earlier work; and 3) the use of 
paleolimnology in applied studies at present, but also prospects for the future, such as in 
management decision making.  
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2 Method 
 

Paleolimnological work and the development of paleolimnological methods regarding 

eutrophication, acidification and climate change, were analyzed during seven weeks and then 

synthesized over a period of three weeks. Different proxies and methods were weighted 

against each other, but the main focus was on how research progressed since the field of 

paleolimnology was founded. 

3 Results and discussion 

3.1 Eutrophication 
To understand the connection between paleolimnology and lake eutrophication it is 
important to first define the problems with eutrophication. Eutrophication refers to the 
overabundance of inorganic plant nutrients in aquatic systems (Hall and Smol 2010). The 
addition of nutrients (most notably phosphates and nitrates) causes algal blooms and rapid 
growth of aquatic macrophytes, which changes biogeochemical cycles and biological 
communities (Schelske 1999).  One might think that increased productivity is a good thing, 
but the cascading effects on the ecosystem can be quite severe. The algal production often 
causes shifts in the species composition from smaller species and diatoms to larger 
cyanobacteria, which are normally not grazed by vertebrates (Reynolds 1984). Nerve toxins 
from cyanobacteria blooms can poison water supplies, causing taste and odor problems, and 
have even been known to kill livestock in Canada (Smol 2008). High concentrations of 
phytoplankton in the pelagiall zone cause’s degradation of the light climate, resulting in loss 
of submerged aquatic macrophytes (Jeppesen 1998). Once the alge die they settle on the lake 
bottom and are decomposed by bacteria. This process consumes oxygen. This is normally not 
a problem, but when large amounts of organic material are decomposed the oxygen will 
eventually be depleted in the water column. This leads to the death of fishes and other 
animals, which in turn releases more phosphorus from the sediment resulting in a negative 
feedback loop.   

Records of early eutrophication extend back to the 1900s, but it was not given much attention 
until the 1960s and 1970s when lakes began to turn into green algal bowls at an alarming 
rate. Most could agree that this was an effect from increased nutrient input to the systems but 
which ones, and from where? This seemingly easy question turned into one of the most 
furious environmental debates before the 1980s. Phosphorus was a main ingredient in soap 
and Wetzel (1983) estimated that two tons of phosphorus was annually used in the US for 
detergents. The detergent industry did everything in their power to avoid prohibition of 
phosphate in detergents and they focused their criticism on limiting nutrients. Carbon, 
nitrogen and phosphorus were the three most debated nutrients and the industries basically 
argued that anything but phosphorus was the limiting nutrient. These arguments received 
significant support from a study by Ryther and Dunstan (1971). Ryther and Dunstan found 
that the distribution of inorganic nitrogen and phosphorus and bioassay experiments showed 
that nitrogen is the critical limiting factor to algal growth in marine waters along the US 
coast. The implications of this was that removal of phosphate from detergents would not slow 
the eutrophication of coastal marine waters, and if phosphorus were to be replaced with 
nitrilotriactic acid in detergents (as suggested), the eutrophication would accelerate rather 
than decline.  
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The eutrophication debate became increasingly heated, leading to controversy and confusion 
among policymakers. However, studies pointing at phosphorus being the most important 
nutrient in temperate freshwater systems started to increase. Vollenwider (1968) found a 
relationship between areal annual phosphorus loading (L) to a lake, normalized by depth (D) 
and residence time (T), Surface overflow rate (Q) to predict lake phosphorus concentration 
(P) (equation 1), and Dillon and Ringler (1974) used summer chlorophyll and spring total 
phosphorus concentrations to produce a regression line that could be used to calculate 
chlorophyll concentrations (C) using phosphorus concentrations (P) (equation 2).  

Equation 1: Vollenweider equation to calculate phosphorus concentrations. 

𝑃 =
𝐿

𝑄
 [

1

1 + √
𝐷
𝑄

] 

Equation 2: Dillon and Ringler’s equation to calculate chlorophyll concentrations using phosphorus 

concentrations. 

𝐥𝐨𝐠 𝟏𝟎 [𝑪] = 𝟏. 𝟒𝟒𝟗 ∗ 𝐥𝐨𝐠 𝟏𝟎[𝑷] − 𝟏. 𝟏𝟑𝟔 

Dillon and Ringler only used 46 lakes and their correlation had a R2 value of 0.95, which 
admittedly is not that bad. When they combined their 49 lakes with 28 lakes from Japan 
(Sakamoto 1966), they still achieved a R2 value of 0.96 (Dillon and Ringler 1974). Several 
other empirical studies showed similar results (Dillon and Kircher (1975), Larsen and 
Mercier (1976), Rast and Lee (1978), Le et al (1978) and Rast et al (1983), to name a few. 

None of these studies had the same psychological impact as the large scale experiment in the 
Experimental Lakes Area in northwest Ontario, Canada, by Schindler (1974). Lake 226 is 
situated in Precambrian shield bedrock and was oligotrophic before the experiment. Due to 
the hourglass shape the lake could easily be divided into two basins using a sea curtain at the 
narrowest part. Both basins were fertilized with equal amounts of nitrate and carbon, but 
only one of the basins was fertilized with phosphorus. The phosphate enriched basin quickly 
became highly eutrophic, while the other basin remained oligotrophic (Figure 1A). 
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 Figure 1: A) Lake 226, the top basin was fertilized with nitrogen and carbon, while the bottom basin was 

fertilized with carbon, nitrogen and phosphorus (Schindler 1974). B) Lake 227 was fertilized with nitrogen and 

phosphorus while Lake 305 was a control lake without fertilization (Vollenweider 1968). 

The same experiment tested the recovery capability of the eutrophic basin after ceased 
phosphorus addition, while continuing with carbon and nitrogen fertilization. The lake 
recovered to the pre-fertilized state after only one year after discontinuing the phosphorus 
addition (Schindler 1974). These results were supported by another classic study from the 
same area in lake 227 (Vollenweider 1968). Vollenweider (1968) fertilized lake 227 with 
nitrogen and phosphorus and used lake 305, a nearby lake, as reference. Lake 227 became 
highly eutrophic, producing phytoplankton blooms while lake 305 remained in its initial state 
(Figure 1B). The conclusion from these studies was that phosphorus appeared to be the 
limiting nutrient in these lake systems and that cultural eutrophication could be solved by 
simply reducing the phosphorus input (Schindler 1974). Similar experiments had been 
conducted on smaller scales with the same result (Schelske et al 1974), but a major strength 
of the Canadian lake experiments was the striking visual effect they produced. These classic 
studies were important in winning the eutrophication debate and legislation was adopted 
limiting the phosphorus levels in detergents and wastewater plants, much thanks to these 
studies. 

In lake management it is important to know whether a lake has always had high nutrient 
concentrations or whether it has become enriched over time, and what, if any changes have 
occurred. If changes have occurred then it is important to assess whether such changes are 
due to anthropogenic or natural processes. Hence reference or background conditions are 
needed. However, these conditions vary from lake to lake due to agriculture, industries, and 
land use, in the catchment area. The straight forward way seems to be analysis of sediment 
records using a chemical technique to infer the total concentrations of nitrogen and 
phosphorus. However, due to phosphorus being retained in the sediment and that it may be 
mobile with redox conditions; this is not a suitable approach (Engstrom and Wright 1984). 
The alternative is to use proxies such as diatoms (Bacillariophyceae).  
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Diatoms are an extremely diverse type of alge. which makes up a large part of the total algal 
biomass in freshwater lakes. Diatoms leave silicon fossil remains in the lake sediment when 
they die and each species has a specific silicate skeleton. Different diatom communities are 
abundant in different parts of the lake, e.g. open water, shallow zones, and deep water or 
even on plants. Each community is sensitive to chemical changes in the water and each 
species has a specific optimum and tolerance to changes from these conditions (Tillman et al 
1982). These conditions include almost everything from ratios of nutrients, iron, trace metals 
(Huntsman and Sunda 1980), Co2 (Talling 1976), and of course nitrogen, phosphorus and 
silica concentrations in lake water (Vollenweider 1968, Schindler 1974). Hence, the early 
diatom studies used a quantitative approach where a shift in abundance of individual species 
associated with nutrient enrichment was interpreted as historical eutrophication levels 
(Stoermer and Yang 1970, Bradbury 1975). This technique developed from using individual 
species to using assemblages of species and ratios. Diatoms characteristic for eutrophication 
are Aulacoseira granulate and Stephanodiscus minutulus (Figure 2).  

 

Figure 2: Diatoms commonly used as indicators of eutrophication A) Aulacoseira granulate, B) Stephanodiscus 

minutulus (Diatom Home Page 2012). 

Stockner (1971) used a ratio between two groups of diatoms to characterize the trophic 
history of 16 lakes in Canada. More sophisticated methods emerged in the late 90s, 
introducing linear regressions (Hall and Smol 1992), training sets and transfer functions 
(figure 3) (Bennion et al 1996).  

A training dataset consists of modern surface sediment diatom data and detailed 
environmental data from the same time period and lakes. These training sets are used to 
create transfer functions which can be used to infer past phosphorus levels (figure 3A). 
Bennion et al (1996) used diatom data from 152 lakes to construct a calibration set or a 
transfer function. This transfer function was used to reconstruct past TP levels in a sediment 
core (Figure 3B). 
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Figure 3: Diatom-inferred TP using a transfer function based on 152 lakes and 298 diatom taxa (Bennion et al 

1996).  A) Relationship between diatom-inferred TP and measured TP with the R2 value 0.85 and Root mean 

square error 0.19. B) Reconstructed annual TP using weighted averaging model.  

Bradshaw et al (2005) analyzed contemporary land-cover data and surface sediment diatom 
assemblages for 20 lakes in Denmark with the aim to explore the influence of land-cover 200 
years ago on lake-water quality and to make a comparison with those seen at present, and to 
evaluate the use of 1850 as an appropriate date for reference conditions. The 20 study lakes 
were of roughly uniform size and shape, but with a wide range of land-cover compositions 
and soil types. The land cover was digitized from parish maps produced between AD 1770 
and 1820. The sediment cores were sampled using a Kajak corer, Russian peat corer and a 
piston corer and dated using C14 of macrofossils. 300 diatom valves were counted in each 
sample and detrended correspondence analysis and canonical correspondence analysis, 
which down weight rare species, was applied on the diatom record. An existing calibration set 
for Danish lakes was used to estimate in lake total phosphorus based on the diatom 
assemblages. After applying this model Bradshaw et al found that diatom inferred total 
phosphorus was high in both 1800 and, the modern sediment (112 and 122 µg TP L_1 
respectively) (Figure 4A).  
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Figure 4: Diatom-inferred total phosphorus (Bradshaw et al 2005). A) Diatom inferred total phosphorus based 

on the average of 16 lakes. B) Diatom-inferred phosphorus based on a single lake (Lake Dallund  Sö). 

The percentage of the lake catchment that was agricultural land in AD 1800 explained 8.8% 
of the total variation in the diatom data. Combined, the variables “built-up areas” and 
“plantations” explained 16.9% of the variation in the diatom data for the modern samples. 
Bradshaw et al (2005) also analyzed a complete sediment profile in the lake Dallunds sö for 
past total phosphorus concentrations using this model (Figure 4B). A major eutrophication of 
Lake Dallaunds sö took place during AD 1050 – 1536. This event is a result of c changing 
agricultural system. Bradshaw et al (2005) suggested that modern agriculture was a major 
source of nutrient loading to Danish lakes and their data show that the agricultural system of 
200 years ago had a significant impact on lake ecosystems, and that many Danish lakes were 
already extremely nutrient rich in AD 1800. The lower value in the modern sediment can be 
explained by a recovery from the extreme concentrations in the 1950s. Hence, true reference 
conditions, defining the status of lakes prior to significant human influences, must consider 
longer timescales than recent decades and centuries in landscapes with such a long history of 
human activity, hence 1850 is not an appropriate date to use as reference condition 
(Bradshaw et al 2005). These results are supported by studies on sediment from U.K (Fritz 
1989; Peglar 1989).  

Multiproxy studies using, diatoms, chironomids and geochemical data are the most widely 
used method in recent years (Bradshaw et al 2005, Taylor et al 2006). Paleolomnology has 
advanced significantly over the years but some challenges are still to be faced. The biggest 
challenge is probably a changing climate. Current and future changes in climate may change 
the physical and biological structure of lakes over a short and a long timescale. Inter-annual 
oscillations in the oceanic system can have significant impact on lake dynamics on a short 
timescale and variability on decal and longer time-frames will change the stratification, 
length of ice cover, food-web structure, biogeochemical processes and land water interactions 
(Leavitt et al 2003, Batterbee et al 2005). This will result in a bias when diatoms are used as a 
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proxy, the changes can be caused by either climate change or eutrophication. However, there 
are examples of paleolimnological studies that have tackled this problem with some success. 
Lotter and Birks (1997) and Lotter (1998) investigated annually varved sediment from a 
hypereutrophic lake in Switzerland. By using constrained correspondence analysis Lotter 
(1998) estimated the amount of variance in the diatom taxa explained independently by 
trophic state and climate change. Unfortunately, not all lakes have the same perfect annual 
resolution as the varved sediment from Baldeggersee.  

Weighted averaging is another commonly used method in modern paleolimnology and new 
sophisticated transfer functions are being used (Yang et al 2008). However, weighted 
averaging is sensitive to the distribution of the lakes in a training set if the lakes are along an 
environmental gradient, unless diatoms are sampled over the whole range, something called 
“edge effect” that can cause an inaccurate estimate of the optimum conditions (Birks 1995). 
European scientists solved this problem by combining several regional training sets into one 
large training set (Bennion et al 1996). Another problem is when environmental conditions in 
the past did not occur in the training sets (Birks 1995). In short, diatom inferred-TP more 
accurate when the past TP is similar to the measured range of TP used for the training set.  

3.2 Acidification 
By the end of the 1960s and beginning of the 1970s, the paleolimnological community started 
to shift its focus from eutrophication to acidification because it became an international 
environmental problem. Acidification was observed earlier, e.g. at Falun in Sweden by Linné 
1734, but it was not until the late 19th century that Smith (1872)  introduced the term “acid 
rain” after a series of experiments in the U.K. It would take over a century for any significant 
discussion to arise. Industrial emissions increased rapidly around 1960 and there were little 
or no cleaning methods for waste gases at this time (Cowling 1982). Sulfur oxides (SO2) and 
nitrogen oxides (NOx) were released straight into the atmosphere where they reacted to form 
sulfuric (H2SO4) and nitric acids (HNO3). These acids were transported in the atmosphere 
and deposited as rain far from the original source Figure 5).  

 

Figure 5: SO2 and NOx are released into the atmosphere where they react and form HsSO4 and HNO3.(Center for 

environment, commerce and energy 2010). 

The acid rain debate started when researchers from Scandinavia suggested that acid rain was 
responsible for the death of fish in Norway and Sweden (Jensen and Snekvik 1972). As a 
response to those claims, a case study was initiated in Sweden by Bolin et al (1972). However, 



 

9 

 

not everyone was convinced and the other camp of the acid rain debate suggested that 
acidification was caused by natural factors or changes in land use (Rosenqvist 1977, 1978, 
Krug and Frink 1983, and Pennington 1984).  

Unfortunately the pH scale was not developed until 1909, hence no background 
measurement data in lake-water pH were available. Although most acidified lakes are 
relatively unproductive, they do support diverse diatom communities. These diatom 
communities have different tolerance to pH and combined they are represented over the pH 
range 1-12.5 (Batterbee et al 2010). Fragilaria construens and Fragilaria brevistriata are 
examples of important alkaliphilous diatoms with the widest distribution at pH >7 (Figure 6).  

 
Figure 6: Alkaliphilous diatoms: A) Fragilaria construens, B) Fragilaria brevistriata (Diatom Home Page 

2012). 

Hustedt (1937) was among the first to recognize this relationship between different species 
and pH, and based on 650 localities Hustedt constructed a classification system with five 
categories: 

1 Alkalibiontic: Diatoms occurring at pH values > 7. 

2 Alkaliphilous: Diatoms occurring at pH ~ 7 with the widest distribution at pH > 7. 

3 Indifferent: Equal diatom occurrences on each side of pH 7. 

4 Acidophilous: Diatoms occurring at pH of about 7 with widest distribution at pH <7. 

5 Acidobiotic: Diatoms occurring at pH values <7 optimum distribution at pH = 5.5 and 
under. 

This basic classification system became the basis of the first attempts to reconstruct past lake 
pH using sediment cores (Nygaard 1956). His method was constructed on a weighted system 
where acibiontic taxa were given more weight than the others, due to them being better 
indicators of acidic conditions (Equation 3). 
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Equation 3: Nygaard (1956) constructed a weighted averaging system, where acibiontic taxa were given more 

weight in proportion to the other taxa. 

Index α = 
% 𝑎𝑐𝑖𝑑𝑜𝑝ℎ𝑖𝑙𝑜𝑢𝑠 𝑡𝑎𝑥𝑎+5∗% 𝑎𝑐𝑜𝑑𝑜𝑏𝑖𝑜𝑛𝑡𝑖𝑐 𝑡𝑎𝑥𝑎

(%𝑎𝑙𝑘𝑎𝑙𝑖𝑝ℎ𝑖𝑙𝑜𝑢𝑠 𝑡𝑎𝑥𝑎+5∗%𝑎𝑙𝑘𝑎𝑙𝑖𝑏𝑖𝑜𝑛𝑡𝑖𝑐 𝑡𝑎𝑥𝑎) 
 

Hustedts method was fast accepted as a reliable tool and was soon used all over Europe in 
some shape or form. Meriläinen (1967) improved on Hustedts method by using a linear 
regression for the relationship between log index α and measured pH. Renberg (1976) 
studied diatoms in a sediment core from a 3000 year old lake in northern costal Sweden to 
reconstruct the lake’s history since it was isolated from the Baltic Sea. Renberg and Hellberg 
(1982) reconstructed the pH from the last 12500 years in three lakes in southwestern Sweden 
using diatoms from sediment cores as a proxy. A diversity of weighted-averaging simple and 
multiple linear regression techniques sprouted during the following 10 years. These 
techniques were developed and applied in Sweden, U.S, U.K, Canada, (Renberg 1990, Charles 
1985, Davis and Anderson 1985, Flower 1986, Baron et al 1986, Arzet et al 1986a b, Charles 
and smol 1988, Dixit et al 1988, Steinberg et al 1988, whiting et al 1989, ter Braak and Van 
Dam 1989, Birks et al 1990 a, b). 

Renberg (1990) studied the detailed pH history of a small, acidified lake in Sweden with the 
aim to assess whether the recent acidification is a unique phenomenon, or if any short term 
acidification episodes have occurred in the past, and what caused them. Lilla Öresjön is 
situated in an area of gneiss with a thin soil, covered by mostly spruce and pine forest. The 
lake is typical of southwest Sweden and had a pH of 4.5 and an alkalinity of 0 when the study 
was conducted. Three overlapping Russian sediment cores (3 m combined) and a freeze core 
were taken from the lake ice cover. 100 diatom valves were counted every 0.5 cm in the 
Russian cores and 500 in the freeze core. C14 was used for dating and the Surface Water 
Acidification Project was used for pH classification using weighted averaging. 

Renberg classified the diatoms into Hustdet’s pH categories, which showed that he diatom 
assemblages changed considerably over the past 12600 years (Figure 7).  
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Figure 7: Hustedt pH categories and diatom inferred-pH are presented on the Y-axis while calibrated 

radiocarbon dates, and periods in the history are presented on the X-axis (Renberg 1990). 

The pH in Lilla Öresjön declined from 7.2 to 6.0 in the first period (12600 – 7800 BP), due to 
leaching in the catchment and decrease in the input of base cations and nutrients to the lake. 
In the second period (7800 – 2300 BP), the pH dropped slowly from 6.0 to 5.2. During the 
third period (2300 BP – 1900 AD) pH increases from 5.2 to 6.3 due to increased land use 
such as agriculture in the catchment. This was supported by pollen data that show a decrease 
in oak pollen and a increase in cereal pollen. Korsman (1999) later found a positive 
correlation between agriculture and increased pH and alkalinity in lakes in northern Sweden. 
Renberg divided the fourth period into two, with the first covering AD 1900 – 1950 and the 
second AD 1960 -1986, both periods are characterized by a steep decline in pH. The most 
likely explanation for the first of the two periods is acid deposition in combination with 
change in land use. The second part of the fourth period shows a diatom assemblage that is 
unparalleled in the whole of the lakes history. The pH declined to 4.5 and the most probable 
explanation is acid deposition. Renberg conclude that, even though the lake was acid before 
human activity was introduced into the catchment it is important to note that no acid period 
similar to the recent one has occurred before in Lilla Öresjön.  

Perhaps the most important change in acidification studies was the introduction of training 
sets. The first training sets consisted of samples of living diatoms sampled over a known pH 
gradient. However, because sediment cores were used to infer past lake-water pH it made 
more sense to use surface sediment to construct training sets (Cameron 1995). Charles (1985) 
sampled 38 lakes in the Adirondack Mountains of northern New York, and constructed 
predictive equations or “transfer functions” using diatom communities’ frequency and 
occurrence (Table 1). It is worth noting that the sediment does not entirely represent the 
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living diatom composition due to downward bioturbation, re-suspension, and a slight time 
lag (Cameron 1995). 

Table 1: Example of taxon and their frequency, categories, averages, and ranges of pH, and alkalinity from 38 

lakes in Adirondack Mountains, USA (Charles 1985). The full table is not included.  

 

 Approximately 25 training sets were produced at the start of the 1990’s, 15 in the US and 
Canada and 10 in Europe, and these were commonly based on 30-40 lakes each (Charles 
1990). In order to cover the whole pH range multiple training sets were combined into larger 
ones. With a great amount of work researchers in Europe managed to combine all regional 
European datasets into a single training set (European diatom database 2012). There are 
currently (2012) 27 datasets based on a total of 3276 sites available in the database 
(European diatom database 2012).  

These training sets are invaluable to the development of accurate transfer functions. The 
number of transfer functions is about as many as the number of training sets and they have 
improved tremendously over the last decade. However, they still build on the concept of 
Weighted averaging and if the data span over a long and diverse environmental gradient it is 
common to use weighted averaging with partial least squares or simply WA:PLS (Cameron et 
al 1999). This can loosely be described as a method to minimize the squared distance from 
the observed values to the values provided by the weighted averaging model (residuals). It’s 
important to use the appropriate calibration set when reconstructing pH using weighted 
averaging. As mentioned above regarding eutrophication, problems known as “no analog” 
occur when the sediment diatom record includes communities that do not occur in the 
modern diatom calibration set or has abundances outside the range of abundances in the 
modern surface calibration set (Jones et al 1993, Birks 1995, and Cameron et al 1999). 
Cameron (1999) demonstrated this by using surface sediment and epilithic pH calibration 
sets from the Surface Water Acidification Program (SWAP) calibration set and European 
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Mountain Lakes (AL:PE Project) to infer pH in high altitude test core sequences. Their 
results show that the SWAP calibration set produces a bias when used on high altitude lakes 
and they suggest that dissolved organic carbon (DOC) might be influencing the diatom 
community by changing the light climate as well as the habitat type and availability 
(Cameron 1999).  

3.3 Climate change 
Humans have released carbon into the atmosphere since the discovery of fire but it was not 
until the industrial revolution that the chemical properties began to show any significant 
change (Schiermeier 2006). Direct instrumental temperature measurements are only 
available for the last 150 years and atmospheric monitoring data of greenhouse gas 
concentration measurements the last 70 years. Both temperature and atmospheric gases have 
varied in the past without human influence (Wanner et al 2008), so it is important to 
understand these natural variations in order to understand and model effects of the 
enhanced greenhouses effect caused by humans. What spatial distribution and effects did 
these natural variations produce? During what time scale? How do these variations react to 
the massive human release of greenhouse gases? A variety of proxies and archives have been 
used to reconstruct past climates, such as glacial ice cores (Grootes et al 1993), treerings 
(Mann et al 1998, Esper et al 2002), periglacial formations , coral reefs (Hoegh-Guldberg 
1999) and of course sediment cores. However, this review will focus on the paleolimnological 
archives and proxies such as chironomids, pollen, and diatoms.  

The high Arctic was among the first area to be studied because small changes in areas with a 
short growing season would result in substantial changes of the biota (Smol 1988).  It is also 
here that the greatest effects of potential warming are expected (Serreze et al 2000). Pollen 
data from sediment cores was a popular approach in these areas. The common method at the 
time was to use pollen grains of indicator species to infer past climates (Birks 1986, Birks 
1981). Blake (1981) recovered a 9000 year old sediment profile during his coring of Ellesmere 
Island. Although pollen analyses of these cores were problematic due to the low input of 
pollen to the lakes and contamination of older pollen (Hyvärinen 1985). Another problem is 
the inherited time lag of pollen data because vegetation may take hundreds of years to adjust 
to sudden changes in climate (Bradley 1999).  

Walker and Mathews (1987, 1989) suggested the use of chironomid remains as a proxy for 
paleoclimatic data. Chironomids (formally known as Chironomidae) are aquatic insects and 
can live in most climates and a wide range of water qualities. The idea is that species 
composition within a lake is directly related to temperature, or that assemblages are 
indirectly related to temperature by another variable that is linearly related to temperature 
(Walker and Mathews 1987). The headcapsule of Chironomid remains in the sediment and 
can be used to identify the assemblages. The assemblages can vary and different chironomids 
respond differently to temperature. For example, Paratanytarsus and Tanytarsini are cold- 
resistant, while Tanytarsini 1a, and Tanytarsini 1b are generalists (Figure 8) (Massaferro et 
al 2009). 
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Figure 8: Tribe Tanytarsini: (A) Paratanytarsus 1, (B) Tanytarsini B, (C) Tanytarsini C, (D) Tanytarsini 1A, 

and (E) Tanytarsini 1B (Massaferro et al 2009) 

Walker et al (1991) was the first to develop a transfer function to directly transfer lake-water 
temperature in Canada, using a weighted averaging calibration. Their results showed a strong 
relationship between chironomid-inferred temperature and measured temperature (R2 = 
0.79). Studies including chironomids had been published before but with coarse resolution 
and with a low number of taxa e.g (Bryce 1962, Wiederholm 1983). Building on Walker and 
his colleagues work, Olander et al (1999), Larocque et al (2001) and Brooks and Birks (2001) 
improved the calibration model by using powerful statistical programs and included more 
taxa. Massaferro et al (2009) studied Chironomid records in Pantagonia and demonstrated 
their usefulness in reconstructing temperature and moisture. The chironomid records 
indicate a stepwise deglaciation with warmer climate beginning at 17600 BP and a shift 
toward drier conditions at 12800 BP (Figure 9). Massaferro et al (2009) also discovered 
intense fire activities and vegetation disturbance during Younger Dryas, which was supported 
by their pollen data.  

Figure 9: Fossil Chironomid record from Patagonia, cold and war taxa are indicated at the top of the diagram 

(Massaferro et al 2009). 

One of the problems with these calibrations was the quality of the temperature data used. The 
common method used surface temperature data from the time the sample was taken. To 
improve upon this, researchers started to use mean July air temperature data between 1961 
and 1990 from multiple metrological stations for the calibration (Brooks 2006). This made 
more sense, but Brooks and Birks (2001) found that lakes that receive melt water from 
glaciers support a fauna typical for lakes from colder environments so it is important to 
choose a representative lake. A good example of a more modern chironomid study is 
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Larocque and Hall (2003), who compared chironomids-inferred temperature to the last 87 
years of meterological data using high-resolution sediment records from four lakes. With a 
root mean square error of 1.13, the inferred changes in mean July air temperature were 
highly comparable to changes in the meteorological data (Larcque and Hall 2003). However, 
permanent snowfields may give a misleading local air temperature, mountain shade can give 
a local microlimate for a specific lake and the effect of pH changes should not be completely 
ignored (Koinig et al 1998). Hence, it is important to compare chiromonid-inferred 
temperatures to other proxies when the temporal scale is longer than the past century (Smol 
1988). 

As a solution to this problem Smol (1983) suggested the use of diatoms in these 
environments. The relationship between diatom distribution and temperature was poorly 
understood at this time, and as mentioned above, they are heavily influenced by nutrients 
and pH. However, because habitat availability is closely linked with climate, it would not take 
long for diatoms to once again prove their usefulness. Smol (1988) concluded that salinity, 
pH and nutrient changes affected the diatom flora, but climate and ice-cover had a far greater 
influence in arctic environments. Simply put, under colder conditions lakes are covered by 
thicker ice which covers the lake surface longer during the spring and under warmer 
conditions the opposite is true (Manson et al 1994). During periods with less ice cover more 
of the littoral zone is available for photosynthetic growth (Sorvari et al 2002, Ruhland et al 
2003). Hence diatoms were indeed useful for inferring past climatic trends in arctic lakes 
even though the taxonomic and ecological knowledge was limited at the time. Oxygen 
isotopes in the silica of which the diatom fossils are made can also be used to infer past 
temperatures (Shemesh and Peteet 1998). 

Pientiz et al (1995) identified, enumerated, and interpreted the diatom assemblages 
preserved in the surface sediments of 59 lakes in Canada, and Vyverman and Sabbe (1995) 
constructed a transfer function for inferring altitude from the diatom records in Papa New 
Guinea. The principle is the same as discussed above regarding eutrophication and 
acidification. Different diatom communities thrive under different temperature optima and 
can tolerate a specific temperature range. For example Cyclotella bodanica var have an 
optimum water temperature at 21.4°C and can tolerate a variance of 1.1°C, 
Stauroneis phoenocenteron have an optimum temperature at 18.5°C and can tolerate an 
variance of 1.3°C, and Tabellaria flocculosa 18.4°C and can tolerate a variance of 1.2°C 
(Figure 10). 
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Figure 10: Diatoms commonly used to infer temperature. A) Cyclotella bodanica, B) Stauroneis phoenocenteron 

C) Tabellaria flocculosa (Diatom Home Page 2012). 

The common approach to constructing these training sets and surface sediment calibration 
sets is to analyze surface sediment with multivariate statistics such as Canonical 
correspondence analysis, using actual measured surface water temperature (if available) 
(Pienitz et al 1995, Vyverman and Sabbe 1995). The calibration set can then be used in a 
weighted averaging regression to infer the surface water temperature in a sediment core 
(Table 2) (Charles and Smol 1994, Birks 1995, Bigler and Hall 2002, 2003).  

Table 2: Diatom calibration set used to infer surface water temperature in northwestern Canada (Pienitz et al 

1995). 
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A problem with the training set approach was pointed out by Sachs et al (1977), where 
climatic events have occurred in the past which do not have a modern analog. In other words, 
these reconstructions may give misleading results when modern climate proxy data are used 
as training set due to the fact that some events simply have not occurred in modern time 
(Sachs et al 1977). Precipitation is particularly problematic since the precipitation patterns in 
one 30 year period might be very different from another 30 year period (Bradley 1991). 
Bartlein and Whitlock (1993) suggested the use of several calibration equations to tackle this 
problem. 

At the start of 20th century the interest in paleolimnology shifted from studies involving a 
single proxy to a multiproxy approach (Ammann 2000, Wasylihowa and Witkowski 2008). 
Ammann et al (2000) analyzed a 11980 year record for pollen, Chironomidae, Cladocera, 
plant macrofossil and, oxegyn isotopes with a sampling resolution of 8-30 years (same as the 
GRIP cores). The results showed a remarkable fit to the Greenland ice core, hence providing 
a high resolution terrestrial option to the Greenland ice core (Ammann et al 2000). The 
strength of mutiproxy studies lie in the possibility to compare the reconstructions to avoid 
errors from, e.g., forest fires (Korsman and Segerström 1998) or erosion events (Renberg et 
al 1993). The proxy-transfer functions have been greatly improved as the statistical tools and 
training sets have come a long way since Walker developed the early transfer function in the 
1990s, and reconstructions are becoming more and more accurate over time (Birks and 
Telford 2009, 2011). Dating methods are also making progress, which allow for better 
validation, cross referencing and correlations of different proxies in different areas.  

Massa et al (2012) demonstrated the strength of multiproxy studies by investigating a 4 
meter long sediment core covering the last 10,000 years, from Lake Igaliku, Greenland. The 
aim of the study was to describe the major environmental changes that affected Lake Igaliku 
and its catchment since the last glacial retreat, with special emphasis on the timing and 
nature of the Holocene thermal maximum and onset of the Neoglacial cooling. The location 
was chosen due to it being in a strategic location to investigate the environmental response to 
forcing mechanisms in relation to the nearby ice sheet and the North Atlantic Ocean.  

The 4 meter long sediment core consisted of three overlapping piston core segments and a 
gravity core for the surface sediment. The profile was subsampled every 05 cm (0-10 cm), 1 
cm (10-332 cm), and 2 cm (332-400 cm) intervals and each subsample were analyzed for 
magnetic susceptibility, grain size, total organic carbon, total nitrogen and sulphur, 
sedimentation rates, pollen and diatoms (Massa et al 2012). The chronology was established 
based on a 210Pb and 137Cs profile and 28 radiocarbon dates. 

Pollen and diatom proxies show an early warm period, which was interrupted by a cold, dry 
and windy period between 8600 and 8100 BP (Figure 11). The pollen data show an 
introduction of an open heath with Juniperus and Alnus starting at 8000. This was a result of 
a warmer and drier climate. A dry windy event preceded the Neoglacial transition around 
5300-4800 BP; this was related to the initial phase of the atmospheric circulation change. 
The end of this period is characterized by a shift to a moister and cooler climate around 4800 
BP, which caused changes in the pollen and diatom assemblages. A significant decrease in 
pollen accumulation after 3000 BP suggests a cooling trend.  From 1000 BP and forward, the 
climatic changes were overprinted by recent agriculture and human activities of Norse 
(Massa et al 2012). 
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Figure 11: summarized results from the major environmental changes from inferred from Lake Igaliku (Massa 

et al 2012).  

Massa et al (2012) shed some light on the interplay of marine isolation, catchment 
maturation, soil and lake development, plant colonization, and the major climatic changes in 
the past. The Arctic is an important area for understanding environmental responses to 
climate change especially the atmospheric and oceanic circulation patterns. 

While chironomids are useful indicators for the last couple of hundred years, they cannot 
compete with diatoms at the spatial and temporal scale when it comes to high resolution 
studies (Sheri et al 2010, Larocque 2003). High resolution studies are used to evaluate how 
climatic systems react to forcing such as solar activity, volcanic eruptions and of course 
greenhouse gases (Mayewski et al 2004). Due to the fact that high resolution studies are 
extremely time and resource consuming, they are rather scarce. One of the early high 
resolution studies were carried out on a closed basin lake in USA using diatom-inferred 
salinity (Laird et al 1996). The results showed several extreme drought periods without 
analog in modern time. Laird et al (1996) provided support for the Little Ice Age and showed 
that it was a hydrologically complex period characterized by wet conditions and short periods 
of drier climate. This is consistent with other high resolution studies, e.g, Vershuren et al 
(2000), who found distinct variability with drought periods over the multidecal to centennial 
scale. Similar results were obtained from a multiproxy study in Kenya (Bergner et al 2009). 
These studies used diatom inferred salinity to infer the climate history; however, changes in 
diatom assemblages in closed basin lakes could be influenced by nutrient dynamics as well as 
salinity (Jacques et al 2009). Another problem with diatoms from saline lakes is the 
dissolution of some taxa and diagenesis of diatom silica, which results in the loss of some 
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taxa (Barker et al 1994, Ryves et al 2001). This is especially true during drier periods when 
the lake is more saline.  

3.4 Future applications of paleolimnology 
The European water framework directive introduced a new way of managing water resources.  
Instead of focusing on chemical targets as the old directives, this directive focuses on the 
whole ecosystem (European Parliament, Council 2000). The aims of the new directive are to 
improve the ecological quality based on biological, hydromorphological and, physiochemical 
properties as summarized by Bennion and Batterbee (2007). The general goal is to achieve 
high ecological status by 2015 where high ecological status is defined as “little or no deviation 
from undisturbed conditions” (European Parliament, Council 2000). To find these reference 
conditions it’s possible to use historical data (when available), space for time substitution, 
models, expert judgment and, of course paleolimnology. As discussed above indicators such 
as diatoms, pollen, and chironomids can be used to infer past conditions. Because different 
indicators are used for different proxies it makes most sense to combine them into a 
multiproxy study. The idea of a multiproxy study is to that the synthesis of the results exceeds 
the sum of the proxys on their own (Brinks and Brinks 2006). This technique can be used to 
assess the history and the dynamic of an ecosystem hence providing reference conditions 
(Sayer et al 1999, Pienitz 2004, Davis et al 2005).  

What is a reasonable point in time to choose as a reference point? One of the most common 
answers to that question is 1850 or preindustrial conditions as interpreted in Swedish 
guidlines. Paleolimnology has the ability to reveal the true baseline for lakes and peat bogs, 
but a true reference point of undisturbed conditions can be as far back as centuries or even 
millennia (Renberg et all 2001, Martínez Cortizas et al 2005 and, Bradshaw et al 2006). As 
discussed by Renberg (1990), the pH in acid sensitive lakes in southern Sweden had been 
declining from 7.2 to 5.2 from 12600 BP to 2300 BP. Once agriculture was introduced into 
the system the pH increased to above 6 and remained stable until 1900 where it declined 
again. In 1960 the pH was down to pH 4.5 due to acid deposition (Renberg 1990). This is an 
excellent example on problems with reference conditions; the pH in the 1850s was heavily 
influenced by land use and therefore cannot be considered as the natural state. However the 
agriculture is still present in some areas and it would not make much sense to use a reference 
condition before agriculture was introduced. The decision on what to use as the reference 
condition is made on a political level, but paleolimnology can provide the information needed 
to make an informed decision (Renberg et al 2009).  

Paleolimnology is also a reliable tool for biomonitoring because some parameters vary from 
year to year or between seasons (Moss et al 2003, Søndergaard et al 2005). This results in 
unreliable pH and chlorophyll-a measurements. Sediment records give a more realistic 
representation with less noise from small variations such as spring flood (Søndergaard et al 
2005). 

Multiproxy studies require a great amount of time and work and a range of skills to classify 
and interpret the different proxies. The WFD is mostly managed and used by instances such 
as county administration boards, and their ability to count pollen and diatoms are very 
limited at best. Countries with a small amount of lakes could perhaps employ someone who 
has these skills but for countries such as Finland and Sweden, the number of lakes is 
overwhelming. Fortunately, technology is advancing and continued computer advances are 
likely going to dramatically change paleolimnology. Recent developments show a promising 
future for automated identification and enumeration of some proxies (du Buf and Bayer, 
2002). Jalba et al (2005) presented a method for automatic identification of diatoms based 
on extraction of features on the contour of the cells by multi-scale mathematical morphology. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2005.01040.x/full#b56
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2664.2005.01040.x/full#b56
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Jalba et al used 8-bit gray-scale images from a microscopy camera on two sets of diatoms and 
a decision tree classifier and the k-nearest neighbor classifier for diatom identifications. 
Their results showed that the automated identification managed to identify 84% of the 
diatoms while the human experts only managed to identify 82% on average. Hence, the best 
computerized methods could compete with well-trained experts, and this method can also be 
applied to shapes like pollen and will probably be used on most proxies after further 
development (Jalba et al 2005). Alvarez-Borrego and Solorza (2010) improved on this 
method by using binary ring masks and increased the confidence level from 84% to 100% 
(Figure 12). One of the advantages with this method is that the algorithms can be 
programmed in Matlab 7.1 and a normal laptop can be used for the model, hence it is very 
cheap and can be operated by anyone with basic computer knowledge. 

Figure 12: example of a so called ring mask. A) the original diatom shape, B) the diatom rotated 360° to obtain 

its frequency content, C) the binary mask, D) the frequency and mask combined (Alvarez-Borrego and Solorza 

(2010). 

Bigler et al (2010) have also shown that reduced and more simplified diatom counts may be 
possible. The current approach requires classification of 400 diatom valves in order to 
reconstruct water quality. However, these guidelines were established without testing their 
statistical robustness. Bigler et al (2010) used diatom samples from 73 steams in northern 
Sweden and simulated the effects of variations in the counting sum size and taxonomic 
resolution for two indices indicating pollution and acidification. Their results showed that at 
least in relatively unpolluted regions such as northern Sweden, a simplified methodological 
approach with site-specific counting sum size and reduced taxonomical resolution could be 
adopted. Such a reduced classification would allow for a greater number of samples and or 
sites to be studied. This, combined with automated diatom identification, holds high hopes 
for paleolimnology to be a common tool in the every-day work with the Water Framework 
Directive. Not to mention the scientific possibilities that comes with the ability to construct 
proxies and reconstruct lake history in a matter of days or even hours.  

Reference conditions play a vital role in policy making and management and the way 
resources are being used. Hence, it is important to effectively establish reliable references 
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conditions. Future research should focus on reducing uncertainties by developing additional 
proxies and transfer functions. Research should also focus on developing reliable methods 
that can be used without expert knowledge in diatom/pollen/chironomids classifications, 
such as automated shape recognition and reduced and simplified diatom counts. As 
technology and computer power progress i see no reason why paleolimnology should be 
anything short of the backbone of environmental management and monitoring. 
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