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Genetic data from algae
sedimentary DNA reflect the
influence of environment over
geography
Kathleen R. Stoof-Leichsenring1, Ulrike Herzschuh1,4,*, Luidmila A. Pestryakova3,
Juliane Klemm1, Laura S. Epp1 & Ralph Tiedemann2,*
Genetic investigations on eukaryotic plankton confirmed the existence of modern biogeographic
patterns, but analyses of palaeoecological data exploring the temporal variability of these patterns
have rarely been presented. Ancient sedimentary DNA proved suitable for investigations of past
assemblage turnover in the course of environmental change, but genetic relatedness of the identified
lineages has not yet been undertaken. Here, we investigate the relatedness of diatom lineages
in Siberian lakes along environmental gradients (i.e. across treeline transects), over geographic
distance and through time (i.e. the last 7000 years) using modern and ancient sedimentary DNA.
Our results indicate that closely-related Staurosira lineages occur in similar environments and lessrelated lineages in dissimilar environments, in our case different vegetation and co-varying climatic
and limnic variables across treeline transects. Thus our study reveals that environmental conditions
rather than geographic distance is reflected by diatom-relatedness patterns in space and time. We
tentatively speculate that the detected relatedness pattern in Staurosira across the treeline could be
a result of adaptation to diverse environmental conditions across the arctic boreal treeline, however,
a geographically-driven divergence and subsequent repopulation of ecologically different habitats
might also be a potential explanation for the observed pattern.

DNA-based investigations have confirmed the existence of biogeographic patterns in eukaryotic microbes
with high dispersal potential and putatively cosmopolitan distribution1–3. The patterns detected are presumed to be established by geographic constraints, environmental conditions3–5, or a coupling of variables. The underlying processes that initiate, distribute and maintain diversity are usually inferred based
on the analyses of recent spatial data6. Information from the past is rarely available, but its inclusion
can help to understand the established local to global biogeographic patterns7–11. Indeed, the analyses of
taxonomic turnover through historical environmental changes at a single location would be appropriate
to test the influence of ecological factors regardless of geographic constraints. Ancient DNA studies
on environmental samples can directly address past genetic diversity, and investigate taxonomic turnover in a single locality in relation to environmental change12–15. Beyond unravelling past genetic diversity, the use of phylogenetic informative markers can facilitate the analysis of evolutionary relatedness
between lineages extracted from (old) environmental DNA15,16. Until now, the combination of ancient
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environmental DNA and the analysis of evolutionary relationships between closely-related lineages has
not been considered in the context of biogeographic patterns in eukaryotic microbes.
Ecotones—ecological transitional zones along a steep environmental gradient—are predestined to
disentangle geographically- and/or ecologically-driven processes17. The boreal treeline is one of the most
extensively investigated ecotones characterized by a gradual change of vegetation from treeless tundra to
forests, which are, in Siberia, solely formed of larch trees (Larix sp.). Temporal changes of the treeline on
millennial timescales are well documented and reflected in pollen analyses18,19. Generally, documented
changes in vegetation across the Siberian treeline can be considered as a proxy for related changing
variables, such as temperature and lake-water chemistry20, which in turn can affect aquatic communities
in the embedded waters, for example diatom species composition, such as has been observed in arctic
Lapland lakes21.
A prevalent and diverse group of diatoms in the abundant thermokarst lakes of the Siberian treeline
ecotone is Staurosira and related taxa22,23, and their spatial turnover is known to be correlated with changing environments across this ecotone16,20,24. Phylogenetic relationships within this group have recently
been reassessed using molecular genetic data, and due to a strong evolutionary relationship between
the morphologically similar genera Staurosira, Staurosirella and Pseudostaurosira, a taxonomic integration into a single genus Staurosira has been suggested25. Taxonomic assignment using DNA sequences
is currently becoming more widespread, and the plastid gene of the large subunit of the 1,5 bisphosphate carboxylase/oxygenase (rbcL) has proven to be particularly suitable for detecting both intra- and
inter-specific variants and cryptic speciation in diverse diatom genera17,26. Environmental DNA analysis27 offers the possibility of retrieving genetic data directly from environmental samples15,16,28,29, but
the degraded nature of DNA restricts the analysis to fragments of short length and markers present in
multiple copies, e.g., plastid genes30,31. A short fragment of the rbcL marker has proven useful for analyses of environmental samples, such as sedimentary DNA (sedDNA)15,16. In a previous study, this marker
deciphered intra/interspecific diversity and the evolutionary relationships of Staurosira lineages across
the treeline ecotone16.
Here, we investigate the spatial distribution and the evolutionary relationships of modern Staurosira
lineages from lakes along three transects across the vegetation gradient of the Siberian treeline.
Furthermore, we assess the temporal changes of Staurosira lineages and their evolutionary relationships in a sediment core through periods of historical vegetation change at the treeline. The temporal
approach offers a way to investigate lineages’ turnover (in terms of assemblage and relatedness of lineages) through environmental changes regardless of the influence of geographic distance. Our survey
uses a molecular group-specific genetic approach on modern and ancient sedDNA, further supported by
microscopic inspection to investigate the mechanisms (environment or geography) responsible for local
biogeographic and temporal patterns in diatoms across the treeline. Similar to phylogenetic community analyses in plant species32,33, our approach tests for the evolutionary relatedness of diatom lineages
detected across the treeline and through time in order to distinguish between environmentally- and
geographically-driven distribution patterns.
We hypothesize that if the biogeographic pattern in closely-related lineages of Staurosira is driven by
geographic distance, we would expect to see a higher degree of relatedness among Staurosira lineages
within geographic areas, and would not expect changes within a single sediment core through times of
environmental change. If the establishment is linked to environmental change, rather than to geographic
constraints, we would expect to see a high degree of relatedness among Staurosira lineages within similar
vegetation types, and this association should be stable through time. We would therefore expect to see
a turnover in Staurosira lineages contemporaneous with environmental change in the dynamic treeline
area.

Results

Localities. The geographic positions of the surveyed lakes across the Siberian treeline and the coring
locality are mapped in Fig. 1. Their physical and hydrochemical characteristics and vegetation-based
parameters are given in Table 1.

Primer specificity and genetic diversity. The in silico PCR approach revealed a high specificity to
diatoms for rbcL_194 and rbcL_76 primers, as about 90% of the in silico amplificates were diatoms. The
in silico PCR for the nested primer pairs (rbcL_191 and rbcL_67) indicated less specificity to diatoms
(50 to 70% of in silico amplified sequences were diatoms) (Supplementary Table S2). Primers amplifying
the rbcL_194 and rbcL_191 fragments were specifically designed for Staurosira species and all known
sequences of these taxa were among the in silico products. In vitro amplifications revealed that 74% of
all obtained sequences types (= 83% of all clones) were assigned to the targeted taxa. According to the
guidelines of our verification protocol, we considered 23 sequence types belonging to Staurosira lineages
as being authentic (from a total of 333 clones). These lineages were numbered from one to twenty-three
(191_01 to 191_23). Primer combinations for the shorter rbcL fragments, rbcL_76 and rbcL_67, were
designed for the amplification of various diatom species and proved to be successful markers for core
sediment applications15,16. To compare Staurosira lineages resulting from surface and core samples, we
shortened the sequences of the 191_01–23 lineages to the length of rbcL_67 amplicon and thus created a rbcL_a67 dataset consisting of 14 lineages (a67_01–14) (Supplementary Table S3). From twenty
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Figure 1. Study area in Siberia, Northern Russia. Black dots indicate the sampling sites of surface
sediments and the red triangle indicates the position of the sediment core 11-CH-12A. This map was created
with Esri Arc GIS Version 10.2.

cored sediments samples, we sequenced 939 clones and identified 39 different diatom-specific rbcL_67
sequences, whereof 13 (583 clones) were assigned to Staurosira lineages and numbered from c67_01 to
c67_07 and c67_15 to c67_20. The first seven rbcL_a67 and rbcL_c67 lineages are identical. All subsequent analyses were performed with three defined Staurosira datasets (191_01–23; a67_01–14; c67_01–07
and c67_15–20). All taxonomic identifications are based on nucleotide BLAST search. BLAST results
for the defined datasets containing accession number, taxa name and sequence identities are given in
Supplementary Table S4.

Phylogenetic inferences. Phylogenetic trees for both datasets (rbcL_a67/c67 (Fig. 2) and rbcL_191

(Supplementary Fig. S2a)) indicate a clear separation of fragilarioid lineages, splitting monophyletic clades of Fragilaria sensu stricto (Fragilaria sp.) and Synedra from the Staurosira/Staurosirella/
Pseudostaurosira cluster. This cluster is called “Staurosira” and contains two major clades, one clade that
includes our Staurosira lineages obtained from Siberian lakes and lineages of Staurosira, Staurosirella,
Pseudostaurosira and Punctastriata obtained from Lake Constance, Germany. The second clade consists of Pseudostaurosira isolates from Lake Constance, and a Staurosirella pinnata strain (HQ912484)
of marine origin (North Atlantic). Additionally, we used haplotype networks of rbcL_191 and rbcL_67
lineages to gain a higher resolution of relationships within the Staurosira group. These networks provide
information about the occurrence of Siberian Staurosira lineages in the four vegetation types (Fig. 3 and
Supplementary Fig. S2b). The mean nucleotide distance between the rbcL_67 lineages is 3.4 substitutions
out of 67 nucleotides (5%) and the maximum nucleotide distance among lineages is six polymorphisms
(9.8%). rbcL_191 lineages have on average 7.4 (3.9%) and at maximum 15 (7.8%) nucleotide differences.

Genetic data vs. environmental variables. NMDS analyses indicate a stronger correlation
between modern rbcL_a67 and rbcL_191 lineages and vegetation than geographic distance (transects)
(Supplementary Fig. S3). Stress values are relatively low in both datasets indicating that multidimensional
data can be plotted in a two-dimensional graph, because only a few environmental variables explain
the variation in the datasets. RDA results show a significant correlation between lineages’ occurrence
and vegetation whereas geographic distance (transects) shows no significant correlation with the data
(Supplementary Table S5).
We defined the evolutionary relatedness between the lineages using patristic distances and used
dbRDA to test for a correlation between lineages’ evolutionary relatedness and vegetation, and similarly
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Lakes
09-Tik-05

Latitude
(°E)

Longitude
(°N)

Size
(ha)

Depth
(m)

Secchi
depth
(m)

pH

Conductivity
(μS/cm)

71.294

125.550

0.160

5.0

2.5

7.00

67.0

34.3

−

HCO3
(mg/l)

LAI
median

Larix
pollen
(%)

Vegetation type

1.260

1.75

arctic tundra

09-Tik-08

72.245

125.630

0.480

2.9

1.0

6.70

32.0

15.7

0.796

0.54

arctic tundra

09-Tik-09

70.698

125.074

0.640

6.3

1.6

6.20

14.0

5.0

1.238

2.88

light northern taiga

09-Tik-13

69.405

123.828

0.640

2.5

1.0

7.23

27.0

17.8

1.412

4.47

light northern taiga

09-Tik-14

70.925

125.557

0.240

6.3

1.5

6.57

27.0

12.8

1.304

3.53

light northern taiga

07-SA-26

72.320

111.189

0.160

6.8

4.5

7.32

30.0

16.2

1.118

2.62

arctic tundra

07-SA-31

72.071

111.118

0.023

6.9

1.8

7.15

20.0

7.0

1.122

4.41

single-tree tundra

07-SA-33

71.747

111.132

0.240

5.0

1.5

7.20

38.0

19.2

1.182

3.77

light northern taiga

11-CH-02

71.836

102.883

0.060

3.5

1.7

6.97

51.1

33.3

1.180

2.02

forest tundra

11-CH-06

70.667

97.716

0.045

4.8

2.5

6.42

35.3

23.0

1.510

1.94

light northern taiga

11-CH-09

70.670

97.716

0.020

4.8

3.0

5.09

43.2

24.7

1.510

2.97

light northern taiga
light northern taiga

11-CH-10

70.673

97.726

0.105

15.4

4.0

7.09

40.7

23.2

1.512

3.06

11-CH-11

70.901

97.649

0.030

19.7

4.7

6.24

47.2

30.1

1.432

1.29

single-tree tundra

11-CH-12

72.399

102.289

0.030

14.3

5.0

7.50

34.9

31.3

1.060

1.65

single-tree tundra

11-CH-13

72.380

102.281

0.012

11.1

3.7

6.31

80.1

49.9

1.058

1.65

single-tree tundra

11-CH-14

72.398

102.288

0.005

6.7

2.5

7.38

39.9

27.5

1.060

1.71

single-tree tundra

11-CH-15

72.403

102.261

0.045

4.1

2.0

6.90

45.6

23.6

1.060

2.97

single-tree tundra

11-CH-17

72.245

102.236

0.022

3.4

1.7

7.87

64.2

25.0

1.060

1.74

forest tundra

11-CH-18

72.307

102.375

0.045

4.8

1.3

8.02

59.0

32.0

1.062

5.42

forest tundra

11-CH-19

72.255

102.213

0.053

4.4

1.9

7.84

183.2

111.7

1.066

3.87

forest tundra

11-CH-20

72.258

102.216

0.045

2.7

1.7

7.92

68.3

41.8

1.064

2.58

forest tundra

0.045

5.0

1.9

7.09

40.7

24.7

1.122

2.62

Median
1st quartile

0.030

4.1

1.6

6.57

32.0

17.8

1.060

1.74

3rd quartile

0.160

6.8

3.0

7.38

59.0

32.0

1.304

3.53

Table 1. Physical and hydrochemical characteristics and vegetation-based parameters (leaf area index
(LAI), Larix sp. pollen percentage, vegetation type (arctic tundra; single-tree tundra; forest tundra; light
northern taiga) of the investigated lakes.

with geography. Both datasets reveal a significant correlation with vegetation, but no (or only very weak)
correlation with geography (Table 2). Accordingly, our results suggest that environmental variables, such
as vegetation, rather than geographic distance, mainly impact the spatial genetic structure in our dataset. A comparison of spatial and temporal data of rbcL_67 lineages identified in modern and past sediments gave additional support for this assumption. Seven (a67/c67_01 to a67/c67_07) lineages were
retrieved from both datasets, seven (a67_08 to a67_14) were detected only in modern sediments and
five lineages (c67_15 to c67_20) were obtained only from cored sediments. Lineages present in sediment
slices with a high Larix pollen percentage (> 5%, lower part of the core) are mostly identical or similar (only one to two nucleotide differences) to lineages found in modern forested lakes, e.g. a/c67_07,
a/c67_04, a67_04 and c67_17, a67_03/10 and c67_20. Lineages mainly retrieved from modern tundra
lakes (a67_08, a67_09) differed in only one to two nucleotides from c67_16, a lineage occurring only
at a very low Larix pollen percentage in the sediment core (Fig. 3). Moreover, dbRDA results show
significant correlations between the rbcl_c67 lineages’ evolutionary relatedness and Larix pollen in the
sediment core. This indicates that more closely-related Staurosira lineages occur in periods with similar
vegetation (Table 2 and Fig. 4).

Microscopic diatom analyses. Light-microscopic investigations on sediment core 11-CH-12A

provided morphological evidence of Staurosira species being present in the sediments investigated
genetically. The light-microscopic survey noted the presence of small benthic fragilarioids throughout the entire core, but dominant in the upper 40 cm of the core (up to 80% of all diatoms detected,
Supplementary Fig. S5). The dominant taxa (making up 33% of all diatom counts) within the fragilarioid
group are Staurosira construens, Staurosira venter, Staurosirella pinnata, and Pseudostaurosira sp. (comprising most dominantly Pseudostaurosira brevistriata and four rarely detected species Pseudostaurosira
elliptica, P. subsalina, P. parasitica, P. pseudoconstruens). Other fragilarioid species, namely Staurosira
bidens, Pseudostaurosira elliptica, and Staurosirella lapponica, occurred rarely and made up only 0.4% of
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Figure 2. Phylogenetic tree (Bayesian analysis, HKY + G model) based on rbcl_a67 and rbcl_c67 lineages
(this study) and thirteen further representatives of the Fragilariaceae family (GenBank) and a centric
diatom Cycotella choctawhatcheeana as outgroup.

all recorded diatoms. Within the fragilarioid species, Staurosirella pinnata and Staurosira venter dominate
throughout the core, whereas Staurosirella pinnata is predominant in the upper part and Staurosira venter
is predominant in the lower section.
The turnover of lineages along with vegetation change is also documented by morphologically identified Staurosira taxa that change from predominately Staurosira venter in the lower part of the core
Scientific Reports | 5:12924 | DOI: 10.1038/srep12924
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Figure 3. Haplotye network based on (A) rbcL_a67 lineages (surface sediment) and rbcL_c67 lineages
(core sediment; coloured grey if they were not present in the surface sediment dataset) and (B) rbcL_c67
lineages (core sediment) and rbcL_a67 (surface sediment; coloured grey if they were not present in the core
sediment data set) and six GenBank entries (indicated by a star: HQ828192 Staurosirella martyi, HQ828193
Staurosira elliptica, HQ828196 Staurosirella sp., HQ828198 Pseudostaurosira sp., HQ828199 Punctastriata sp.,
HQ828194 Staurosira construens) that clustered within the group of Siberian lineages (see Fig. 2). Coloured
symbols show the proportion of each haplotype in the four vegetation types (A) or the Larix pollen affinity,
which is defined by the mean Larix pollen percentage at which each lineage occurs (B) (see legend). Dots
indicate missing haplotypes.

Data

Explanatory set

Forward selection

R2

adR2

P

Testing the correlation between lineages’ phylogenetic distance vs. lineages’ transect affinity or lineages’ vegetation type affinity
rbcl_67 phylog. distance

Lineages’ transect affinity

CH affinity

18.4%

11.6%

0.053

Lineages’ vegetation type affinity

Tundra & single tree
tundra affinity

40.3%

29.4%

0.01*

rbcL _191 phylog. distance

Lineages’ transect affinity

SA affinity

7.3%

2.8%

0.196

rbcL _191 phylog. distance

Lineages’ vegetation type affinity

Single tree tundra affinity

14.6%

10.5%

0.014*

22.2%

15.2%

0.001*

rbcl_67 phylog. distance

Testing the correlation between lineages’ nucleotide sequences vs. lineages’ Larix pollen affinity
rbcL _c67 phylog. distance

Lineages’ Larix pollen affinity

Larix pollen affinity

Table 2. Distance-based redundancy analyses results. *Statistically significant P values (P <  0.05).

characterized by a high Larix pollen percentage to a dominance of Staurosirella pinnata in the upper
section with a low Larix pollen percentage (Supplementary Fig. S5).
These temporal changes were also detected with SEM inspections (Supplementary Fig. S5). Using
SEM we selectively identified the following fragilarioid taxa: Pseudostaurosira sp., P. pseudoconstruens,
Staurosira venter form 1 and 2 and Staurosirella pinnata form 1 and 2 (Supplementary Fig. S6). The two
forms of S. venter and S. pinnata co-occur in most samples, and along with the light-microscopy inspection, we identified a dominance of S. pinnata in the upper part, whereas S. venter is predominant in the
lower section. However, genetic and microscopic assessments are partially different regarding the diversity
Scientific Reports | 5:12924 | DOI: 10.1038/srep12924
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Figure 4. Down-core variations (11-CH-12A): Calibrated 14C ages, core depth in cm, relative frequencies
of the rbcl_c67 lineages (black arrows indicate the genetically analysed core samples) and Larix pollen
percentage (data square-root transformed) of all terrestrial pollen grains. Lineages are grouped according
Larix pollen affinity.

in fragilarioid taxa. These differences are due to the limitation of genetic reference data, the resolution
of the applied genetic marker, and the potential filtering of the applied genetic approach, as the different steps, i.e., DNA isolation, PCR and cloning, may selectively enrich the targeted and most dominant
DNA in the investigated samples. Nonetheless, the general turnover in Staurosira taxa/lineages over the
last 7000 years was detected with both microscopic and genetic methods. Higher diversity (intraspecific
variation) and insight into the evolutionary relationships between the different closely-related Staurosira
lineages were only facilitated by the genetic approach.

Discussion

Microscopic studies of modern diatom assemblages revealed a strong community turnover across the
Siberian treeline ecotone20. Environmentally related turnover in Staurosira taxa is also displayed throughout Holocene deposits recovered from a Siberian lake22. Our genetic study confirms this discovery as we
detected a significant correlation between the occurrence of Staurosira lineages and vegetation type in
modern samples, and temporal variation of Staurosira lineages, also supported by microscopic inspections, matching vegetation change identified in core sediments.
Phylogenetic studies applying rbcL as a genetic marker have been used to identify diatom taxa and
revealed interspecific and intraspecific variants among morphologically similar types originating from
different habitats34,35. The genetic determination of diatom taxa facilitated the detection of biogeographic
patterns in diatoms36,37, which were not detectable with traditional morphological surveys26. Our data
indicate a high genetic diversity displayed in intra/inter-specific variation in Staurosira that correlates
strongly with environmental variables and very weakly with geographic patterns (Supplementary Fig. S3,
Table S5), but these variables, as found in other diatom studies, cannot be easily separated3. Additional
investigations on historical patterns can help to disentangle both variables, but often this information
is not available9,36. We achieved this by including historical genetic information from a sediment core
(covering the last 7000 years) from a single locality that has experienced profound shifts in ecological
conditions, which are similar to those seen in geographical space today. Using ancient sedimentary DNA
we directly analysed past diversity in Staurosira lineages from different sediment horizons. Some of the
ancient lineages obtained from our data are identical to lineages detected in recent sediments, but other
unique lineages also occurred, which might indicate differentiation within the sampled lake. In this way,
studies on ancient DNA from sedimentary deposits can go beyond classical palaeoecological studies,
as they offer the opportunity to track temporal changes of intra/inter-specific lineages (high taxonomic
resolution) within aquatic habitats14,15,38, which remain undetectable using microscopic methods.
Beyond unveiling hidden diversity in modern and past diatom communities, our study focussed on
the investigation of evolutionary relationships between the Staurosira lineages. In modern sediments
we detected more closely-related lineages occurring in similar vegetation types and less closely-related
lineages present in different vegetation types. In core sediments from a single location, lineages present
in similar vegetation (as indicated by Larix pollen percentages) were more closely related than those
occurring in periods with dissimilar vegetation. Additionally, the comparison of modern and ancient
Staurosira lineages indicated that lineages that occurred in former forests are closely related to lineages
present in contemporary forests. Thus, the combination of modern and historical genetic data provides
evidence that environmental conditions, rather than geographic distances are shaping the relatedness
patterns of Staurosira lineages across the Siberian treeline and through the Holocene time period.
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Although our study does not point to where and when the original differentiation of Staurosira lineages occurred, we tentatively speculate that the differentiation of Staurosira lineages might have occurred
in the circum-Arctic, because Staurosira shows a very high abundance and diversity in this realm. We
speculate that the observed lineages relatedness pattern might be a result of the adaptation to diverse
environmental conditions across the arctic-boreal treeline (not necessarily in Siberia), which evolved
since the late Pliocene39. Furthermore, the observed lineages relatedness pattern might originate from
geographically-driven divergence and subsequent repopulation of ecologically different habitats. Such
geographically-driven processes are related to recurrent habitat disconnection such as that arsing in
the course of past glacial/interglacial climatic cycles36,40. For example, sea level rise separated the North
American and Asian continents during interglacial periods41.
To our knowledge, only one study exists that examines strong genetic and phenotypic differentiation
across the Siberian treeline, revealing a divergence among tundra and taiga wolf populations caused
by prey-habitat specialization42. This indicates that the (Siberian) treeline can function as an ecological boundary potentially providing a parapatric (speciation) setting with strikingly different ecological
conditions on either side, and potentially promoting divergent adaptation and – ultimately – speciation.
These evolutionary processes have been detected along ecological gradients in other locations43,44, but no
genetic study exists about diatoms in treeline ecotones.
In general, our implemented study design provides an opportunity to portray recent and past intra/
inter-specific genetic diversity and patterns of evolutionary relationships in minute eukaryotic organisms
sensitive to environmental change. Recent global warming propagates the northward extension of the
treeline45,46 and will probably lead to the extension of present and the formation of new water bodies. Such changes might create different environmental gradients and conditions across the treeline and
microbes in the embedded waters are putatively affected by these changes47. An extension of the applied
approach in terms of sampling area and genetic data, i.e. (meta)genomic approaches, could provide information about short-term biodiversity changes and insight into the differentiation of new genetic lineages
and speciation in eukaryotic microbes reflecting possible shifts in large-scale biogeographic patterns.

Methods

Sampling localities. Sediments and water samples were collected from twenty lakes along three

latitudinal transects in the northern lowlands of the federal subjects Yakutia (Sakha Republic) and
Krasnoyarsk Krai in Russia (Fig. 1 and Table 1). The localities cover the current treeline ecotone as they
range from Arctic tundra near the Laptev Sea coastline, to the forest–tundra and northern taiga forests
south–southeast of Taymyr peninsula, including lakes from the Khatanga (CH) region, belonging to
Krasnojarsk Krai, and lakes from the Saskylakh (SA) and Tiksi (Tik) regions in Yakutia. The investigated
areas are characterized by continuous ice-rich permafrost. The investigated lakes were mostly formed
by thermokarst processes and are freshwater, oligotrophic, shallow and small both in size and catchment area. The twenty investigated lakes were assigned to four defined vegetation types: arctic tundra,
single-tree tundra, forest-tundra and light northern taiga. These classifications are based on a vegetation
map for Yakutia48 and field observations. One to three centimetres of surface sediments were taken with
a grab sampler. We reduced cross-contamination between sediments by sampling the lakes on different
days and washing the sediment grab several times before sampling. The grab content was subsampled
and transferred into sterile Whirl-Pak plastic bags and transported from field to laboratory and stored
in the dark at 7°C at the Alfred Wegener Institute. For the genetic assessment, small quantities from each
sample were transferred with a sterile spatula into sterile Falcon tubes and stored at -20°C in the historic
DNA laboratory at the University of Potsdam for further processing. The sediment core (11-CH-12A)
with a length of about 132 cm and 8 cm in diameter was collected with a UWITEC coring system. The
core was taken unopened from field to laboratory (Alfred Wegener Institute), cut into two halves; one
half was sampled for pollen and diatom valve analysis and 14C dating material and the other half for DNA
and geochemical analyses. Diatoms were morphologically analysed on about 0.02 g of cored sediment
(Supplementary Methods). The second core half was sampled each centimetre and samples were taken
under a fume hood and with a sterile spatula, cleaned thoroughly with DNA-Exitus PlusTM and Ethanol
before and in-between each sampling. For DNA sampling the inner part of a sediment slice was again
sampled with a cleaned spatula, transferred to sterile tubes and mixed thoroughly with Queens Tissue
Buffer49 and stored in the dark at 10°C. Sampling was carried out in 2007, 2009 and 2011, during field
campaigns conducted by the Alfred Wegener Institute, Potsdam, in cooperation with the North-Eastern
Federal University of Yakutsk.

®

®

Sediment core chronology. In total, sixteen samples of the 11-CH12-A core were radiocarbon dated
(Supplementary Table S1) and thirteen of these dates were used to establish an age-depth model using
the Bacon package50 in the R software, where the calibrated ages are based on IntCal1351. According to
the established age-depth model the analysed core dates go back approximately to the mid Holocene
around 7000 Yr. BP (Supplementary Fig. S1). The calculated average sedimentation rate of 0.025 cm/Yr.
fits well to the recent sedimentation rate inferred from the 210Pb/137Cs dating (performed at University of
Liverpool) of a parallel short core of 0.03 cm/Yr. for the last 180 years (Supplementary Fig. S1).
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Pollen analysis. Relative Larix pollen frequency was obtained from results of pollen analyses that

were performed on 65 fossil sediment samples. Samples of 1.5 ml underwent standard procedures including treatments with HCL, KOH, HF, acetolysis, and mounting in glycerine. At least 500 terrestrial pollen
grains were counted in each sample at × 400 magnification.

Genetic assessment. All DNA isolations were conducted under a DNA-Isolation-UV-Hood placed
in a dedicated historic DNA laboratory at the University of Potsdam, physically separated from the
general genetic laboratories to prevent contamination by DNA from modern samples and PCR amplifications. Core sediment samples that were extracted for DNA are given in Fig. 4. PCRs were set up under
a Pre-PCR-UV-Hood placed in the historic DNA laboratory at the University of Potsdam. Amplicons,
rbcL_194 and rbcL_191, were produced using newly designed taxon-specific primers for the amplification of fragilarioid DNA from surface sediments. Shorter amplicons, rbcL_76 and rbcL_67, were targeted
by group-specific primers that amplify DNA from various diatom species15 and were used for core sediment amplifications. All primer pairs were analysed with regard to their taxonomic specificity using an
in silico PCR approach52 (Supplementary Table S2). All positive PCR products were cloned, and as many
positive clones as available were sequenced. For full details see Supplementary Methods.
We applied a stringent sequence verification protocol to exclude sequences derived from polymerase errors. Initial taxonomic assignment was performed using BLAST and phylogenetic relationships
using Bayesian inference. Haplotype networks and uncorrected nucleotide distances were computed for
sequences taxonomically belonging to Staurosira relatives only. These sequences were named Staurosira
lineages. For full details see Supplementary Methods. DNA sequences of Staurosira lineages retrieved
from sediment samples are deposited in PANGAEA (http://doi.pangaea.de/10.1594/PANGAEA.848399).
Ordination analysis. We performed non-metric multidimensional scaling (NMDS; with a Bray-Curtis

distance measure) to portray the major patterns of the occurrence of Staurosira lineages (i.e., presence/
absence data for rbcL_191 and rbcL_a67). Furthermore, we conducted redundancy analyses (RDA) to
investigate the correlation between the lineages’ occurrences and geographic distance (using dummy
variables for coding the lakes’ location in one of the three north‒south transects) and vegetation (using
dummy variables for coding the lake’s location in one of the four vegetation types). We describe the
biogeographic preference of each Staurosira lineage by calculating the transect affinity of each Staurosira
lineage, which is the mean relative frequency of each lineage in the three transects, corrected for the
number of lakes belonging to each transect. We describe the vegetation preference of each Staurosira
lineage by calculating the vegetation type affinity, which is the mean relative frequency of each lineage in the four vegetation types, corrected for the number of lakes belonging to each vegetation type.
Using distance-based RDA (dbRDA,) we then calculated the correlations between the lineages’ patristic distances (= pairwise distances between each pair of sequence type, which are based on the tree
branch lengths extracted from the Bayesian inference) and the lineages’ transect affinity (= pairwise
distances of lineages’ transect affinity) and the lineages’ vegetation type affinity (= pairwise distances
of lineages’ vegetation type). These tests were used to infer whether more closely-related lineages occur
preferentially within the same transect or vegetation types than distant lineages. A correlation between
the lineages’ patristic distances from the sediment core and past vegetation (defined by the Larix pollen
affinity, i.e. the mean relative Larix pollen percentage at which each rbcL_c67 sequence type occurred)
was performed to infer whether more closely related rbcL_c67 sequences occurred along with similar
past vegetation condition. All matrices used in the analyses were based on presence/absence data of the
obtained Staurosira lineages. For RDA and dbRDA we applied forward selection (p <  0.1) to identify the
final dummy variable set in each model. We neglected the relative frequencies of lineages because they
are only semi-quantitative as they may be strongly biased by PCR effects53 and depend on the number
of clones investigated. NMDS, RDA and dbRDA analyses were performed using R vegan package 1.17.

References

1. Kooistra, W. H. et al. Global diversity and biogeography of Skeletonema species (bacillariophyta). Protist. 159, 177–193 (2008).
2. Souffreau, C. et al. Molecular Evidence for Distinct Antarctic Lineages in the Cosmopolitan Terrestrial Diatoms Pinnularia
borealis and Hantzschia amphioxys. Protist. 164, 101–115 (2013).
3. Casteleyn, G. et al. Limits to gene flow in a cosmopolitan marine planktonic diatom. Proc. Natl. Acad. Sci. USA 107, 12952–12957
(2010).
4. de Vargas, C., Norris, R., Zaninetti, L., Gibb, S. W. & Pawlowski, J. Molecular evidence of cryptic speciation in planktonic
foraminifers and their relation to oceanic provinces. Proc. Natl. Acad. Sci. USA 96, 2864–2868 (1999).
5. Abarca, N., Jahn, R., Zimmermann, J. & Enke, N. Does the Cosmopolitan Diatom Gomphonema parvulum (Kützing) Kützing
Have a Biogeography? Plos One. 9, e86885 (2014).
6. Ragon, M., Fontaine, M. C., Moreira, D. & Lopez-Garcia, P. Different biogeographic patterns of prokaryotes and microbial
eukaryotes in epilithic biofilms. Mol. Ecol. 21, 3852–3868 (2012).
7. Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C. & Martiny, J. B. Beyond biogeographic patterns: processes shaping the
microbial landscape. Nat. Rev. Microbiol. 10, 497–506 (2012).
8. Beheregaray, L. B. & Caccone, A. Cryptic biodiversity in a changing world. J. Biol. 6, 9 (2007).
9. Vyverman, W. et al. Historical Processes constrain patterns in global diatom diversity. Ecology. 88, 1924–1931 (2007).
10. Martiny, J. B. H. et al. Microbial biogeography: putting microorganisms on the map. Nat. Rev. Microbiol. 4, 102–112 (2006).
11. Boo, S. M. et al. Complex phylogeographic patterns in the freshwater alga Synura provide new insights into ubiquity vs.
endemism in microbial eukaryotes. Mol. Ecol. 19, 4328–4338 (2010).

Scientific Reports | 5:12924 | DOI: 10.1038/srep12924

9

www.nature.com/scientificreports/
12. Coolen, M. J. et al. Evolution of the plankton paleome in the Black Sea from the Deglacial to Anthropocene. Proc Natl Acad Sci
USA 110, 8609–8614 (2013).
13. Coolen, M. J. L. et al. Combined DNA and lipid analyses of sediments reveal changes in Holocene haptophyte and diatom
populations in an Antarctic lake. Earth Planet Sc Lett 223, 225–239 (2004).
14. Härnström, K., Ellegaard, M., Andersen, T. J. & Godhe, A. Hundred years of genetic structure in a sediment revived diatom
population. Proc. Natl. Acad. Sci. USA 108, 4252–4257 (2011).
15. Stoof-Leichsenring, K. R., Epp, L. S., Trauth, M. H. & Tiedemann, R. Hidden diversity in diatoms of Kenyan Lake Naivasha: a
genetic approach detects temporal variation. Mol. Ecol. 21, 1918–1930 (2012).
16. Stoof-Leichsenring, K. et al. A combined paleolimnological/genetic analysis of diatoms reveals divergent evolutionary lineages
of Staurosira and Staurosirella (Bacillariophyta) in Siberian lake sediments along a latitudinal transect. J. Paleolimnol. 52, 77–93
(2014).
17. Vanormelingen, P., Evans, K. M., Chepurnov, V. A., Vyverman, W. & Mann, D. G. Molecular species discovery in the diatom
Sellaphora and its congruence with mating trials. Fottea. 13, 133–148 (2013).
18. Mackay, A. W. et al. Aquatic ecosystem responses to Holocene climate change and biome development in boreal, central Asia.
Quatern. Sci. Rev. 41, 119–131 (2012).
19. Klemm, J. et al. A pollen-climate transfer function from the tundra and taiga vegetation in Arctic Siberia and its applicability to
a Holocene record. Palaeogeogr., Palaeoclimatol., Palaeoecol. 386, 702–713 (2013).
20. Herzschuh, U. et al. Siberian larch forests and the ion content of thaw lakes form a geochemically functional entity. Nat. Commun.
4, 2408 (2013).
21. Weckström, J. & Korhola, A. Patterns in the distribution, composition and diversity of diatom assemblages in relation to
ecoclimatic factors in Arctic Lapland. J. Biogeogr. 28, 31–45 (2001).
22. Biskaborn, B. K., Herzschuh, U., Bolshiyanov, D., Savelieva, L. & Diekmann, B. Environmental variability in northeastern Siberia
during the last 13,300 yr inferred from lake diatoms and sediment-geochemical parameters. Palaeogeogr., Palaeoclimatol.,
Palaeoecol. 329, 22–36 (2012).
23. Pestryakova, L. A., Herzschuh, U., Wetterich, S. & Ulrich, M. Present-day variability and Holocene dynamics of permafrostaffected lakes in central Yakutia (Eastern Siberia) inferred from diatom records. Quatern. Sci. Rev. 51, 56–70 (2012).
24. Laing, T. E., M., Rühland, K. & Smol, J. P. Past environmental and climatic changes related to tree-line shifts inferred from fossil
diatoms from a lake near the Lena River Delta, Siberia. Holocene. 9, 547–557 (1999).
25. Medlin, L., Yang, I. & Sato, S. Evolution of the Diatoms. VII. Four gene Phylogeny assesses the validity of selected araphid genera.
Nova Hedwigia. 141, 505–513 (2012).
26. Kermarrec, L., Bouchez, A., Rimet, F. & Humbert, J.-F. First Evidence of the Existence of Semi-Cryptic Species and of a
Phylogeographic Structure in the Gomphonema parvulum (Kützing) Kützing Complex (Bacillariophyta). Protist. 164, 686–705
(2013).
27. Taberlet, P., Coissac, E., Hajibabaei, M. & Rieseberg, L. H. Environmental DNA. Mol. Ecol. 21, 1789–1793 (2012).
28. Kermarrec, L. et al. Next-generation sequencing to inventory taxonomic diversity in eukaryotic communities: a test for freshwater
diatoms. Mol. Ecol. Resour. 13, 607–619 (2013).
29. Kermarrec, L. et al. A Next-Generation Sequencing Approach to River Biomonitoring Using Benthic Diatoms. Freshw. Sci. 33,
349–363 (2014).
30. Taberlet, P. et al. Power and limitations of the chloroplast trnL (UAA) intron for plant DNA barcoding. Nucleic Acids Res 35, e14
(2007).
31. Jørgensen, T. et al. Islands in the ice: detecting past vegetation on Greenlandic nunataks using historical records and sedimentary
ancient DNA Meta-barcoding. Mol. Ecol. 21, 1980–1988 (2012).
32. Hardy, O. J., Couteron, P., Munoz, F., Ramesh, B. R. & Pélissier, R. Phylogenetic turnover in tropical tree communities: impact
of environmental filtering, biogeography and mesoclimatic niche conservatism. Global Ecol. Biogeogr. 21, 1007–1016 (2012).
33. Swenson, N. G. Phylogenetic Beta Diversity Metrics, Trait Evolution and Inferring the Functional Beta Diversity of Communities.
Plos One. 6, e21264 (2011).
34. Evans, K. M., Wortley, A. H. & Mann, D. G. An assessment of potential diatom “barcode” genes (cox1, rbcL, 18S and ITS rDNA)
and their effectiveness in determining relationships in Sellaphora (Bacillariophyta). Protist. 158, 349–364 (2007).
35. Evans, K. M., Wortley, A. H., Simpson, G. E., Chepurnov, V. A. & Mann, D. G. A molecular systematic approach to explore
diversity within the Sellaphora pupula species complex (Bacillariophyta). J. Phycol. 44, 215–231 (2008).
36. Evans, K. M. et al. Highly Differentiated Populations of the Freshwater Diatom Sellaphora capitata Suggest Limited Dispersal and
Opportunities for Allopatric Speciation. Protist. 160, 386–396 (2009).
37. Kaczmarska, I., Mather, L., Luddington, I. A., Muise, F. & Ehrman, J. M. Cryptic diversity in a cosmopolitan diatom known as
Asterionellopsis glacialis (Fragilariaceae): Implications for ecology, biogeography, and taxonomy. Am. J. Bot. 101, 267–286
(2014).
38. Epp, L. S., Stoof, K. R., Trauth, M. H. & Tiedemann, R. Historical genetics on a sediment core from a Kenyan lake: intraspecific
genotype turnover in a tropical rotifer is related to past environmental changes. J. Paleolimnol. 43, 939–954 (2010).
39. Andreev, A. A. et al. Late Pliocene and Early Pleistocene vegetation history of northeastern Russian Arctic inferred from the
Lake El’gygytgyn pollen record. Climate of the Past 10, 1017–1039 (2014).
40. Knowles, L. L., Carstens, B. C. & Keat Marcia L. Coupling Genetic and Ecological-Niche Models to Examine How Past Population
Distributions Contribute to Divergence. Curr. Biol. 17, 940–946 (2007).
41. Qian, H. & Ricklefs, R. E. Large-scale processes and the Asian bias in species diversity of temperate plants. Nature 407, 180–182
(2000).
42. Musiani, M. et al. Differentiation of tundra/taiga and boreal coniferous forest wolves: genetics, coat colour and association with
migratory caribou. Mol. Ecol. 16, 4149–4170 (2007).
43. Schilthuizen, M. Ecotone: speciation-prone. Trends Ecol. Evol. 15, 130–131 (2000).
44. Freedman, A. H., Thomassen, H. A., Buermann, W. & Smith, T. B. Genomic signals of diversification along ecological gradients
in a tropical lizard. Mol. Ecol. 19, 3773–3788 (2010).
45. Frost, G. V. & Epstein, H. E. Tall shrub and tree expansion in Siberian tundra ecotones since the 1960s. Glob. Change Biol. 20,
1264–1277 (2014).
46. MacDonald, G. M., Kremenetski, K. V. & Beilman, D. W. Climate change and the northern Russian treeline zone. Philos. T. Roy.
Soc. B. 363, 2285–2299 (2008).
47. Garcia-Pichel, F., Loza, V., Marusenko, Y., Mateo, P. & Potrafka, R. M. Temperature Drives the Continental-Scale Distribution of
Key Microbes in Topsoil Communities. Science. 340, 1574–1577 (2013).
48. Stone, T. A. & Schlesinger, P. Digitization of the map “Vegetation of the Soviet Union, 1990”. A Report to the Northeastern Forest
Experiment Station, USDA Forest Service. Global Change Research Program, Radnor, Pennsylvania (10 pp.). (1993).
49. Seutin, G., White, B. N. & Boag, P. T. Preservation of Avian Blood and Tissue Samples for DNA Analyses. Can. J. Zool. 69, 82–90
(1991).

Scientific Reports | 5:12924 | DOI: 10.1038/srep12924

10

www.nature.com/scientificreports/
50. Blaauw, M. & Christen, J. A. Flexible paleoclimate age–depth models using an autoregressive process. Bayesian Anal. 6, 457–474
(2011).
51. Reimer, P. J. et al. Intcal13 and marine13 radiocarbon age calibration curves 0–50,000 years cal BP. Radiocarbon 55, 1869–1887
(2013).
52. Ficetola, G. F. et al. An in silico approach for the evaluation of DNA barcodes. BMC Genet. 11, 434 (2010).
53. Chandler, D. P., Fredrickson, J. K. & Brockman, F. J. Effect of PCR template concentration on the composition and distribution
of total community 16S rDNA clone libraries. Mol. Ecol. 6, 475–482 (1997).

Acknowledgments

We thank Ilona Shäpan and Helga Kemnitz for help at the SEM at GFZ Potsdam. We thank Binia de
Cahsan for assistance at laboratory work and Cathy Jenks for editing the manuscript. We thank the
Ministry of Education and Science of the Russian Federation (project N184) for partial financial support.

Author Contributions

K.S.-L. and U.H. designed research; K.S.-L., L.P. and J.K. performed research; K.S.-L., U.H. and J.K.
analysed data; K.S.-L., U.H., L.E. wrote the paper. U.H. supervised the project and R.T. facilitated
laboratory work and contributed to the discussion.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Stoof-Leichsenring, K. R. et al. Genetic data from algae sedimentary DNA
reflect the influence of environment over geography. Sci. Rep. 5, 12924; doi: 10.1038/srep12924 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The
images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 5:12924 | DOI: 10.1038/srep12924

11

