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Both natural and anthropogenic changes in boreal lakes have been studied utilizing

paleolimnological methods, but the spatial variation in the natural conditions of lakes

and its connection to geological factors has drawn less attention. Our aims were to

examine the spatial distribution of naturally eutrophic lakes on the previously glaciated

terrain of central-eastern Finland and the relationship between pre-human disturbance

water quality and geological factors related to the basins and their catchments.

Furthermore, we studied the pre- to post-human disturbance changes in the diatom

assemblages and water quality of 48 lakes (51 sampling sites) across the pre-disturbance

phosphorus gradient by using the top-bottom sampling approach and multivariate

statistics. According to our results, naturally eutrophic boreal lakes are more common

than previously thought, occurring on fine-grained and organic Quaternary landforms,

including fine-grained till. Our study emphasizes the importance of the previously

overlooked matter of till grain-size variation as a driver behind the spatial variation in the

natural trophic states of boreal lakes. The location of a lake in the hydrologic landscape

and basinmorphology appear to be important factors as well. Shallow, naturally eutrophic

lakes with short water residence times and high catchment area to lake area and volume

ratios have been particularly sensitive to anthropogenic forcing. Our results indicate that

cultural eutrophication is not the only water protection challenge for the relatively remote

and dilute boreal lakes, but salinization and alkalinization are also serious threats that

should be taken into account. Therefore, it is crucial to consider the notable variation in

the natural conditions of boreal lakes in addition to mitigating the effects of anthropogenic

forcing, such as nutrient loading, catchment erosion, salt pollution, and climate change,

in order to achieve efficient water protection.

Keywords: diatoms, naturally eutrophic lakes, fine-grained till, basin morphology, hydrologic landscape, pre- to

post-human disturbance change, eutrophication, salinization

Abbreviations: CCA, Canonical correspondence analysis; CD ratio, Chrysophyte cyst to diatom ratio; DBA/LA, Drainage
basin area per lake area; DBA/LV, Drainage basin area per lake volume; DCA, Detrended correspondence analysis; DI-TP,
Diatom-inferred total phosphorus; DOC, Dissolved organic carbon; EC, Electrical conductivity; RMSEP, Root mean squared
error of prediction; SCD, Squared chord distance; SD unit, Standard deviation unit; TN, Total nitrogen; TP, Total phosphorus;
WA-PLS, Weighted averaging partial least squares regression.
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INTRODUCTION

Cultural eutrophication of surface waters is a
widely acknowledged but still largely unresolved environmental
problem (Smith and Schindler, 2009; Khan and Mohammad,
2014). Excessive nutrient supplies into lakes due to
anthropogenic activities, such as agriculture, can lead to
increased primary production and algal blooms, decreased
biodiversity, fish kills, decreased water transparency, and
oxygen depletion (Callisto et al., 2014). These consequences of
eutrophication affect the societal, commercial, and recreational
use of the waters (Khan and Mohammad, 2014). Lowland lakes,
in particular, may have been affected by humans for hundreds or
thousands of years, and since the 1850s, cultural eutrophication
and bottom water anoxia have further intensified (Battarbee
et al., 2011; Jenny et al., 2016; Saulnier-Talbot, 2016; Dubois
et al., 2017).

In addition to anthropogenic forcing, natural factors, such
as the direct and indirect effects of climate on lakes and
their catchment processes, affect the nutrient levels of lakes
leading to natural variation in their background conditions
(Fritz and Anderson, 2013; Dubois et al., 2017). In the boreal
regions, climate has shifted from the relatively cool and humid
conditions of the early Holocene to the drier Holocene Thermal
Maximum (8,200–4,200 BP) and again to cooler andmore humid
conditions in the late Holocene (Heikkilä and Seppä, 2003;
Heikkilä et al., 2010). Primary succession resulted in long-term
physical, chemical, and biological changes in boreal lakes as
the newly-formed catchments stabilized during the Holocene
following the retreat of the continental ice sheet (Engström
et al., 2000; Fritz and Anderson, 2013). The development of
vegetation and soil-forming processes, for example, have led
to the long-term acidification and oligotrophication of some
boreal lakes (Engström et al., 2000; Gottschalk, 2011; Väliranta
et al., 2011; Fritz and Anderson, 2013). Water level, water
residence time, and flow direction changes related to uneven
glacio-isostatic land uplift have also altered lake basins and their
catchments and nutrient concentrations during the Holocene
(Tikkanen, 2002a). Furthermore, glaciodynamic conditions
during the deglaciation controlled the deposition of different
glacial landforms and sediment types in different regions
(Lintinen, 1995; Punkari, 1997; Putkinen et al., 2017). These
geological landforms have varying hydrogeological landscapes
and groundwater connectivity leading to fine-textured landforms
often having higher phosphorus concentrations than coarse-
textured landforms (Plach et al., 2016).

Lake sediment records and quantitative paleolimnological
and paleoecological methods provide an excellent tool for
studying both natural and anthropogenic environmental changes
in lakes. The top-bottom (before-after) approach, in particular,
allows an effective assessment of regional environmental change
between the present-day and pre-human disturbance conditions
of many lakes (Smol, 2008; Anderson, 2014; Ginn et al., 2015).
However, paleolimnological studies have often concentrated
on the temporal examination of anthropogenic or natural
disturbances in certain key sites, whereas spatial studies between
lakes and their catchments have been less frequent (Anderson,

2014). For instance, there is a lack of regional studies examining
the connection between surficial catchment geology and natural
(background) nutrient levels of lakes. Naturally eutrophic, boreal
lakes could be more common than previously thought, although
they have not been studied extensively (Miettinen et al., 2005;
Räsänen et al., 2006). Naturally eutrophic, boreal lakes have
been found in the fertile, clayey lowland catchments of southern
Finland (Räsänen et al., 2006), but the till-dominated inland
area in North Savo, central-eastern Finland, also appears to be
a naturally nutrient-rich region (Kauppila et al., 2012; Tammelin
et al., 2017). Naturally eutrophic lakes are heterogenous even in
their natural state (Räsänen et al., 2006) and, thus, it is crucial
to know their baseline or pre-human disturbance conditions in
order to set realistic management goals (Räsänen et al., 2006;
Ginn et al., 2015; Saulnier-Talbot, 2016).

In this study, we examined the relationship between the
natural total phosphorus (TP) levels of lakes in North Savo,
central-eastern Finland, and the geological settings of the lakes
(surficial catchment geology in particular) using top-bottom
sampling, diatom analysis, and multivariate statistics. Our aims
were to investigate (1) the spatial distribution of naturally
eutrophic lakes in central-eastern Finland and to find out (2)
which geological drivers are important in explaining the high
natural nutrient levels of these lakes. Furthermore, we studied
(3) how anthropogenic disturbance has changed the diatom
assemblages and water quality of the naturally eutrophic lakes in
comparison to nutrient-poorer lakes within the same study area.

MATERIALS AND METHODS

Site Description
This study comprises 48 lakes (51 sampling sites) located in
North Savo, central-eastern Finland between latitudes
62◦44′N−63◦52′N, longitudes 26◦18′E−28◦04′E, and altitudes
82–160 m.a.s.l. (Figure 1, Table 1). Their selection process,
modern water quality, and basin characteristics were described
by Tammelin et al. (2017). The lakes are linked together via
rivers and streams forming watercourses (chains of lakes). The
watercourses consist of small headwater lakes and larger central
basins that collect the waters from the headwaters. Roughly half
of the studied lakes belong to the Iisalmi Route watercourse,
while the rest are located in three adjacent watercourses (the
Nilsiä Route, the Rautalampi Route, and the Kallavesi-Sorsavesi
area). These watercourses form the headwaters of the River
Vuoksi and Kymijoki drainage systems that eventually flow into
the Baltic Sea. The Iisalmi Route has currently lower ecological
quality than the adjacent watercourses based on the classification
of the Finnish environmental administration (Kauppila et al.,
2012; Vallinkoski et al., 2016). The classification emphasizes the
state of freshwater biota but also takes into account water quality
as well as the hydrological and morphological characteristics of
the lakes (Vallinkoski et al., 2016).

The lakes included in this study represent the following water
quality gradients: TP 5–120 µg l−1, total nitrogen (TN) 310–
1,750 µg l−1, color 15–340mg Ptl−1, pH 6.3–7.8, electrical
conductivity (EC) 1.9–12mS m−1, and Secchi depth 0.4–3.5m.
The lakes are mainly small (surface area median 2.0 km2) and
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FIGURE 1 | A map showing the location (inset), (A) the surficial geology, and (B) the crystalline bedrock of the study area together with the sampling sites and the

catchments of the four watercourses. See Table 1 for the names and locations of the lakes.

shallow (average depth median 2.8m, maximum depth median
9.6m), as is typical for boreal lakes in glaciated landscapes
(Simola and Arvola, 2005). However, the ranges are 0.004–114
km2, 0.7–6.9 m, and 1.0–37m, respectively, due to three larger
central basins (Lake Porovesi #34, Lake Nerkoonjärvi #23, and
Lake Onkivesi #27-28). The water residence times range from
four to over 1,000 days based on the VEMALA nutrient loading
model of the Finnish Environmental Administration (Huttunen
et al., 2016). The catchment areas range from 0.2 to 5,564 km2.

Lakes in North Savo formed after the last Scandinavian
deglaciation ca. 10,200–9,500 BP mainly by isolating from the
Yoldia Sea or Ancylus Lake phases of the Baltic Sea (Saarnisto,
2000; Tikkanen, 2002a). The surficial geology of their catchments

is also largely a result of this deglaciation phase. The catchments
are covered by basal till with varying grain sizes, glaciogenic
hummocky moraines, glaciofluvial eskers, and landforms that
deposited after the deglaciation, including littoral deposits,
varved Yoldia Sea clays and silts, later homogenous clays and
silts, and peat deposits (Figure 1A; Tikkanen, 2002b). Bedrock
outcrops are scarce in most catchments, but lakes and rivers often
follow bedrock fracture zones (Tikkanen, 2002b). The bedrock in
the northeastern part of the study area belongs to the 3.2–2.6 Ga
Archean Iisalmi complex (including granitoids, migmatites, and
high-grade gneisses) and in the southwestern part to the 1.89–
1.86 Ga Proterozoic granitoid complex of central Finland with
the 1.92–1.88 Ga sheared Savo Belt between these two complexes
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TABLE 1 | Coordinates for the sampling sites and modern land use of the lake catchments (Finnish Environment Institute, 2014b) including infrastructure, agriculture,

closed and open forests, wetlands, and water.

No. Lake/Sampling site Lat. N Long. E Inf. % Agr. % C. f. % O. f. % Wet. % Wat. %

1 Ahveninen 62◦ 57′ 0,366′ ′ 26◦ 51′ 54,202′ ′ 2.3 3.0 63.0 12.0 1.8 18.1

2 Ala-Varpanen 63◦ 30′ 40,438′ ′ 27◦ 35′ 42,503′ ′ 2.5 7.8 69.7 15.2 1.2 3.9

3 Harvanjärvi 63◦ 38′ 26,436′ ′ 27◦ 34′ 27,991′ ′ 3.8 11.0 53.2 9.9 0.3 22.8

4 Haukijärvi 63◦ 02′ 41,570′ ′ 27◦ 04′ 48,156′ ′ 1.0 0.6 76.4 10.0 0.4 12.3

5 Hernejärvi 63◦ 32′ 33,616′ ′ 27◦ 29′ 22,646′ ′ 1.8 7.6 67.6 15.0 4.1 4.1

6 Hirvijärvi (K) 63◦ 38′ 51,395′ ′ 26◦ 33′ 36,122′ ′ 5.2 23.3 55.3 11.9 4.9 0.5

7 Hirvijärvi (P) 63◦ 22′ 50,835′ ′ 26◦ 41′ 2,719′ ′ 3.9 23.1 45.0 12.0 1.1 16.3

8 Iso-Koijärvi 62◦ 44′ 56,253′ ′ 27◦ 32′ 38,849′ ′ 5.8 1.3 66.5 8.3 0.3 18.0

9 Iso-Panka 63◦ 10′ 36,054′ ′ 26◦ 57′ 13,469′ ′ 0.9 1.1 73.4 11.8 1.1 12.2

10 Kakkisenjärvi 62◦ 44′ 18,143′ ′ 27◦ 14′ 33,098′ ′ 0.4 0.0 72.4 11.6 0.6 15.4

11 Kangas-Petäinen 62◦ 46′ 47,954′ ′ 27◦ 09′ 0,109′ ′ 3.8 5.7 65.7 10.3 1.9 13.2

12 Kilpijärvi 63◦ 35′ 41,769′ ′ 26◦ 33′ 17,295′ ′ 2.5 20.2 60.7 11.4 2.5 2.9

13 Kirmanjärvi 63◦ 30′ 4,096“ 27◦ 17′ 29,541“ 10.8 28.1 37.9 9.1 4.6 10.3

14 Kiukoinen 63◦ 14′ 55,719′ ′ 27◦ 02′ 23,302′ ′ 2.6 4.0 67.6 14.8 2.7 9.2

15 Kiuruvesi (1) 63◦ 38′ 38,781′ ′ 26◦ 39′ 25,021′ ′ 2.2 14.5 63.5 12.2 3.6 4.0

16 Kiuruvesi (2) 63◦ 37′ 44,842′ ′ 26◦ 41′ 45,079′ ′ 2.2 14.5 63.5 12.2 3.6 4.0

17 Korpinen 63◦ 18′ 23,371′ ′ 27◦ 38′ 28,928′ ′ 1.2 2.7 66.7 19.0 9.1 1.7

18 Korppinen 63◦ 21′ 21,968′ ′ 26◦ 18′ 4,277′ ′ 2.5 9.2 68.8 11.9 4.2 3.8

19 Koutajärvi 63◦ 08′ 52,161′ ′ 26◦ 18′ 30,188′ ′ 1.9 6.7 65.2 10.6 3.2 12.7

20 Luupuvesi 63◦ 42′ 44,985′ ′ 26◦ 45′ 47,995′ ′ 1.3 11.3 63.3 12.1 9.1 3.1

21 Mäkijärvi 63◦ 15′ 1,225′ ′ 27◦ 01′ 0,190′ ′ 1.0 0.0 69.2 14.0 0.4 16.9

22 Mylly-Kiukoinen 62◦ 59′ 3,565′ ′ 27◦ 10′ 43,282′ ′ 2.4 5.3 63.7 13.8 2.7 12.9

23 Nerkoonjärvi 63◦ 25′ 19,755′ ′ 27◦ 18′ 39,457′ ′ 2.4 12.2 63.2 13.1 3.7 5.3

24 Nieminen 63◦ 32′ 7,124′ ′ 27◦ 26′ 5,345′ ′ 2.2 13.9 62.8 9.7 1.1 11.1

25 Niemisjärvi (1) 63◦ 38′ 29,842′ ′ 26◦ 30′ 42,117′ ′ 2.5 19.2 62.2 11.6 2.6 2.3

26 Niemisjärvi (2) 63◦ 38′ 40,195′ ′ 26◦ 29′ 13,496′ ′ 2.5 19.2 62.2 11.6 2.6 2.3

27 Onkivesi (1) 63◦ 22′ 55,194′ ′ 27◦ 24′ 17,655′ ′ 2.6 12.4 61.9 13.1 3.6 6.5

28 Onkivesi (2) 63◦ 10′ 29,751′ ′ 27◦ 20′ 32,834′ ′ 2.6 12.4 61.9 13.1 3.6 6.5

29 Osmanginjärvi 63◦ 43′ 54,841′ ′ 26◦ 26′ 46,966′ ′ 1.4 11.7 67.9 11.4 5.3 2.5

30 Petäinen 62◦ 46′ 57,610′ ′ 27◦ 19′ 3,079′ ′ 1.9 0.8 66.3 13.8 0.9 17.2

31 Pieni-Juminen 63◦ 26′ 25,574′ ′ 27◦ 51′ 43,791′ ′ 2.2 7.9 68.3 14.9 0.9 6.1

32 Pienivesi 63◦ 37′ 34,248′ ′ 26◦ 32′ 5,111′ ′ 2.5 19.4 61.8 11.6 2.6 2.5

33 Pöljänjärvi 63◦ 07′ 42,217′ ′ 27◦ 34′ 58,541′ ′ 7.9 21.1 46.5 13.0 2.3 9.6

34 Porovesi 63◦ 33′ 22,058′ ′ 27◦ 05′ 22,276′ ′ 2.4 11.9 63.8 13.2 3.7 5.0

35 Saari-Pajunen 63◦ 13′ 31,888′ ′ 26◦ 52′ 21,803′ ′ 1.3 10.9 73.6 11.4 0.8 3.0

36 Saarisjärvi 63◦ 39′ 57,567′ ′ 26◦ 52′ 35,066′ ′ 3.8 16.3 60.8 10.0 1.7 8.6

37 Sälevä 63◦ 30′ 8,599′ ′ 27◦ 52′ 7,862′ ′ 1.0 0.7 71.9 11.8 4.5 10.2

38 Siilinjärvi 63◦ 03′ 5,062′ ′ 27◦ 44′ 21,636′ ′ 18.5 17.1 42.1 11.8 1.8 8.8

39 Sonkajärvi 63◦ 42′ 22,683′ ′ 27◦ 29′ 18,252′ ′ 1.4 4.8 70.0 14.7 5.2 4.0

40 Sukevanjärvi 63◦ 52′ 53,419′ ′ 27◦ 23′ 48,539′ ′ 1.0 2.8 70.5 14.5 7.1 4.3

41 Sulkavanjärvi 63◦ 28′ 11,314′ ′ 26◦ 41′ 54,783′ ′ 1.9 8.5 66.3 14.1 1.3 8.3

42 Suo-Valkeinen 63◦ 34′ 48,880′ ′ 28◦ 04′ 56,090′ ′ 0.0 0.0 69.1 11.7 2.2 17.5

43 Suuri-Juminen 63◦ 27′ 49,143′ ′ 27◦ 49′ 12,536′ ′ 2.0 6.4 70.0 14.2 0.8 7.0

44 (P.) Tallusjärvi 62◦ 54′ 55,885′ ′ 27◦ 03′ 38,174′ ′ 2.2 3.0 66.1 12.3 1.2 15.4

45 Tismiö 63◦ 35′ 37,850′ ′ 27◦ 08′ 45,026′ ′ 4.2 18.1 57.7 11.2 5.5 4.1

46 Valkeinen (M) 63◦ 07′ 20,666′ ′ 27◦ 02′ 37,660′ ′ 0.4 0.0 65.0 13.7 2.3 19.3

47 Valkeinen (V) 63◦ 19′ 59,548′ ′ 27◦ 51′ 2,769′ ′ 2.5 5.9 52.3 9.9 0.7 29.8

48 Varpanen (M) 63◦ 08′ 28,444′ ′ 27◦ 04′ 24,126′ ′ 1.2 3.0 69.1 13.5 1.3 12.2

49 Varpanen (V) 63◦ 20′ 56,338′ ′ 27◦ 47′ 27,296′ ′ 4.7 11.6 64.1 15.6 1.3 2.8

50 Viitaanjärvi 63◦ 34′ 58,741′ ′ 27◦ 19′ 5,342′ ′ 1.9 8.2 67.0 14.8 3.9 4.4

51 Ylemmäinen 63◦ 34′ 31,739′ ′ 27◦ 07′ 4,678′ ′ 3.9 25.3 49.1 10.6 5.7 6.6

See Tammelin et al. (2017) for modern water quality of the lakes and their catchment geology.
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(Figure 1B; Vaasjoki et al., 2005; Geological Survey of Finland,
2012). The Savo Belt is an intricate volcanic belt deformed by
several tails of a shear system and characterized by metamorphic
mica gneisses with interlayers of mafic to intermediate volcanic
rocks, schists, and carbonate rocks as well as gabbro intrusions
(Vaasjoki et al., 2005).

In the four meteorological stations within or next to our study
area, annual mean temperature varies between 2.3–3.4 ◦C and
annual mean precipitation between 612 and 720 mm (Pirinen
et al., 2012). The study area mainly belongs to the coniferous
southern boreal vegetation zone (Ahti et al., 1968). The first
permanent settlers utilized forests for slash-and-burn cultivation
since the sixteenth century until the end of the nineteenth century
when modern agriculture and forestry with industrial fertilizers
and field, forest, and peatland drainage began (Soininen, 1961,
1974). Land use and nutrient loading further intensified from
the 1950s to the 1980s, whereas sewage treatment and industrial
processes improved since the 1970s (Simola and Arvola, 2005).
Currently, the most intensive agriculture and highest nutrient
loading (> 20 kg P km−2 a−1, > 400 kg N km−2 a−1) is found in
the Iisalmi andNilsiä Route catchments where several lakes suffer
from eutrophication and oxygen depletion (Table 1; Vallinkoski
et al., 2016). Water quality restoration targets ranging 18–55 µg
P l−1 and 500–930 µg N l−1 have been set for some of the lakes
in our study area (Vallinkoski et al., 2016).

Sampling and Data Acquisition
A rod-operated piston corer was used for obtaining long
sediment cores from 42 sampling sites in late winter 2010 and
from the remaining nine sites in late winter 2012 (through ice).
Two 1-cm bottom samples, 10 cm apart, were taken from each
sediment core for diatom analysis, except for Lake Ylemmäinen
(#51) from which only one bottom sample was taken. The depths
of the bottom (i.e., pre-disturbance) samples were selected based
on the magnetic susceptibility profiles of the sediment cores.
Magnetic susceptibility was measured at 1-cm intervals with a
Bartington MS2E susceptibility meter and a MS2C loop sensor.
A rise in the magnetic susceptibility values in the top part of
the cores was assumed to represent increased catchment erosion
due to human disturbance (Thompson et al., 1975; Sandgren and
Snowball, 2001). The upper bottom samples were taken ∼20 cm
and the lower samples ∼30 cm below the onset of this recent
rise in the magnetic susceptibility values. These are the pre-
disturbance samples. The top (post-disturbance) diatom samples
(0–1 cm; Tammelin et al., 2017) were obtained in late winter 2010
from the same sampling sites as the bottom samples but with a
Limnos R© gravity corer (Kansanen et al., 1991) that is particularly
suitable for taking undisturbed surface sediment samples.

The diatom slides were prepared and identified from the
bottom and top sediment samples using standard procedures
described by Battarbee et al. (2001). A minimum of 300
diatom valves were identified to the species level from each
bottom sample with a phase-contrast light microscope (1000x
final magnification) and using the taxonomic references of
Krammer and Lange-Bertalot (1986, 1988, 1991a,b), Krammer
(1992), Lange-Bertalot and Moser (1994), and Houk (2003).
The top samples were identified otherwise similarly but with

a minimum count of 400 (Tammelin et al., 2017) in order
to improve the statistical reliability of the transfer function
training set consisting of the top samples (Battarbee et al., 2001).
Nomenclature was updated based on Porter (2008), Spaulding
et al. (2010), and Guiry and Guiry (2018). In addition to diatoms,
chrysophyte cysts were counted from the same microscope views
as diatoms and expressed as cyst to diatom (CD) ratio in order to
serve as a proxy for eutrophication (Werner and Smol, 2005).

In addition to the diatom data, environmental data was
collected for each lake from open data repositories. These
environmental data include surficial catchment geology
(Geological Survey of Finland, 1993) from the Hakku service,
new catchment divisions of Finnish watersheds (Finnish
Environment Institute, 2014a) and Corine Land Cover 2012
dataset (Finnish Environment Institute, 2014b) from the
VALUE catchment tool, and modern water quality of the
water quality monitoring sites at or near the sediment coring
sites (Finnish Environment Institute, 2016) from the Hertta
service. Furthermore, we gathered lake morphologies and water
residence times from the VEMALA national-scale nutrient
loading model for Finnish watersheds (Huttunen et al., 2016).

Numerical Analyses
Ordination and regression analyses of the diatom and
environmental data were made with the Canoco 4.5 for
Windows (ter Braak and Šmilauer, 2002) and C2 version 1.7.7
(Juggins, 2007) software. As in Tammelin et al. (2017), the
relative abundance diatom data was square root transformed
prior to numerical analysis in order to stabilize the variance
(ter Braak and Šmilauer, 2002) and the water quality data was
log-transformed, except for pH that is already on log-scale.
We reconstructed past TP concentrations for each bottom
sample by using the training set comprising the top samples
and the diatom-TP transfer function developed by Tammelin
et al. (2017). The two-component transfer function is based on
weighted averaging partial least squares regression (WA-PLS;
ter Braak and Juggins, 1993) and it has a jack-knifed coefficient
of determination (r2jack) of 0.72 and root mean squared error of

prediction (RMSEP) of 0.191 log µg l−1. The reconstructed TPs
were compared with modern water quality monitoring data in
order to examine the phosphorus level change of the lakes during
human disturbance. The reliability of the reconstructions was
evaluated using three simple percentage measures suggested by
Juggins and Birks (2012) as the more complex sample-specific
RMSEP, goodness-of-fit, and analog measures are difficult to
interpret. The measures included (i) the percentage of fossil
sample taxa absent from or (ii) poorly represented (< 10
occurrences) in the surface sample training set and (iii) taxa with
higher maximum abundances in the bottom than top samples
(representing possible no modern analog situations).

To study the diatom species assemblage change between
pre- and post-disturbance conditions, we calculated the squared
chord distances (SCDs) between the bottom and top samples
(Simpson, 2012) with the Python programming language and
the species richness (rarefaction at the total count of 298 valves;
Hurlbert, 1971) of the bottom and top samples with PAST 3.16
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software (Hammer et al., 2001). In addition, we used multivariate
ordination methods and Canoco 4.5 for Windows software (ter
Braak and Šmilauer, 2002) to visualize the diatom assemblages in
relation to environmental factors. The species gradient length of
the bottom samples, calculated with detrended correspondence
analysis (DCA; Hill and Gauch, 1980), allowed the use of
unimodal canonical correspondence analysis (CCA; ter Braak,
1986). The bottom samples were plotted passively on top of
a CCA ordination of the top samples (with downweighting of
rare species) and modern water quality to see the trajectories
of the bottom to top diatom assemblage changes in relation to
the environmental gradients. In addition, basin characteristics
(morphology) and the modern land use of the catchments were
added as supplementary environmental variables to the analysis.
Another CCAwas run on averaged bottom samples together with
the surficial geology of the catchments. Averaged samples were
used because the surficial catchment geology is the same for both
bottom samples of an individual lake but the diatom assemblages
vary to some extent. Furthermore, we calculated Spearman
rank correlations (Spearman, 1904) between the environmental
variables to recognize drivers for the pre- and post-disturbance
TP concentrations.

RESULTS

Sediment Properties
The cored sediments were mainly brown organic-rich mud
(gyttja) with sulfide-stained black layers in the top parts of many
cores. The lengths of the cores ranged from 113 to 228 cm (mean
176 cm). Apart from a few exceptions, the magnetic susceptibility
profiles of these sediment cores showed clearly elevated values in
the upper parts of the cores (Figure 2) with the highest values
located, on average, at the depth of 14 cm (range 0–51 cm). The
bottom diatom sample depths, selected 20 and 30 cm below the
onset of the increasing magnetic susceptibility values, ranged
from 45 cm below the sediment surface down to 145 cm (mean
74 cm).

Diatom Assemblages
The bottom (pre-disturbance) diatom samples were dominated
by planktonic taxa together with small benthic fragilarioids,
such as Staurosira construens var. venter (Ehrenberg) Hamilton,
Staurosirella pinnata (Ehrenberg) Williams and Round,
Stauroforma exiguiformis (Lange-Bertalot) Flower, Jones and
Round, and Pseudostaurosira brevistriata (Grunow) Williams &
Round (Figure 3). A variety of Aulacoseira taxa in addition to
Lindavia rossii (Håkansson) Nakov et al., Asterionella formosa
Hassall, and Tabellaria flocculosa (Roth) Kützing were the
most common planktonic taxa. Small Fragilaria, Navicula,
and Achnanthes taxa (sensu lato) as well as Eunotia spp.
were typical among the benthic taxa of the bottom samples.
Lake Suo-Valkeinen (#42) differed from the other samples
with the lack of planktonic taxa and high abundances of
Pinnularia mesolepta (Ehrenberg) Smith and Stauroneis anceps
Ehrenberg. The lakes along the Iisalmi Route had generally
higher abundances of meso-eutrophic taxa, such as Aulacoseira
subarctica (Müller) Haworth, Aulacoseira ambigua (Grunow)

Simonsen, Aulacoseira islandica (Müller) Simonsen, Aulacoseira
granulata (Ehrenberg) Simonsen, and S. construens var. venter,
than the lakes in the adjacent watercourses. In contrast, these
adjacent watercourses had higher relative abundances of oligo-
mesotrophic T. flocculosa, L. rossii, Aulacoseira nivalis (Smith)
English & Potapova, and Frustulia rhomboides (Ehrenberg)
De Toni. Correspondingly, the species richness (rarefaction;
Figure 4A) of the bottom sample diatom assemblages and CD
ratios (Figure 4B) were generally lower in the Iisalmi Route than
in the other watercourses.

The relative abundances of certain diatom taxa clearly
increased from bottom to top samples, while others decreased
(Figure 3). A. ambigua and Discostella stelligera (Cleve &
Grunow) Houk & Klee, for example, increased in most
sampling sites regardless of the watercourse, whereas Discostella
pseudostelligera (Hustedt) Houk & Klee and Diatoma tenuis
Agardh showed clear increases only in a few lakes. Other
Aulacoseira taxa, L. rossii, S. construens var. venter, and S. pinnata
generally decreased from bottom to top. Many lakes showed a
decrease in diatom species richness (Figure 4A). The CD ratio
was typically lower in the recent samples than in the bottom
samples and the decrease from bottom to top was generally
more pronounced in the less eutrophic watercourses than in
the Iisalmi Route (Figure 4B). Lake Suo-Valkeinen (#42) differed
from the other lakes based on its diatom assemblage change as its
P. mesolepta and S. anceps-dominated bottom sample assemblage
changed into a community dominated by Eunotia subarcuatoides
Alles, Nörpel & Lange-Bertalot, F. rhomboides, and Pinnularia
subcapitata Gregory.

Diatom-Inferred Total Phosphorus
The background diatom-inferred total phosphorus (DI-TP)
concentrations (8–60 µg l−1, median 35 µg l−1) were higher
in the Iisalmi Route than in the other watercourses apart
from a few exceptions (Figure 4C). The two bottom diatom
samples of each sampling site gave relatively similar DI-TP
values except for the eutrophic Lakes Luupuvesi (#20), Saari-
Pajunen (#35), and Saarisjärvi (#36). The DI-TPs were notably
lower than the monitored modern TPs in many eutrophic lakes
with background DI-TPs over 35 µg l−1, while the DI-TPs
and modern TPs were quite similar in the less eutrophic lakes.
However, the latter situation was also seen in some of the
eutrophic lakes. These lakes mainly included the largest central
basins of the Iisalmi Route as well as other deep lakes (maximum
depth> 10m) in the easternmost branch of the Iisalmi Route and
in the Nilsiä Route.

The reliability of the DI-TP reconstructions was evaluated by
using three simple percentage measures. The relative abundance
of bottom sample taxa absent from the top sample training
set (Figure 5A) ranged between 2.5 and 30.4% (median 15.8%),
excluding Lake Suo-Valkeinen (#42, ca. 50%), being slightly
lower in the Iisalmi Route than in the less eutrophic lakes.
The median percentage of fossil taxa poorly represented in the
modern training set (Figure 5B) was 3.7% (range 0–13.7%) being
highest in Lake Saari-Pajunen (#35). For comparison, the top
sample percentages of taxa absent from the training set ranged
from 2.4 to 22.7% (median 9.0%) and poorly represented taxa
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FIGURE 2 | Examples of magnetic susceptibility profiles from nine lakes [#lake number (max lake depth)] showing the increases in magnetic susceptibility toward the

present day (core top). The red circles represent the bottom samples taken at 20 and 30 cm below the rise in magnetic susceptibility indicating the start of

anthropogenic catchment erosion. See Table 1 for the names and locations of the lakes.

from 0 to 9.5% (median 1.5%). The median relative abundance
of the taxa that had higher fossil abundances than their training
set maximum value (Figure 5C) was 16.4% (range 0–66.6%). In
most cases, however, these higher abundances of fossil taxa were
close (within 6%) to the maximum training set value.

Spearman Rank Correlations
Spearman rank correlations between variables were studied
to find the drivers for both the pre-disturbance and modern
water quality and to estimate the covariation between the
environmental variables. The DI-TP of the upper and lower
bottom samples correlated negatively (p ≤ 0.001) with the CD
ratio (r from−0.73 to−0.83), water residence time (r from−0.51
to −0.55), and rarefaction (r from −0.38 [p = 0.007] to −0.61).
In contrast, the DI-TP correlated positively with the drainage
basin area/lake volume (DBA/LV) ratio (r = 0.47–0.53, p <

0.001), where drainage basin area is catchment area − lake area,
and drainage basin area/lake area (DBA/LA) ratio (r = 0.40–0.42,
p = 0.004–0.002). From the surficial geology, the DI-TP had
the strongest positive correlation with clay (r = 0.51–0.55, p <

0.001). TheDI-TP also correlated (p> 0.001) positively with fine-
grained till and negatively with the average and maximum depths
of the lakes and coarse-grained till. However, these correlations
were even stronger (p < 0.001) with the relative bottom to top
TP change [(TP−DI–TPav)/DI-TPav] being 0.48, −0.52, −0.45,
and −0.49, respectively. The correlation between the DI-TP and
relative TP change was 0.41–0.51 (p ≤ 0.003).

The modern nutrient concentrations showed statistically
significant (p < 0.001) positive correlation with the catchment
percentages of agricultural land (TP r = 0.59, TN r = 0.65) and
wetlands (TP r = 0.55, TN r = 0.52). In contrast, both TP (r =
−0.75) and TN (r = −0.73) correlated negatively (p < 0.001)
with the percentage of water in the catchments. EC, in turn,
correlated positively (p < 0.001) with agriculture (r = 0.74) and

infrastructure (r = 0.51), while closed forests (r = −0.57) and
water (r=−0.42, p= 0.002) had negative correlation coefficients.
Agriculture (r = 0.48, p < 0.001), closed forests (r = −0.42,
p = 0.002), and infrastructure (r = 0.39, p = 0.004) showed
statistically significant correlations with pH as well. Secchi depth
and TN/TP ratio correlated (p< 0.001) with water (rSecchi = 0.66,
rTN/TP = 0.66), wetlands (rSecchi = −0.47, rTN/TP = −0.45), and
agriculture (rSecchi = −0.48, rTN/TP = −0.46), while color only
correlated with water (r = −0.63, p < 0.001) and wetlands (r =
−0.36, p= 0.009).

Besides correlating with pre-disturbance and modern water
quality, the environmental variables showed marked covariation.
The catchment percentage of agriculture correlated positively
with catchment clay percentage (r = 0.70, p < 0.001) and fine-
grained till (r = 0.41, p = 0.003) and negatively with closed
forests (r = −0.77, p < 0.001) and water (r = −0.51, p <

0.001). Infrastructure, on the other hand, showed only weaker
correlations with clay (r = 0.38, p = 0.006) and hummocky
moraine (r = −0.29, p = 0.036). However, the correlations were
strong between infrastructure and agriculture (r = 0.71, p <

0.001) and closed forests (r = −0.76, p < 0.001), as well as
agriculture and closed forests (r =−0.77, p < 0.001).

Squared Chord Distances Between Diatom
Samples
Floristic variability within, and changes between, the sets of
samples were studied with SCDs. Slightly higher variability
was found for the bottom samples compared to the modern
samples. The SCDs between all bottom samples ranged from
0.21 to 1.64 (median 0.75) and between all top samples from
0.17 to 1.38 (median 0.72), excluding Lake Suo-Valkeinen (#42)
that had anomalous diatom assemblages compared to the other
lakes. For Lake Suo-Valkeinen, the SCDs to the other bottom
samples ranged between 1.11 and 1.77 and to the other top
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FIGURE 3 | A comparison between the bottom sample (red bars) and top sample (white bars) diatom assemblages for each sampling site. See Table 1 for the names

and locations of the sites and Tammelin et al. (2017) for the description of the top sample data. The sampling sites are organized according to increasing bottom

sample total phosphorus reconstructions. The Iisalmi Route sampling sites are marked with an asterisk. Taxa with a maximum relative abundance over 10% are

included in the diagram.

samples between 1.44 and 1.87. The temporal changes between
the background and modern samples (bottom-to-top) were, on
average, somewhat higher than those between the background
sample pairs. The SCDs between the bottom and top sample
pairs of each sampling site (Figure 4D) ranged from 0.34 to
1.41 (median 0.71). The SCDs between the two bottom samples
of each sampling site, on the other hand, only ranged between
0.21 and 0.87 (median 0.44; dashed line in Figure 4D). When
the SCDs between all bottom samples, all top samples, and

bottom-top sample pairs were examined in three groups (< 20
µg l−1, 20–40 µg l−1, and > 40 µg l−1) along the bottom sample
DI-TP gradient (Lake Suo-Valkeinen excluded), the floristic
variability was lowest in the highest DI-TP class (Table 2).

Ordinations
The DCA-based species gradient length of 2.98 standard
deviation (SD) units for the bottom diatom samples allowed
the use of the unimodal CCA method for further analysis
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FIGURE 4 | A comparison between (A) the reconstructed bottom sample total phosphorus (TP) concentrations and the monitored modern TP concentrations of each

sampling site, (B) bottom and top sample chrysophyte cyst to diatom (CD) ratios and (C) diatom species richness, and (D) bottom sample squared chord distances

(SCDs) from the top samples. The filled squares denote the lower bottom samples, the filled diamonds denote the upper bottom samples, and the empty circles

represent modern TP in (A) and top samples in (B–D). The dashed vertical line in (D) represents the median SCD between the two bottom samples of each lake. The

sampling sites are organized according to increasing bottom sample total phosphorus reconstructions. The Iisalmi Route sampling sites are marked with an asterisk.

See Table 1 for the names and locations of the sampling sites and Tammelin et al. (2017) for the description of the top sample data.

(ter Braak and Prentice, 1988). The bottom sample species
gradient was shorter than the corresponding gradient of
the top diatom samples (3.87 SD units). However, the
anomalous Lake Suo-Valkeinen (#42) lengthened particularly
the top sample species gradient. If Lake Suo-Valkeinen was
excluded from the gradient length analysis, the bottom and
top sample lengths reduced to 2.00 and 2.32 SD units,
respectively.

A CCA ordination of the bottom (pre-disturbance) diatom
samples and surficial catchment geology (Figure 6A) shows
that the catchments of the eutrophic Iisalmi Route lakes are
dominated by fine-grained till, clay, and peat deposits in contrast
to the adjacent watercourses where coarse-grained till and
bedrock outcrops are more common. Three cyclotelloid taxa
(Lindavia radiosa (Grunow) De Toni & Forti, D. pseudostelligera,
and L. rossii) were typical for the coarse-grained till areas,
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FIGURE 5 | Similarity between the top (empty circles) and bottom (filled squares lower bottom sample and diamonds upper bottom sample) samples based on the

percentages of fossil taxa (A) absent from or (B) poorly represented in the modern training set. (C) Taxa with higher fossil abundances than the training set maximum

abundance. Taxa with fossil abundances over 5% higher than the training set maximum values are marked in the figure. The sampling sites (see Table 1 for names

and locations) are organized according to increasing bottom sample total phosphorus reconstructions. The Iisalmi Route sampling sites are marked with an asterisk.

TABLE 2 | Minimum (Min), median (Md), average (Av), and maximum (Max) values for squared chord distances (SCDs) between all bottom diatom samples, all top

samples, and the bottom-top sample pairs in three groups along the natural phosphorus gradient (pre-human disturbance diatom-inferred total phosphorus, DI-TP; Lake

Suo-Valkeinen #42 excluded).

Bottom samples Top samples Pairwise bottom-top

DI-TP group Min Md Av Max Min Md Av Max Min Md Av Max

< 20 µg l−1 0.39 0.74 0.77 1.43 0.43 0.70 0.72 1.12 0.55 0.71 0.73 0.99

20-40 µg l−1 0.25 0.73 0.69 1.09 0.34 0.63 0.65 1.18 0.52 0.73 0.75 1.09

> 40 µg l−1 0.21 0.57 0.61 1.40 0.17 0.56 0.61 1.23 0.35 0.68 0.69 0.98

while Aulacoseira and small fragilarioid taxa characterized the
areas with fine-grained and organic deposits (Figure 6B). Lake
Suo-Valkeinen (#42) with its benthic diatom assemblage (e.g.,
Pinnularia, Eunotia, and Cymbella taxa) plots farthest in the

direction of hummocky moraines, perpendicular to the fine- vs.
coarse-grained till gradient.

According to the top sample CCA with passively plotted
bottom samples (Figure 7A), the Iisalmi Route lakes are typically
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FIGURE 6 | A CCA ordination of bottom (pre-human disturbance) diatom samples with (A) surficial catchment geology (arrows) and (B) diatom taxa (empty circles). In

(A), the empty squares represent sampling sites in the Iisalmi Route and the filled circles represent sampling sites in the adjoining watercourses. Diatom taxa with

maximum abundances <4% in the bottom samples were excluded from (B) for clarity. The names of the diatom taxa encircled in the center of the ordination are given

in the boxes. See Table 1 for the names and locations of the sampling sites.

shallower and located at a lower altitude from the sea level than
the lakes in adjacent watercourses. They also have shorter water
residence times, larger catchment areas, and higher DBA/LA and
DBA/LV ratios. Most trajectories between the bottom and top
samples were toward higher TP, TN, color, EC, and pH and lower
Secchi depths (Figure 7B). The nutrient gradients were nearly
parallel to the relative abundance of agriculture in the catchments
(mean 9.9%, Table 1) and also rather similar to the wetland
abundance (mean 2.8%) gradient. The EC and pH gradients,
on the other hand, were parallel to infrastructure (mean 2.9%)
and opposite to closed forests (mean 63%). However, a few lakes
showed trajectories toward reduced EC, pH, and/or nutrients.
Lake Suo-Valkeinen (#42), for example, had the longest bottom to
top trajectory in the direction of decreasing EC and pH. Nutrient
rich lakes had generally longer trajectories than oligotrophic
ones and many small, eutrophic headwater lakes showed a more
notable transition than the larger central basins of the Iisalmi
Route.

The diatom assemblages of the deeper and less eutrophic
lakes with longer residence times were characterized by taxa,
such as L. rossii, A. nivalis, Aulacoseira distans (Ehrenberg)
Simonsen, Aulacoseira lirata var. biseriata (Grunow) Haworth,
Nupela vitiosa (Schimanski) Siver & Hamilton, and T. flocculosa
(Figure 7C). In contrast, A. granulata, A. ambigua, A. subarctica,
and Navicula aboensis (Cleve) Hustedt together with elongated
and small fragilarioid taxa were typical for the shallower
eutrophic lakes with short water residence times. D. tenuis,
D. pseudostelligera, and Fragilaria crotonensis Kitton were
examples of diatom taxa present in elevated EC and pH
conditions and in higher catchment infrastructure percentages
like in Lake Siilinjärvi (#38) and Lake Kirmanjärvi (#13).

DISCUSSION

Spatial Variation in Pre-human Disturbance
Conditions
Natural drivers of lake ecosystem variation include climate,
elevation, and catchment geology (Fritz and Anderson, 2013).
Climatic conditions are relatively uniform within the study
area leaving elevation and catchment geology as the main
factors behind the spatial variation in the pre-disturbance
diatom assemblages (Figure 3) and DI-TPs (Figure 4C). The
nutrient-rich lakes are located closer to the sea level on
peaty, clayey, and fine-grained till catchments and show more
homogenous pre-disturbance diatom assemblages than the
nutrient-poor lakes on catchments characterized by coarse-
grained till and bedrock outcrops (Figure 6, Table 2). Notable
differences between proximate lakes within a certain geologic
setting and climatic conditions may result from differences in
lake morphology, internal processes, and interaction with the
landscape (Kratz et al., 1997). Hydrologic landscape is very
complex in glaciated areas as different landscape types (fine-
vs. coarse-textured) within a region possess distinct hydrologic
properties that affect the connectivity to groundwater (Winter,
2001; Plach et al., 2016). Lakes located low in the landscape
typically receive more water from groundwater sor surface inlets
and less from precipitation than lakes high in the landscape
that are often smaller and more dilute (Kratz et al., 1997, 2006).
Fine-textured landforms receive higher phosphorus loading than
coarse-textured landforms due to short, near-surface flow paths
of phosphorus-rich groundwater via peatlands in contrast to
larger, longer, and higher yield groundwater flow systems (Plach
et al., 2016).
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FIGURE 7 | (A) A CCA ordination of the surface diatom samples (filled circles) and modern water quality (orange arrows with solid lines), based on the training set by

Tammelin et al. (2017), with the bottom samples (empty circles) plotted passively on top of the ordination. Basin characteristics (blue arrows with dotted lines) and

modern catchment land use (green arrows with dashed lines) were added into the ordination as supplementary variables. (B) The pre- to post-human disturbance

(bottom to top) trajectories of the sampling sites with squares representing the lower bottom samples and arrowheads the surface sediment samples. The Iisalmi

Route sites are marked with solid arrow lines and filled squares and the sites in the adjacent watercourses with dotted arrow lines and empty squares. (C) The top

sample diatom taxa (empty circles) with maximum abundances over 5% in the bottom and top samples. The names of the diatom taxa encircled in the center of the

ordination are given in the boxes. One small naviculoid species was excluded from the figure as it plotted far from the other taxa in the top right corner of the

ordination. See Table 1 for the names and locations of the sampling sites (numbers) and Tammelin et al. (2017) for the description of the modern training set data.
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The grain-size variation of tills (deposited by the retreating
glacier) seems to control the spatial variation in the natural
trophic states of boreal lakes in central and eastern Finland.
The pre-disturbance DI-TPs of the eutrophic Iisalmi Route
lakes (Figure 4C) are considerably higher than those in the till-
dominated catchments to the southeast of our study area (DI-TP
median 9 µg l−1; Miettinen et al., 2005). The eutrophic lakes are
located on a wedge-shaped belt of fine-grained (clayey/silty) till
that stretches from the Bothnian Bay into our study area in the
northwest-southeast direction (Tammelin et al., 2017). This fine-
grained till deposited under passive ice between actively flowing
ice lobes whose meltwaters washed away the finer fractions
leaving behind coarse-grained sandy-gravelly till (Lintinen, 1995;
Punkari, 1997; Lunkka et al., 2004). Vivianite has been found
in the fine-grained tills as water flows slowly through them
dissolving nutrients and precipitating phosphorus in the pore
spaces of the sediment (Kukkonen and Sahala, 1988). According
to Lintinen (1995), several studies imply that the fine-grained
till unit overlies a fines-poor basal till with possible interglacial
deposits between them. Consequently, the fines fraction of the
upper till most likely consists of fines-rich material that was
deposited by rivers in the sedimentation basin of the Gulf of
Bothnia during ice-free periods (Lintinen, 1995). The geological
history of the region thus not only affects the grain size
characteristics of the tills but also the provenance of the materials
the till is composed of.

In addition to the genetic type of till, clay deposits influence
the trophic state variation of central-eastern Finnish lakes
according to the positive correlation between pre-disturbance
DI-TP and catchment clay percentage (see also Figure 6). The
eutrophic lakes of the Iisalmi Route have similar pre-disturbance
diatom assemblages (Figure 3) and DI-TPs (Figure 4C) than
the naturally eutrophic southern Finnish lakes on clayey coastal
catchments (DI-TP median 35–40 µg l−1; Räsänen et al., 2006).
The extensive clay deposits in southern Finland accumulated
in the Baltic Basin during its past developmental stages and
later emerged from under sea-water due to glacio-isostatic land
uplift (Tikkanen, 2002b). In contrast, the smaller clay deposits
of interior Finland accumulated on the bottom of large lake
systems that developed after deglaciation, such as the Ancient
Lake Saimaa in our study area. Despite these differences, the
effects of these fine-grained soils on lake water quality appear to
be similar.

Besides surficial catchment geology, basin morphology
appears to have an effect on the lake nutrient status already
in the pre-disturbance conditions (Figure 7). Lakes with the
highest pre-disturbance TP concentrations are shallower and
have shorter water residence times and higher DBA/LV and
DBA/LA ratios than the nutrient-poor lakes. Shallow lakes are
known to have proportionally higher loadings and lower losses
of nutrients than deep lakes (Wetzel, 2001). Naturally eutrophic,
shallow lakes have been found, for example, in the Canadian
Boreal Plain where similar correlations between lake water TP
and water residence time (negative) and DBA/LV (positive) have
also been observed (Prepas et al., 2001; Bayley et al., 2007).
Correspondingly, positive correlations between the extent of
wetlands and modern lake water TP or TP export have been

reported in the relatively undisturbed lakes of the Boreal Plain
and Boreal Shield ecozones of Canada (Dillon and Molot, 1997;
Prepas et al., 2001), although contrary observations also exist
(Sass et al., 2008).

Crystalline bedrock could be another possible driver
of ecosystem phosphorus status because mafic (iron-rich)
rocks have often higher phosphorus concentrations than
felsic (silica-rich) rocks (Porder and Ramachandran, 2013).
According to Porder and Ramachandran (2013), alkali-rich
mafic and intermediate rocks have particularly high phosphorus
concentrations, while in sedimentary rocks the concentration
decreases as grain size increases. The sheared Savo Belt contains
mafic metasedimentary and volcanic rocks and could, therefore,
be a potential source of phosphorus to some of the studied lakes.
However, bedrock outcrops are scarce in the study area and the
distribution of nutrient-rich mafic and intermediate rocks does
not seem to correspond to that of the eutrophic lakes based on
the bedrock map (Figure 1).

Pre- to Post-human Disturbance Change
Our results suggest that clear biological, chemical, and physical
pre- to post-human disturbance changes have occurred in
the studied lakes and their intensity varies spatially. Shallow,
naturally eutrophic lakes with short water residence times
and high DBA/LA and DBA/LV ratios, located on catchments
characterized by fine-grained sediments and peat, have recorded
the most prominent transitions (Figures 4, 7, Table 2). In
contrast, deeper naturally eutrophic lakes seem to have been
better able to retain their pre-disturbance conditions under
anthropogenic forcing. The basins located higher in the chain
of lakes most likely reduce loading to the lower lakes as
nutrients, EC, and color correlate negatively with the catchment
water percentage. Nutrient-poor lakes on coarse-grained till
catchments show similar stability in their water quality but
they have probably experienced milder anthropogenic forcing as
agricultural activities are concentrated on the clayey and fine-
grained till catchments. The geomorphic setting, hydrological
catchment connectivity, and morphology of a lake affect its
responses to catchment disturbances resulting in lakes located
on fine-textured landforms being more sensitive to disturbances
than those on coarse-textured ones (Anderson, 2014; Boeff et al.,
2016; Plach et al., 2016). Shallow lakes often show earlier and
more pronounced responses than deeper lakes due to their
sensitivity to catchment disturbances (Dearing and Jones, 2003;
Hargan et al., 2016; Smol, 2016; Dubois et al., 2017).

Our results suggest cultural eutrophication (increased TP
and TN), salinization (increased EC), alkalinization (increased
pH), and/or brownification (increased color) in many of the
study lakes (Figures 4,7). The positive correlations between
present-day lake water quality and catchment percentages of
agriculture and infrastructure propose agriculture as the driving
factor behind cultural eutrophication, while both agriculture and
urbanization seem to be behind the salinization of the lake
waters. A similar comparison in Minnesota resulted in 50%
of urban lakes displaying chloride increase and 30% of urban
and agricultural lakes TP increase since the early nineteenth
century due to nutrient runoff and road salting (Ramstack et al.,
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2004). Recently, continental-scale salinization and alkalinization
of fresh headwaters have been observed in humid, low salinity,
and alkalinity regions across Northern America as a result of
salt pollution from road de-icing, agriculture, and wastewater,
together with human-accelerated weathering of natural and
anthropogenic materials (Dugan et al., 2017; Kaushal et al.,
2018). In our study area, the lakes located near the main road
running along the esker system and showing an increase in the
abundance of D. tenuis, such as Lake Kirmanjärvi (#13), Lake
Siilinjärvi (#38), and Lake Pöljänjärvi (#33), are presumably the
most vulnerable to road de-icing (Tammelin et al., 2017). Lake
brownification (increased dissolved organic carbon, DOC) in
the Northern Hemisphere since the 1990s has, in turn, been
associated with the recovery from atmospheric acid deposition
and climate change (Montleith et al., 2007; Weyhenmeyer and
Karlsson, 2009; Brown et al., 2017).

Eutrophication and climate change are particularly difficult
to distinguish when dealing with small and shallow lakes,
because of their similar influences on lake ecology (Dong et al.,
2012; Davidson and Jeppesen, 2013; Jeppesen et al., 2014). The
diatom assemblage change in the central-eastern Finnish lakes
(Figure 3), apart from A. ambigua, resembles the Aulacoseira
and Fragilaria to Cyclotella shift recorded across the Northern
Hemisphere and often associated with warming climate (Rühland
et al., 2008; 2015). The mean temperature in Finland has risen
by more than 2 ◦C since the mid-nineteenth century and
ice cover duration has shortened by ∼2 weeks (Korhonen,
2006; Mikkonen et al., 2015). These changes induce increased
thermal stratification and, thus, favor small-celled cyclotelloids
instead of the heavier Aulacoseira taxa (Rühland et al., 2015).
However, almost 40% of the lakes in North Savo are shallow
(average depth < 3m) and do not have permanent summer
stratification (Vallinkoski et al., 2016), although less ice cover
may also elicit similar species changes (Rühland et al., 2015).
In shallow lakes, climate change may also increase diversity
through new available habitats, while small, benthic fragilarioids
often decrease (Rühland et al., 2015). Brown et al. (2017)
emphasize the role of DOC and the complex interactions between
thermal structure, light, and nutrients behind the Aulacoseira
and Fragilaria to Cyclotella shift. It seems that small lakes with
high DOCmay be less sensitive to climate variability than clearer
lakes (Read and Rose, 2013). Therefore, the recent success of A.
ambigua could be related, for example, to the shallowness of the
lakes, nutrient enrichment, or changes in DOC. The increasing
abundances of elongate pennate diatoms have also been linked
with multiple stressors, including nutrient enrichment, increased
DOC, atmospheric nitrogen deposition, and warming climate
(Saros et al., 2005; Kissman et al., 2013; Rühland et al., 2015;
Sivarajah et al., 2016; Johnson et al., 2018).

Reliability of the Bottom Sample
Reconstructions
Magnetic susceptibility profiles appear to facilitate the useful
selection of pre-disturbance sampling depths before intensified
anthropogenic catchment erosion in central-eastern Finland
(Figure 2). Elevated magnetic susceptibility values have been

found to reflect increased accumulation of mineral material into
a lake and, thus, intensified catchment erosion (Sandgren and
Snowball, 2001). The elevated values occurred mainly within
the topmost 60 cm of the studied sediment cores, which is
in agreement with previous studies of similar setups. Räsänen
et al. (2006), for instance, considered the depth of 60 cm as
a minimum for the pre-disturbance conditions of naturally
eutrophic southern Finnish lakes estimating that these bottom
samples would represent the early nineteenth century at the
latest. Miettinen et al. (2005) assumed 30 cm sufficient for
reaching the background conditions of oligotrophic eastern
Finnish lakes, and used 1m for eutrophic lakes assuming higher
sediment accumulation rates in these basins. Furthermore, the
trends in magnetic susceptibility, with higher values toward the
core top, were consistent among our study lakes suggesting that
sediment mixing is not a considerable problem in the shallower
basins.

Selecting the bottom samples based on the magnetic
susceptibility profiles allows one to take into account differences
in lake and catchment histories but results in varying age
for the pre-disturbance samples among the studied lakes.
However, previous paleolimnological studies suggest that the
most notable limnological changes in the central-eastern Finnish
lakes took place during the late nineteenth and twentieth
century (including possible recoveries due to lake management)
and, thus, the bottom-to-top sample pairs of this study
likely catch these changes sufficiently. An increase in the
sedimentary mineral content has been observed in eastern
Finnish lakes since the early 1800s (Taavitsainen et al., 1998),
but modern agriculture with permanent fields replaced slash-
and-burn cultivation in our study area as late as in the
turn of the nineteenth and twentieth centuries (Soininen,
1974). Major anthropogenic water quality and ecosystem
changes, such as those related to cultural eutrophication,
acidification, and warming climate, have taken place from
the mid-nineteenth century onwards (Rühland et al., 2008;
Battarbee et al., 2011), while the most intensive acceleration in
sediment accumulation rate has occurred in shallow, low-altitude
European lakes only after the mid-twentieth century (Rose et al.,
2011).

Paleoecological inferences should be considered as qualitative
guidelines instead of values with known precision and emphasis
should be placed on trends instead of single values (Juggins
et al., 2013; Whitmore et al., 2015). Therefore, the pre-
disturbance nutrient gradient and the spatial distribution of
naturally eutrophic lakes are the most relevant results of this
study rather than the exact DI-TP values of single lakes. Transfer
functions simplify the complex relationship between lake biota
and interlinked environmental factors into a single variable of
interest (Juggins et al., 2013). Due to this complexity, transfer
functions often suffer from secondary environmental gradients
that confound the primary gradient of interest, taxa that might
not be related to changes in the primary gradient, and poor
replicability because of the spatially and temporally varying
relationship between the primary and secondary gradients
(Juggins, 2013; Juggins et al., 2013;Whitmore et al., 2015). Hence,
causal ecological determinants should be reconstructed instead
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of variables acting as surrogates for complex, underlying factors,
and reconstructions should always be carefully interpreted
(Juggins, 2013). In order to reduce the uncertainty related
to single values, we analyzed two bottom samples from each
lake. The similar diatom assemblages and DI-TPs of these
two samples (Figures 3, 4C) as well as the three simple
percentage measures (Figure 5) suggest relatively reliable DI-
TP reconstructions for most of the bottom samples, with the
anomalous Lake Suo-Valkeinen (#42) being the most notable
exception.

CONCLUSIONS

The spatial examination of pre- and post-human disturbance
diatom assemblages and diatom-inferred water quality of 48
lakes (51 sampling sites) in central-eastern Finland revealed
that naturally eutrophic lakes are more common in glaciated,
boreal environments than previously thought. Our results show
that naturally eutrophic lakes exist on catchments characterized
by fine-grained and organic sediments, including fine-grained
till. This further emphasizes the importance of the previously
overlooked matter of till grain-size variation as a driver
behind the spatial variation in the natural trophic states of
boreal lakes. Another significant natural factor seems to be
the location of the lake in the hydrologic landscape and its
connectivity to groundwater either through shallow flow systems
and wetlands or via larger flow systems. Furthermore, the
morphology of a lake appears to be important in controlling
its sensitivity to anthropogenic forcing as shallow, naturally
eutrophic (> 35µg l−1) lakes with short water residence times
have been less able to resist human disturbance than deeper lakes
with long water residence times.

Our results indicate that cultural eutrophication is not the
only water protection challenge for the relatively remote and
dilute boreal lakes, but salinization and alkalinization are also
serious threats that should be taken into account. These findings
reinforce the recent worrisome evidence of continental-scale
salinization and alkalinization of freshwaters in humid, low
salinity, and low alkalinity regions across Northern America.
However, separating the effects of single drivers, such as land
use and climate change, behind the ecosystem and water quality
responses is challenging due to complex interactions. In order
to achieve efficient water protection, it is crucial to consider the
notable variation in the natural conditions of boreal lakes in
addition to mitigating the effects of anthropogenic forcing, such
as nutrient loading, catchment erosion, salt pollution, and climate
change.
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