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Abstract

The Paleogene succession of the Helmstedt Lignite Mining District in Northern Germany

includes coastal peat mire records from the latest Paleocene to the middle Eocene at the

southern edge of the Proto-North Sea. Therefore, it covers the different long- and short-term

climate perturbations of the Paleogene greenhouse. 56 samples from three individual sec-

tions of a lower Eocene seam in the record capture the typical succession of the vegetation

in a coastal wetland during a period that was not affected by climate perturbation. This

allows facies-dependent vegetational changes to be distinguished from those that were cli-

mate induced. Cluster analyses and NMDS of well-preserved palynomorph assemblages

reveal four successional stages in the vegetation during peat accumulation: (1) a coastal

vegetation, (2) an initial mire, (3) a transitional mire, and (4) a terminal mire. Biodiversity

measures show that plant diversity decreased significantly in the successive stages. The

highly diverse vegetation at the coast and in the adjacent initial mire was replaced by low

diversity communities adapted to wet acidic environments and nutrient deficiency. The paly-

nomorph assemblages are dominated by elements such as Alnus (Betulaceae) or Sphag-

num (Sphagnaceae). Typical tropical elements which are characteristic for the middle

Eocene part of the succession are missing. This indicates that a more warm-temperate cli-

mate prevailed in northwestern Germany during the early lower Eocene.

Introduction

The long-term warming trend of the early Paleogene greenhouse climate culminated in the

Early Eocene Climatic Optimum (EECO) between c. 52 and 50 Ma before present (BP) [1]. It

was interrupted by short-term warming events, the most prominent being the Paleocene-

Eocene Thermal Maximum (PETM or ETM-1, e.g., [2–4]), which is associated with rapid tem-

perature increases at the transition between the Paleocene and Eocene, which is estimated to

have lasted about 170 (± 30) kyr [5–7]. Other short-term events followed, such as the ETM-2

(c. 53.6 Ma BP [8, 9]) and the ETM-3 (X- or K-event; c. 52.5 Ma BP [10, 11]), but did not reach

the temperatures of the PETM.
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Germany. PLoS ONE 16(1): e0232861. https://doi.

org/10.1371/journal.pone.0232861

Editor: Borja Cascales-Miñana, CNRS-University of

Lille, FRANCE

Received: April 21, 2020

Accepted: December 8, 2020

Published: January 13, 2021

Copyright: © 2021 Lenz et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This study was supported by the

Deutsche Forschungsgemeinschaft in the form of a

grant (DFG LE 2376/4-1, https://www.dfg.de/)

awarded to OL. This study was also supported in

the form of funding by the Open Access Fund of

the Leibniz Association.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-0958-7982
https://doi.org/10.1371/journal.pone.0232861
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0232861&domain=pdf&date_stamp=2021-01-13
https://doi.org/10.1371/journal.pone.0232861
https://doi.org/10.1371/journal.pone.0232861
http://creativecommons.org/licenses/by/4.0/
https://www.dfg.de/


Recognition of these thermal events has originally been based on carbon isotope excursions

(CIE) observed in deep sea cores (e.g., [2, 8, 10, 12–15]) and considered to result from massive

release of light carbon (C13) to the atmosphere (e.g., [16, 17]). The effect of the subsequent

temperature increase on terrestrial environments has been debated and discussed with respect

to migration of biota and extinction of species mainly in the North American Continental

Interior. In particular the PETM was associated with large scale migrations of mammals

including new modern type taxa along open routes in the North American Continental Inte-

rior [18, 19]. But reports on corresponding effects of changes in vegetation are ambiguous, if

not controversial, and appear to vary considerably depending on regional or local conditions.

While species turnovers may have been more prevalent only in the tropics [20], a change from

a mesophytic to a more thermophilic flora has been noted in the Bighorn Basin, Wyoming,

USA [21]. In mid-latitude locations of Europe vegetation changes occurred essentially on a

quantitative basis depending on local conditions or in response to increased precipitation [22,

23]. Mainly based on macrofloras, two main vegetation belts have been distinguished for the

late Paleocene and Eocene of Europe, the Arctotertiary Flora of the Boreal Zone and the

Palaeotropical Flora of the Tethys Zone [24]. The Arctotertiary Flora was characterized by

“Taxodiaceae” (now belonging to Cupressaceae s.l.) and broadleaved deciduous angiosperms.

Central and Southern Europe belonged to the Tethys Zone and was mainly covered by ever-

green paratropical rainforests, reaching an optimum development with widespread mangroves

during the lower and middle Eocene [24, 25]. In addition to mangroves the well-known lower

Eocene London Clay flora includes a wealth of tropical and some temperate taxa [26]. Only

few macrofossils from the Helmstedt mining district have been studied in detail yet. But a

diverse microflora (“Bild der Helmstedter Unterflöze” [27]) has been regarded as characteristic

for the lower Eocene [28, 29] and considered to represent a warm temperate vegetation [30,

31, this paper]. In order to develop a more coherent picture of the effects of climate in general

and specifically thermal events on the early Eocene vegetation, additional case studies are

needed.

The sedimentary succession of the former Helmstedt Lignite Mining District, which

includes the mines at Schöningen, covers the entire Paleogene greenhouse phase and its grad-

ual demise from the latest Paleocene to the middle Eocene almost continuously in the Helm-

stedt Embayment at the southern edge of the Proto-North Sea [31–33]. This offers the unique

opportunity to trace the effects of all the long- and short-term climate perturbations on Paleo-

gene terrestrial ecosystems across more than 10 million years. The study is part of a current

project on changes in composition of the vegetation and plant diversity in the coastal environ-

ment of the Helmstedt Embayment across the EECO and its short-term perturbations such as

the PETM and ETM-2 by using pollen and spores as proxies.

A first set of isotope analyses from the lower part of the lower Eocene Schöningen Forma-

tion revealed a carbon isotope excursion (CIE) from the very top of Seam 1 to the middle of

Seam 2 including Interbed 2, indicating a warming event for this interval [34]. However, it is

important to note that Seam 1 has been deposited during a period without any perturbations

in climate and changes in vegetation were controlled by factors other than climate such as nat-

ural succession due to peat aggradation. Therefore, we selected Seam 1, for which three indi-

vidual sections were available from the Schöningen outcrops and studied them palynologically

including multivariate statistical analyses and biodiversity measures to determine more pre-

cisely the composition and variability of the regional flora unaffected by warming events. In

this way we expect to be able to better identify possible thermophilic elements which may have

invaded the area during warming events and to assess concomitant changes in diversity and

quantitative composition.
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The lignites of the Helmstedt Lignite Mining District, including Seam 1 at Schöningen, are

somewhat unique among European Eocene lignites in their close control by sea level dynamics

and floristically different from the better known and widespread younger Miocene lignites in

Europe. For images of the field situation at Schöningen we refer to [31, 35].

Geological setting

The Helmstedt Lignite Mining District is situated within the Paleogene Helmstedt Embay-

ment, which represented the mouth of an estuary opening towards the Proto-North Sea (Fig 1)

between major uplifts corresponding to the Harz Mountains to the South and the Flechtingen

Fig 1. Paleogeographic map of Northwestern Europe during the lower Eocene. The map shows the Helmstedt

Embayment at the southern edge of the Proto-North Sea (H) in relation to important middle Eocene fossil localities in

Germany, such as the Geiseltal (G), Messel (M), and Eckfeld (E); adapted from [34, 40].

https://doi.org/10.1371/journal.pone.0232861.g001
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Rise to the North [36]. The estuary extended far inland towards the area of Halle and Leipzig

(Leipzig Embayment [37, 38]). Due to the interaction between changes in sea level, salt with-

drawal in the subsurface and climate-related changes in runoff from the hinterland, the area of

Helmstedt and Schöningen was subject to frequent changes between marine and terrestrial

conditions, repeatedly leading to peat formation [31, 39].

Today, the Paleogene deposits of the Helmstedt Lignite Mining District are limited to two

marginal synclines accompanying the more than 70 km long salt wall of Helmstedt-Staßfurt

(Fig 2) [36, 41]. Both of the synclines are strongly asymmetric with steeply inclined strata dip-

ping away from a narrow core of Zechstein salt while they are gently dipping on the opposite

flanks. The influence of salt-withdrawal on sediment accumulation is indicated by the fact that

the maximum thickness of the two lignite bearing sequences and of the individual coal seams

moved towards the salt-wall with time [36, 41].

An approximately 400 m thick Paleogene succession in both synclines unconformably rests

upon Mesozoic sediments of Triassic and lower Jurassic age (Figs 2 and 3) [36, 42]. The posi-

tion of the lignites and two major marine transgressions in the sequence suggested a subdivi-

sion of the Paleogene strata from bottom to top in underlying sediments (now Waseberg

Formation), Lower Seam Group (now Schöningen Formation), Emmerstedt Greensand (now

Emmerstedt Formation), Upper Seam Group (now Helmstedt Formation) and overlying

marine strata (now Annenberg-, Gehlberg-, und Silberberg Formations) (Fig 2) [32, 43, 44].

The conventional age model (Fig 3) for the coal-bearing part of the Paleogene succession of

the Helmstedt Lignite Mining District is mainly based on scattered radiometric ages from

glauconites [43, 45] as well as biostratigraphic data from nannoplankton [43], dinocysts [45,

Fig 2. The regional setting of the Helmstedt Lignite Mining District. (A) Geologic structural map of the area between the major uplifts of the actual

Harz Mountains to the South and the Flechtingen Rise in the north (modified after [36]). The salt pillows and diapirs are not exposed at the surface, but

buried under Mesozoic and Cenozoic sedimentary rocks. The red frame marks the detail presented in (C) (B = Braunschweig, H = Helmstedt,

S = Schöningen, E = Egeln, St = Staßfurt). (B) Cross-section through the study area, showing the Helmstedt-Staßfurt salt wall and related synclines

(modified after [36]). (C) The former opencast mines Schöningen Nordfeld and Schöningen Südfeld east of Schöningen. The positions of the three

studied sections of Seam 1 are indicated. The map has been rendered with the software Maperitive using geodata from OpenStreetMap.

https://doi.org/10.1371/journal.pone.0232861.g002
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46] and palynomorphs [27, 28]. The data for the Schöningen, Emmerstedt and Helmstedt for-

mations were mostly derived from wells near Helmstedt in the eastern Syncline and have sim-

ply been transferred by lithologic correlation to both synclines in the rest of the area. They

suggest a lower Eocene (Ypresian) age for the Schöningen Formation and a middle Eocene

(Lutetian) age for the Helmstedt Formation.

More recent results on quantitative data for the dinoflagellate cyst genus Apectodinium and

carbon isotopes from the section at Schöningen in the western syncline indicate that the lower-

most part of the Schöningen Formation may still be of Paleocene age [31, 34]. Furthermore,

this age model appears consistent when the succession of seams at Schöningen is compared to

global changes in Paleogene sea-level and higher order cyclicity [31].

The Schöningen Formation as exposed in the opencast mine Schöningen-Südfeld (Fig 2) of

the western syncline has a thickness of about 155 m, including 9 almost continuous seams

(Main Seam and Seam 1 (this study) to Seam 9) and some additional seams of limited extent,

including Seam “L” and the “Sphagnum Seam” [31, 49]. The Emmerstedt Formation cannot be

identified at Schöningen since the characteristic greensand is missing.

Due to a lack of radiometric dates and relevant biostratigraphic information, the exact position

of both, the Paleocene-Eocene boundary and the Ypresian-Lutetian boundary still remain

unknown at Schöningen. The frequency of Apectodinium spp. just above Seam 1 in the western

syncline [31, 34] has been discussed as indicating the Paleocene-Eocene Thermal Maximum

Fig 3. Stratigraphic scheme of the Paleogene succession in the western and eastern syncline at Helmstedt and Schöningen. The age model for the succession is based

on K/Ar-ages [43, 45], nannoplankton zones [43], dinoflagellate zones [46] and palynological zones [27, 28]. Data for global changes in Paleogene sea-level [47] and

higher order orbital cyclicity (long eccentricity>589 kyr) [48] are used for a putative correlation to seams in the Schöningen Südfeld section. The asterisk points to the

stratigraphic position of the studied sections.

https://doi.org/10.1371/journal.pone.0232861.g003
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(PETM) (see [50–56]). However, the marker species of the PETM in open marine environments

A. augustum [50], now Axiodinium augustum [57], is not found among the countless Apectodi-
nium cysts above Seam 1 [34]. Furthermore, since Apectodinium acmes occur in marginal marine

areas in the North Sea basin also at other times during the early and middle Eocene [58] the dis-

tinct carbon isotope excursion (CIE) co-occurring with the Apectodinium acme in Interbed 2 can-

not unequivocally be related to the PETM and may point to another later warming event [34].

Thus, Seam 1, which is in the focus of our study, cannot be unambiguously dated at the moment.

Methods

Sampling and sample processing

Three sections of the 2.75 m to 3.75 m thick Seam 1 have been studied (Figs 2C and 4) in now

abandoned opencast mines in the western syncline at Schöningen. Access to the sections in

Fig 4. Lithological logs of the three studied sections of Seam 1. Section N is located in mine Schöningen Nordfeld, sections S1 and S2 are from mine

Schöningen Südfeld. Information on clastic sediment and lignite texture is based on field observation. Numbers indicate palynological samples.

https://doi.org/10.1371/journal.pone.0232861.g004
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the field was provided by the Helmstedter Revier GmbH (formerly Braunschweigische Koh-

len-Bergwerke, BKB and later E.ON). Section N (14 samples) was located in mine Schönin-

gen-Nordfeld (52˚09’23.8"N 10˚58’44.0"E), while the sections S1 (12 samples) and S2 (30

samples) were taken in mine Schöningen-Südfeld (S1: 52˚08’07.1"N 10˚59’29.7"E; S2: 52˚

08’27.9"N 10˚59’24.5"E). The field situation for S2 has been documented in [35]. The palyno-

logical data of sections S1 and S2 are based on new quantitative counts while the analysis of

section N is based on data of Hammer-Schiemann (1998) [30].

Most of the individual layers which have been distinguished within Seam 1 in the three sec-

tions are represented in the present study by a single sample at least. In order to include the

interbed/seam transitions, seven samples from the underlying Interbed 1 and the succeeding

Interbed 2, which are both mainly composed of silty clays to clayey silts, have been studied in

addition (Fig 4).

Palynological preparation followed the standard procedures as described by [59] including

the successive treatment with hydrofluoric acid (HF), hydrogen peroxide (H2O2) and potassium

hydroxide (KOH). Flocculating organic matter was removed by briefly oxidizing the residue

with hydrogen peroxide (H2O2) after sieving with a mesh size of 10 μm. Remaining sample

material and slides are stored at the Senckenberg Forschungsinstitut und Naturmuseum, Sek-

tion Paläobotanik, Frankfurt am Main, Germany (repository number Schö XXXIII). No permits

were required for the described study, which complied with all relevant regulations.

Quantitative palynological analysis

Numerical analyses of palynological data are based on quantitative palynomorph counts. At

least 300 individual palynomorphs per sample were identified and counted at 400 times mag-

nification to obtain a representative dataset for statistical analysis. A complete list of all palyno-

morphs encountered during the present study with full names including authors is presented

in the taxonomic list (S1 Table). Furthermore, raw data values for section N (S2 Table), section

S1 (S3 Table) and section S2 (S4 Table). Identification of palynomorphs is based on the sys-

tematic-taxonomic studies of [32, 60–63].

Despite the good preservation of palynomorphs 5–10% of the total assemblages could not be

identified and have been counted as "Varia". To minimize potential errors in identification and

counting of individual species some morphologically similar taxa have been lumped in the pol-

len diagrams and for statistical analysis, such as different species of the genera Triporopollenites
or Triatriopollenites. In total, 45 groups of palynomorphs have been distinguished (see S1

Table). To obtain a robust data set for diversity analyses the slides from 11 lignite samples of sec-

tion S1 were additionally scanned for rare taxa that were not recorded during routine counting.

The pollen diagrams show the abundance of the most important palynomorphs as percent-

ages. They are arranged according to their weighted average value (WA regression) [64] in

relation to depth by using the software C2 1.7.6 [65]. However, WA regression leads to a differ-

ent arrangement of taxa in the three pollen diagrams, since they may have different ranks in

each of the three data sets. Therefore, we used the median rank of the individual taxa to get an

identical arrangement of palynomorphs in the three pollen diagrams. Pollen and spores were

calculated to 100%, whereas algae, such as Botryococcus, dinoflagellates and other organic par-

ticles, such as fungal remains, cuticles or charcoal were added as additional percentages (in %

of the total sum of pollen and spores).

Statistical analysis

Statistical analyses followed a routine which has already been applied by the authors in previ-

ous studies [66, 67]. We used Wisconsin double standardized raw data values [68–71].
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Wisconsin standardization scales the abundance of each taxon or group of taxa to their maxi-

mum values and represents the abundance of each of these palynological variables by its pro-

portion in the sample [72]. This equalizes the effects of rare and abundant taxa and removes

the influence of sample size on the analysis [68, 69].

For the robust zonation of the pollen diagrams of the three sections and to identify samples

with similar palynomorph contents, Q-mode cluster analysis was established using the

unweighted pair-group average (UPGMA) method and the Bray-Curtis distance (software

PAST 3.26 [73]). Furthermore, to illustrate compositional differences and ecological trends in

Seam 1, and to visualize the level of similarity between samples, non-metric multidimensional

scaling (NMDS) with the standardized raw data values and the Bray-Curtis dissimilarity [68,

74] has been performed for each of the three studied sections as well as for the complete data

set using the software PAST 3.26 [73]. NMDS is the most robust unconstrained ordination

method in ecology [75] and has been successfully applied to palynological data in previous

studies (e.g., [66, 72, 76–78]. It avoids the assumption of a linear or unimodal response model

between the palynomorph taxa and the underlying environmental gradients as well as the

requirement of normal distributed data.

Diversity analysis

In addition to the quantitative analysis of the 45 groups of palynomorphs that are presented in

the pollen diagrams, in section S1 the palynomorph assemblage has been studied with the

highest possible taxonomic resolution allowing a detailed analysis of the diversity of the micro-

flora (S5 Table). For diversity analysis, morphologically distinct pollen “species” were recorded

representing the morpho-diversity of the palynomorph assemblage. However, these morpho-

types do not necessarily reflect different parent plants and may also include morphological var-

iation within the same plant family or genus. Furthermore, morphological diversity within a

natural species may include different morpho-types [79]. Nevertheless, since this affects all

samples to the same extent, the diversity measures still lead to a robust picture of the diversity

of the parent vegetation.

To estimate the changes in taxonomic diversity between single samples and different pollen

zones (PZs) within Seam 1, several calculations for species richness and evenness were applied,

using tools for biodiversity analysis as provided by [80, 81]. Richness is simply the number of

taxa within an ecosystem, which is here calculated as the total number of palynological taxa

within a sample or a PZ [82]. It can be measured at different scales, for which mainly the three

terms alpha, beta, and gamma diversity have been used [83]. The definitions of these terms

were originally based on the comparison of diversity in different areas or regions. Here, we use

these terms to describe the temporal comparison of diversity changes within Seam 1. Further-

more, we use the term point diversity (within-sample diversity resp. standing richness of [84])

for the richness within a single sample which reflects the total number of taxa as found in the

counted number of individual grains [85]. Alpha diversity is regularly related to the diversity

within a community or habitat [85] and is here used as a measure for diversity within a PZ,

since this represents a specific community during the evolution of the vegetation in Seam 1.

Gamma diversity normally includes the species richness in a larger area within a landscape

[85] but is here used as a measure for the richness in the complete seam summarizing the vege-

tation of the peat-forming communities at Schöningen. Beta diversity that links alpha and

gamma diversities is here used as a measure of the difference in species composition between

two samples, within a specific PZ or within the whole seam [83, 85–87]. Here we adapt Whit-

taker’s [83, 88] original suggestion for calculating beta diversity, which is most frequently

employed in ecological studies [89]. For comparison between two samples, beta diversity is
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calculated by the total number of species within the two samples divided by the average species

number within the two samples. Beta diversity calculations within a PZ and within Seam 1 are

calculated as the total species number within the specific PZ or the whole seam divided by the

average species number in samples from the PZ/Seam 1. We applied software PAST 3.26 [73]

for calculation of point and beta diversity as well as EstimatesS v. 9.1.0 [81] for the analysis of

alpha and gamma diversity.

Species richness cannot directly be estimated by observation and not accurately mea-

sured, because the observed number of species in a sample is always a downward-biased

estimator for the complete species richness in an assemblage [90]. Therefore, the calculation

of the number of palynological species within a single sample or a PZ in the succession of

Seam 1 is always an underestimate of the possible number of species. Nevertheless, the cal-

culated richness values can be used as reliable information at least on relative changes of

point and alpha diversity.

Evenness is the distribution of pollen taxa within a pollen assemblage [85]. A low evenness

indicates an assemblage with one or more dominant taxa, characterized by high numbers of

pollen grains of the same types, whereas high evenness points to an assemblage without domi-

nant taxa, indicated by equally distributed taxa [91]. Evenness (E) has been calculated using

the formula provided by [82] (E = H/ln(R)) producing evenness values between 0 (low even-

ness) and 1 (high evenness). For Shannon-Wiener index (H) and richness (R) we used the esti-

mations provided by [80] based on calculations for point diversity within 300 counts, for alpha

diversity within 5 samples and for gamma diversity within 20 samples (Tables 1 and 2).

Results

The three studied sections in the western syncline have been arranged from NW to SE follow-

ing the order of proximity to the sea (Fig 2C). Section N is closest to the sea and the only one

including some horizons of clayey lignite and carbonaceous clay (Fig 4). Four lithotypes of lig-

nite have been distinguished in the field, depending mainly on the relative proportion of fine-

grained matrix and tissue remains as well as clay content, i.e., matrix dominated, tissue domi-

nated, mixed tissue/matrix lithotype and clayey lignite (Fig 4). The terminology is adapted

from [92]. Matrix dominated lithotypes tend to occur preferentially in the lower part of the

three sections. However, despite a general upward increase, the degree of tissue preservation

remains relatively low throughout most of the seam. In many sections the top of Seam 1 is

intensely bioturbated. Charcoal shows a general upward increase in the more inland sections

S1 and S2, but no correlation with specific lithotypes.

Table 1. Estimations of palynological richness and evenness based on individual rarefaction analysis for 11 lignite samples of section S1 (point diversity).

S1-1 S1-2 S1-3 S1-4 S1-5 S1-6 S1-7 S1-8 S1-9 S1-10 S1-11

Individuals counted 416 346 343 502 305 316 304 316 310 329 328

Sobs 74 88 63 59 30 41 48 45 50 51 72

S(est)300 61.7 81.6 58.6 46.3 29.7 40.0 47.8 43.8 49.3 48.3 68.2

S(est)300 Std.err, 2σ, Lower Bound 56.1 77.3 54.9 40.8 28.7 38.1 46.8 41.7 47.7 45.3 64.7

S(est)300 Std.err, 2σ, Upper Bound 67.4 86.0 62.3 51.7 30.8 41.9 48.7 45.9 50.9 51.3 71.7

Shannon-Wiener index 3.24 3.70 3.13 2.84 2.19 2.76 3.13 2.72 3.02 2.37 3.19

Eveness (E) 0.79 0.84 0.77 0.74 0.65 0.75 0.81 0.72 0.78 0.61 0.76

Sobs: Actual number of taxa within the samples; S(est)300: Expected number of species for 300 counted palynomorphs using the algorithm of [97]; S(est)300 Std.err, 2σ:

Lower and upper bounds for a standard error of two-sigma of unconditional variance for 300 palynomorphs; evenness calculation using the method of [82]:

E = Shannon-Winter index/ln(Sobs).

https://doi.org/10.1371/journal.pone.0232861.t001
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Based on unconstrained Q-mode cluster analysis (Figs 5B, 6B and 7B) five distinct palyno-

morph assemblages have been recognized in the three studied sections, which can be distin-

guished by NMDS (Figs 5C, 6C and 7C). They are arranged as palynozones (PZ) in a vertical

succession, which shows that the general development of the vegetation was identical in the

three sections of Seam 1. The term “palynozone” is used here in the sense of representing plant

communities [93]. Abundance variations of palynomorphs within PZs between sections indi-

cate local differences in vegetation patterns.

PZ 1 and PZ 5 include samples from the adjacent Interbeds 1 and 2, and reflect the state of

vegetation during the marine-terrestrial transition below and the terrestrial-marine transition

above the seam. PZs 2, 3, and 4, on the other hand, represent different stages of the peat form-

ing vegetation during seam formation.

Palynozone 1 (top Interbed 1)

The two samples from Interbed 1 (sample N-1, Fig 5A and sample S2-1, Fig 7A) show marine

influence with the occurrence of dinocysts (Apectodinium spp.). The NMDS of S2 samples (Fig

7C) shows that sample S2-1 is clearly different from the seam, because it is plotted in the ordi-

nation space on the negative side of NMDS axis 2 together with samples of Interbed 2 (PZ 5)

but separate from all of the lignite samples (PZ 2–4). Sample N-1 (Fig 5C) is plotted in the

upper right corner of the ordination space very close to samples from the base of Seam 1 (PZ

2a) indicating a more gradual change of the vegetation from marginal marine habitats to the

peat-forming environment at this site.

The only true mangrove element Rhizophora (Zonocostites ramonae, Fig 8I), in the Schö-

ningen Formation, occurs in low abundance in PZ 1 of section S2 and in PZ 5 of sections S1

and S2. Inaperturopollenites spp. (Cupressaceae s.l., Fig 8A and 8B) dominate the pollen assem-

blages with values of up to 37%. Other common taxa of sample N-1 are Tricolporopollenites
cingulum (Fagaceae, 9.4%, Fig 8C, 8D and 8E), Plicatopollis spp. (Juglandaceae, 7.7%, Fig 8K),

Table 2. Estimations of richness and evenness using sample-based incidence data for the 3 palynozones (PZ) of

Seam 1 (alpha diversity) and for all samples of Seam 1 (gamma diversity).

PZ 2 PZ 3 PZ 4 Seam 1

Number of samples (n) 3 4 4 11

Sobs 126 99 110 179

Individuals counted 1105 1427 1283 3815

S(est)5 144 111 119 217�

S(est)5 95% CI, Lower Bound 131.2 96.5 107.9 196.0�

S(est)5 95% CI, Upper Bound 154.7 124.6 130.5 238.3�

Singeltons 49 40 41 58

Doubletons 21 13 21 20

Shannon-Wiener index 3.89 3.09 3.12 3.69

Eveness (E) 0.80 0.67 0.66 0.71

Beta diversity 0.68 1.23 (0.74��) 1.02 2.17

Sobs: Actual number of taxa within the samples; S(est)5: Expected number of species in 5 samples using the Bernoulli

product model [80]; S(est)5 95% CI: Lower and upper bounds of 95% confidence interval for S(est)

�S(est) and �S(est) 95% CI in 20 samples; Singletons: Number of species that occur only once in all samples;

Doubletons: Number of species that occur only twice in all samples; evenness calculation using the method of [82]:

E = Shannon-Winter index/ln(Sobs); beta diversity using the measure of [83, 88]: (S/ā) – 1 (S, total number of species

in the PZ or Seam 1; ā, average number of species in the PZ or Seam 1

�� beta diversity estimation without sample S1-5).

https://doi.org/10.1371/journal.pone.0232861.t002
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Tricolpopollenites liblarensis (Fagaceae, Fig 8F) and T. retiformis (Salicaceae, Fig 8H), each

with 5.1% as well as Plicapollis pseudoexcelsus (Juglandaceae?, 4.3%, Fig 8J).

In sample S2-1 Plicatopollis spp. (6.7%) and P. pseudoexcelsus (8.0%) are also very common,

while the fagaceous taxa T. liblarensis and T. cingulum as well as T. retiformis are less frequent

compared to sample N-1.

Palynozone 2 (Seam 1)

PZ 2 (Figs 5A, 6A and 7A) includes the lower part of Seam 1 and can be subdivided into two

subzones in sections N and S2. The difference to other samples of the seam is best expressed in

section S2 in the NMDS where samples of PZ 2 are clearly separate on the right side of the

Fig 5. Pollen diagram, cluster analysis and NMDS of section N. (A) Pollen diagram of 14 samples from the top of Interbed 1 to the base of Interbed 2 of section N

showing the most common palynomorph taxa. The zonation in different PZs is based on cluster analysis (B) Result of an unconstrained cluster analysis of Wisconsin

double standardized raw-data values using the unweighted pair-group average (UPGMA) method together with an Euclidean distance (C) Non-metric multidimensional

scaling (NMDS) plot of palynological data using the Bray-Curtis dissimilarity and Wisconsin double standardized raw-data values. The scatter plot shows the

arrangement of samples and palynomorph taxa.

https://doi.org/10.1371/journal.pone.0232861.g005
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ordination space (Fig 7C). In the other two sections, samples from adjacent interbeds are close

to PZ 2 samples in the ordination space, thus, indicating the proximity of PZ 2 to the pollen

assemblages of Interbed 1 and Interbed 2 (Fig 5C, resp. 6C).

In contrast to PZ 1, dinoflagellate cysts are completely missing in PZ 2. In the composition

of the pollen assemblage the most striking change is the occurrence of Alnipollenites verus
(Betulaceae, Alnus, Fig 8L), which reaches a maximum of 57.5% in section S2. Although much

lower, the maxima of A. verus, too, occur in PZ 2: 25.3% in section N resp. 2.9% in section S1.

Tricolporopollenites cingulum (Fagaceae) is among the dominant elements in sections N

and S2. In section S1 maximum values are distinctly lower, but also reached in PZ 2. Other

Fig 6. Pollen diagram, cluster analysis and NMDS of section S1. (A) Pollen diagram of 12 samples from the base of Seam 1 to the base of Interbed 2 of section S1

showing the most common palynomorph taxa. The zonation in different PZs is based on cluster analysis (B) Result of an unconstrained cluster analysis of Wisconsin

double standardized raw-data values using the unweighted pair-group average (UPGMA) method together with an Euclidean distance (C) Non-metric multidimensional

scaling (NMDS) plot of palynological data using the Bray-Curtis dissimilarity and Wisconsin double standardized raw-data values. The scatter plot shows the

arrangement of samples and palynomorph taxa.

https://doi.org/10.1371/journal.pone.0232861.g006
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Fig 7. Pollen diagram, cluster analysis and NMDS of section S2. (A) Pollen diagram of 30 samples from the top of Interbed 1 to the base of Interbed 2 of section S2

showing the most common palynomorph taxa. The zonation in different PZs is based on cluster analysis (B) Result of an unconstrained cluster analysis of Wisconsin

double standardized raw-data values using the unweighted pair-group average (UPGMA) method together with an Euclidean distance (C) Non-metric multidimensional

scaling (NMDS) plot of palynological data using the Bray-Curtis dissimilarity and Wisconsin double standardized raw-data values. The scatter plot shows the

arrangement of samples and palynomorph taxa.

https://doi.org/10.1371/journal.pone.0232861.g007

PLOS ONE Lower Eocene coastal wetlands of Northern Germany

PLOS ONE | https://doi.org/10.1371/journal.pone.0232861 January 13, 2021 13 / 40

https://doi.org/10.1371/journal.pone.0232861.g007
https://doi.org/10.1371/journal.pone.0232861


Fig 8. Important palynomorphs of PZs 1, 2 and 5. (A) Inaperturopollenites concedipites, Cupressaceae s.l. (sample S1-12), (B) Cupressacites bockwitzensis, Cupressaceae

s.l. (sample S1-12); (C) Tricolporopollenites cingulum fusus, Fagaceae (morphotype 1 with a rough exine, larger than morphotype 2; sample S1-12), (D)

Tricolporopollenites cingulum fusus, Fagaceae (morphotype 2 with a smooth exine, smaller than morphotype 1; sample S1-12), (E) Tricolporopollenites cingulum pusillus,
Fagaceae (morphotype 2, sample S1-9), (F) Tricolpopollenites liblarensis liblarensis, Fagaceae (sample S1-12), (G) Tricolpopollenites quisqualis, Fagaceae (sample S1-12);

(H) Tricolpopollenites retiformis, Salicaceae (sample S1-4); (I) Zonocostites ramonae,? Rhizophoraceae (sample S1-8); (J) Plicapollis pseudoexcelsus,? Juglandaceae (sample

S1-9); (K) Plicatopollis hungaricus, Juglandaceae (sample S1-3); (L) Alnipollenites verus, Betulaceae (sample S1-3); (M)Dicolpopollis kockeli, Arecaceae (sample S1-3); (N),

(O)Nyssapollenites kruschii accessorius, Nyssaceae (samples S1-12, S1-3); (P) Ilexpollenites iliacus, Aquifoliaceae (sampleS1-4); scale bars: 10μm.

https://doi.org/10.1371/journal.pone.0232861.g008
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taxa with maxima in PZ 2 are Spinaepollis spinosus (Euphorbiaceae?), Nyssapollenites spp.

(Nyssaceae, Fig 8N and 8O) and Ilexpollenites spp. (Aquifoliaceae, Fig 8P). The lowest values

for these taxa occur again in section S1. Inaperturopollenites sp. is still characterized by high

values (24.6%), a slight decrease, however, from PZ 1.

A few taxa strongly decrease within PZ 2 and, therefore permit the separation of subzones

PZ 2a and PZ 2b for sections N and S2. This is the case, in particular, for Thomsonipollis mag-
nificus (unknown botanical affinity, Fig 9F) which drops from 18% in section N to near

absence in PZ 2b. Similarly, the fern spores Leiotriletes spp. (Schizaeaceae, Fig 9B, 9C and 9D)

and other trilete spores disappear almost completely in PZ 2b except for a slight increase at the

top of PZ 2 in section S1. These spores are replaced in PZ 2b by other fern spores such as Laevi-
gatosporites spp. (Polypodiaceae, Fig 9E), which are rare in PZ 2a.

The relative loss of these taxa in PZ 2b is in part compensated by increases inMonocolpopol-
lenites tranquillus (Arecaceae, Phoenix), Tricolpopollenites retiformis, Tricolporopollenites belgi-
cus (unknown botanical affinity, Fig 9A) and Tricolpopollenites liblarensis in section S2 (Fig

7A), in section N additionally by Ilexpollenites spp. (Fig 5A). The small number of samples in

section S1 here precludes a subdivision of PZ 2.

Palynozone 3 (Seam 1)

PZ 3 covers the middle of Seam 1 and is represented by 4 samples each in sections N and S1

and by 3 samples in section S2. The NMDS of all sections show that samples of PZ 3 are sepa-

rated from other PZs in the ordination space indicating a unique assemblage composition.

Especially in sections N and S2 (Fig 5C resp. 7C) the samples are plotted midway between

those of PZ 2 and PZ 4 indicating that the assemblages include elements from the preceding

and succeeding PZs. In section S1 PZ 3 is plotted on the left side of the ordination space clearly

separated from the other two seam-related PZs (Fig 6C). However, sample S1-5 is plotted far

away from the other samples of PZ 3 on the negative end of NMDS axis 1 (Fig 6C) suggesting

a difference in assemblage composition not readily recognized in the pollen diagram (Fig 6A).

Alnipollenites verus has virtually disappeared except for local abundance in section S2. Simi-

larly, Tricolporopollenites cingulum decreases from relatively high values in section N to 10.8%

and from low values in section S1 to less than 1%. Only in section S2 it does remain at similar

high levels. Other taxa such as Spinaepollis spinosus, Ilexpollenites spp., Nyssapollenites spp.,

and Tricolpopollenites liblarensis decrease consistently in sections N and S1 as well as Tricolpor-
opollenites belgicus in section S2.

Pompeckjoidaepollenites subhercynicus (unknown botanical affinity, Fig 9L) suddenly

appears with high values (up to 20.2% in section S1) and extends to the base of PZ 4 in sections

N and S2. Triporopollenites robustus (Myricaceae, Fig 9I–9K) as well as spores of Sphagnaceae

such as Sphagnumsporites sp., Tripunctisporis sp. and, Distancorisporis sp. [94] (Fig 10) are

abundant before becoming prevalent in PZ 4. Both, T. robustus and Sphagnum-type spores

together are already prevalent in PZ 3 of section S1.

Sample S1-5 (section S1) is special among PZ 3 samples (Fig 6C) due to the high abundance

of spores produced by ferns and peat mosses. More than two thirds of the palynomorphs in

this sample are composed of spores. Accordingly, P. subhercynicus and T. robustus remain pro-

portionally rare.

Palynozone 4 (Seam 1)

PZ 4 comprises the upper part of Seam 1 and represents a significant change from the palyno-

morph assemblages of preceeding PZs 2 and 3 (Figs 5A, 6A and 7A). This becomes particularly

evident in the NMDS. In all three sections samples of PZ 4 are clearly separated from all other
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Fig 9. Important palynomorphs of PZs 3 and 4. (A) Tricolporopollenites belgicus, unknown botanical affinity (sample S1-2), (B) Leiotriletes
microadriennis, Schizaeaceae (sample S1-4), (C) Leiotriletes adriennis, Schizaeaceae (sample S1-6), (D) Leiotriletes paramaximus, Schizaeaceae (sample S1-

4); (E) Laevigatosporites discordatus, Polypodiaceae (sample S1-3); (F) Thomsonipollis magnificus, unknown botanical affinity (sample S1-2); (G)Milfordia
incerta, Restionaceae (sample S1-9); (H) Basopollis atumescens, unknown botanical affinity (sample S1-8); (I) Triporopollenites crassus, Myricaceae (sample

S1-10), (J) Triporopollenites robustus, Myricaceae (sample S1-8), (K) Triporopollenites rhenanus, Myricaceae (sample S1-8), (L) Pompeckjoidaepollenites
subhercynicus, unknown botanical affinity (sample S1-3), (M) Ericipites ericius, Ericaceae (sample S1-11); scale bars: 10μm.

https://doi.org/10.1371/journal.pone.0232861.g009

PLOS ONE Lower Eocene coastal wetlands of Northern Germany

PLOS ONE | https://doi.org/10.1371/journal.pone.0232861 January 13, 2021 16 / 40

https://doi.org/10.1371/journal.pone.0232861.g009
https://doi.org/10.1371/journal.pone.0232861


samples in the ordination space (Figs 5C, 6C and 7C) due to the dominance of Sphagnum-type

spores, which reach maximum values between 38% and 52%. A similar dominance is shown

for myricaceous pollen, e.g., Triporopollenites robustus/rhenanus, with values between 23%

and 30%.

Pompeckjoidaepollenites subhercynicus, a major element of PZ 3 continues to dominate (up

to 28%) into the lower part of PZ 4 in sections N and S2. In section S1, however, it is rare. Pol-

len of the Normapolles group (e.g. Basopollis spp., Fig 9H) and Restionaceae (Milfordia spp.,

Fig 9G) have a strong showing in PZ 4 of section S1, but together with Ericipites spp. (Erica-

ceae, Fig 9M) a distinct reduction over PZ 3 in section N.Momipites punctatus (Juglandaceae,

Engelhardia) is quite common for the first time in section S2 but rare in the other two sections.

Laevigatosporites spp. are reduced in sections S1 and S2 but increase in section N. Alnipolle-
nites verus is extremely rare in PZ 4 of all sections.

Fig 10. Variation of Sphagnum-type spores in PZs 3 and 4. Morphological variation in Tripunctisporis sp. (A), (B),

Sphagnumsporites sp. (C) andDistancorisporis sp. (D), (E), (F); scale bars: 10μm.

https://doi.org/10.1371/journal.pone.0232861.g010
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Palynozone 5 (base Interbed 2)

PZ 5 includes mainly samples from Interbed 2 (Figs 5A, 6A and 7A). In all sections a marine

influence is indicated by the onset of dinocysts of Apectodinium spp. with maximum values of

65.5%. This clearly distinguishes the transition of Interbed 1 to the seam from the transition of

the top of the seam to Interbed 2. However, the NMDS of sections N (Fig 5C) and S2 (Fig 7C)

show that the palynomorph assemblage composition of both is similar at the beginning and

end of seam development. Both PZs are plotted in the ordination space in close vicinity. The

NMDS of section S1 (Fig 6C), however, shows similarities in assemblage composition between

PZ 5 and PZ 2 since one of the samples (S1-12) is plotted in the NMDS in the upper right cor-

ner of the ordination space. But, according to the cluster analysis, the closest similarity of S-12

is to S1-1 at the base of the seam (Fig 6B).

Drastic changes from PZ 4 include the disappearance of Sphagnum-type spores and the

strong increase of Inaperturopollenites spp. with a maximum of 41.3% in section S1. These are

similar values as in PZ 1. The pollen of the juglandaceous alliance such as Plicapollis pseudoex-
celsus (up to 4.8%) and Plicatopollis spp. (up to 8.9%) as well as the fagaceous pollen Tricolpo-
pollenites liblarensis (up to 15.5%) reach high values that are in the range of their values within

PZ 1. Triporopollenites robustus/rhenanus (up to 9%) are also common, although the values

strongly decrease compared to PZ 4.

Non pollen/spore palynofacies (section S2)

In section S2 a selection of organic particles, such as fungal remains, periderm cells, cuticle

fragments, resin and tannin bodies (resinite/phlobaphinite) as well as charcoal have been

quantitatively recorded in addition to palynomorphs and calculated to 100% palynomorphs

(Fig 11).

Fungal remains are common in PZ 2, albeit with wide variations in frequency between

barely present and 28%. In PZ 3 and PZ 4 fungal values drop to a few percent (less than 6%)

only to rise at the very top of the seam again. Fungal remains do not stray beyond the seam.

This holds true for periderm cells as well. However, contrary to fungal remains periderm

cells are nearly absent in the lower part of PZ 2 (PZ 2a) but rise markedly at the base of PZ 2b.

With sample S2a-10 they drop back to insignificance only to return, similar to fungal remains,

near the top of the seam with maximum values (18%). The marked change in periderm cells

from PZ 2a to PZ 2b is accompanied by an equally marked increase of some tricol(po)rate

taxa, e.g. Tricolpopollenites retiformis, T. liblarensis/microhenrici and Tricolporopollenites belgi-
cus (Fig 7A). Cuticle fragments are remnants of leaf cuticles which are easily washed out to the

sea and drifting onshore along the shoreline [95, 96]. Accordingly, they appear most frequently

in PZ 1 and PZ 5.

Resin (resinite) and tannin-derived bodies (phlobaphinites) are the most common organic

components second to charcoal. They represent resistant cell fillings set free from decaying

wood and are most abundant in PZ 2a and PZ 2b, but common to frequent throughout the

whole seam with considerable fluctuation.

Charcoal particles become the dominant non-palynomorph element in PZ 3 and especially

in PZ 4 in striking parallelism to the frequency of Sphagnum-type spores and the Triporopolle-
nites robustus/rhenanus group. The appearance of pollen of the Normapolles group and fresh-

water algae (Zygnemataceae) also coincides with the dominance of charcoal in PZ 4.

Diversity (section S1)

In order to get estimates for palynological richness, rarefaction analyzes of 11 samples from

Seam 1 were performed, distinguishing between point diversity within a single sample (Fig
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12A, Table 1), alpha diversity within PZs 2 to 4 (Fig 12B, Table 2) and gamma diversity for the

entire seam (Fig 12C, Table 2). Furthermore, analysis of beta diversity as well as evenness have

been carried out (Tables 1 and 2).

Comparison of point diversity within the seam as based on individual rarefaction analyzes

using the algorithm of [97] shows that samples of PZ 2 (S1-1 to S1-3) together with sample S1-

11 from the top of the seam provide the highest richness values (Fig 12A). While in samples

S1-1, S1-3 and S1-11 between 59 and 68 species at 300 counted individuals can be expected,

sample S1-2 shows by far the highest number with 82 species (Table 1). The richness in sam-

ples from the succeeding PZs 3 and 4 (samples S1-4 to S1-10) is significantly lower with values

typically ranging from 40 to 49 species among 300 counted palynomorphs (Table 1). In sample

S1-5, the lowest value with only 30 different species is achieved. Therefore, a decrease in paly-

nological richness between PZ 2 and PZs 3 and 4 is significant. Only at the top of the seam in

sample S1-11 an increase of richness to values similar to those in PZ 2 is recognizable.

The same pattern of species richness is also evident in alpha diversity (Fig 12B). 126 differ-

ent pollen and spore taxa have been recorded in the three samples of PZ 2 while significantly

lower numbers were observed in the subsequent PZ 3 with 99 species and in PZ 4 with 110

Fig 11. Abundance of non-pollen/spore palynofacies elements (NPP) in section S2. Diagram of 30 samples from the top of Interbed 1 to the

base of Interbed 2 of section S2 showing the distribution of NPPs. The zonation of the diagram is based on unconstrained cluster analysis of

palynomorph taxa (see Fig 7).

https://doi.org/10.1371/journal.pone.0232861.g011
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Fig 12. Palynological richness calculations for Seam 1 in section S1 using rarefaction analyses. (A) Point diversity:

Individual rarefaction with conditional variance of 11 samples of Seam 1 using the algorithm of [97]. (B) Alpha

diversity: Sample-based interpolation and extrapolation using the Bernoulli product model [80] for the 3 palynozones

(PZ) of Seam 1 with 95% unconditional confidence intervals; Sobs, number of observed species. (C) Gamma diversity:

Sample-based interpolation and extrapolation using the Bernoulli product model [80] for the entire data set of samples

from Seam 1; Sobs, number of observed species. Because of differences in the number of counted individuals per

sample, the sample-based rarefaction curves and their confidence intervals in (B) and (C) are replotted against an x-

axis of individual abundance.

https://doi.org/10.1371/journal.pone.0232861.g012
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species, although the number of samples and of counted palynomorphs in these two PZs is

higher than in PZ 2 (Table 2). Even if the 95% confidence intervals are considered, which describe

the range of the possible number of species within the PZs, the richness in PZ 2 is significantly

higher than in the two subsequent PZs (Table 2). For PZ 3 and PZ 4 the 95% confidence intervals

overlap somewhat (Fig 12B). A diversity increase from PZ 3 to PZ 4 is therefore indicated by the

richness estimations, but this is not statistically significant. Furthermore, the interpolation/extrap-

olation graph of PZ 3 is not saturated indicating that the maximum number of species is higher

than calculated and may possibly be in the same range or even higher than in PZ 4.

The high number of singletons and doubletons, showing the number of species with only

one or two individuals within the data set, is striking (Table 2). For example, 70 of 126 species

of pollen and spores in PZ 2 and 53 of 99 species in PZ 4 have only been recorded one or twice.

Therefore, c. 55% of the species in the three PZs are singletons or doubletons indicating accord-

ingly that more than half of the species within the total pollen assemblages belong to rare taxa.

The analysis of gamma diversity (Fig 12C) shows a high overall species richness for the

entire section. 179 different species have been detected in Seam 1. An extrapolation to 20 sam-

ples even indicates a much higher number of morphologically distinct species (217, see

Table 2). Since the interpolation/extrapolation graph is not saturated, even more species can

be expected (Fig 12C).

Beta diversity as a measure of the difference in species composition is especially high in

comparison between sample S1-5 and the other samples with values always higher than 0.6 (S6

Table). This underlines the special composition of the palynomorph assemblage of sample S1-

5 in comparison to the other lignite samples of section S1. In contrast, the values for beta diver-

sity of sample comparisons within the same PZs are generally below 0.5 or between 0.5 and 0.6

if samples of different PZs are compared. This indicates minor changes in the composition of

the palynomorph assemblages within the PZs, but changes in composition between PZs 2, 3,

and 4. This is also confirmed by general beta diversity calculations for the PZs (Table 2). They

are low with 0.68 for PZ 2 and 1.02 for PZ 4. Only in PZ 3 the value increases to 1.23, but this

is due to the specific composition of the palynomorph assemblage in sample S1-5. If this sam-

ple is excluded from the analysis, the value drops to 0.74. In contrast, the total beta diversity

value of 2.17 for Seam 1 is significantly higher indicating strong changes in the composition of

the palynomorph assemblages between the individual PZs (Table 2).

In addition to species richness, the calculation of evenness provides another important

parameter for diversity analysis. In single samples from Seam 1, usually evenness values of

more than 0.7 are reached (Table 1). These high values show that the different palynomorph

species within the microfloral assemblages are in general evenly distributed in the individual

samples. This indicates that (except for the high number of rare elements which contribute to

the richness calculation) none of the abundant elements is clearly dominating. Only in samples

S1-5 and S1-10 do the evenness values decrease to 0.64 and 0.61 showing that in these samples

a dominance of some elements within the pollen assemblage becomes apparent.

PZ 3 and PZ 4 are characterized by relatively low evenness values of 0.67 and 0.66 (Table 2).

In contrast, the evenness for PZ 2 is significantly higher with 0.8. Together with the high value

for species richness, the high evenness value therefore proves a morpho-diversity in samples of

PZ 2 that is significantly higher than in PZ 3 and PZ 4. The evenness value of 0.71 for the entire

seam is in accordance with the values of the individual samples (Table 2).

Discussion

Reconstructions of paleoenvironments from pollen assemblages in peat or coal are mainly

based on studies of the relation between standing vegetation and pollen in surface peat
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samples. Among the numerous studies we prefer to rely on case studies from the coastal plains

of the southeastern United States (e.g., [98–100]) which we consider to be rather similar to our

example with regard to climate and geologic setting. These studies show that each plant com-

munity leaves a distinctive fingerprint in the pollen and spore assemblages of the correspond-

ing peat substrate, although the relationship is not proportional and varies depending f.i. on

differences in pollen production, pollination type and preservation potential. The following

reconstructions commonly refer to the results of these studies.

Reconstruction of the paleoenvironment

The NMDS of all three sections show a distinctive threefold succession of vegetation during

formation of Seam 1 (Figs 5–7): an initial (PZ 2), a transitional (PZ 3) and a terminal stage (PZ

4). Such tripartite divisions have previously been described and interpreted in terms of envi-

ronment and vegetation from the Carboniferous of Britain [101–103] and may be a general

feature of paralic coals. Mechanisms controlling facies and environment during transgression

and regression in peat forming paralic domains have recently been reviewed [104]. Seam 1 is

bordered by interbeds I (PZ 1) and II (PZ 5), both showing marine influence and being largely

separated from the PZs 2 to 4 in the NMDS of the total data set (Fig 13). Thus in total the fol-

lowing four different types of peat depositional environments and associated vegetation can be

distinguished in the three sections: (1) a coastal vegetation (PZ 1 and PZ 5), (2) an initial mire

(PZ 2), (3) a transitional mire (PZ 3) and (4) a terminal mire (PZ 4). They remained unaffected

by the onset of a warming event at the top of the seam [34] and may therefore be considered as

representing plant associations typical for a mid-latitude lowland vegetation during the early

Eocene climatic background.

Coastal vegetation (PZ 1, PZ 5). Sandwiched between two marine-influenced interbeds

Seam 1 was deposited between a regressive phase represented by PZ 1 (top of Interbed 1) and a

transgressive phase represented by PZ 5 (base of Interbed 2). The NMDS of the total data set

(Fig 13A) shows that samples of PZ 1 and PZ 5 are largely separated from most of the samples

of Seam 1 in the ordination space but plot together with some samples of PZ 2. This indicates

that both marine influenced PZs include elements of the peat-forming mire vegetation.

The dominance of Inaperturopollenites spp. in PZ 1 and PZ 5 shows that Cupressaceae s.l.

played an important role in the coastal vegetation. Together with Nyssapollenites, fairly com-

mon in the succeeding PZ 2, they indicate that a Nyssa-Taxodium swamp forest bordered the

coastline at Schöningen and shed the largely wind-driven pollen load into the adjacent estuary.

This type of swamp community presently exists in the warm-temperate coastal plains of east-

ern North America [105, 106]. It has originally been used as a model for the succession of the

peat-forming vegetation in the Miocene Lower Rhine Lignite [107, 108] but has later been

extended to lignites from other sites of Cenozoic age in Europe [27, 109–112]. Since recent

Taxodium-Nyssa swamp forests are common in inland riverine environments [105, 106], their

proximity to an estuary at Schöningen appears rather unusual. No particular sedimentological

evidence pertaining to a Nyssa-Taxodium swamp has been observed in the three sections, but

is, however, not expected in a forest derived and intensely rooted peat. Associated elements are

Plicatopollis spp., Tricolporopollenites liblarensis and Plicapollis pseudoexcelsus. The latter has

been interpreted as a back-mangrove element associated with marsh elements in the middle

Eocene Helmstedt Formation [32, 113, 114]. The anemophilous Plicatopollis spp. and T. liblar-
ensis as well as the very thin-walled Inaperturopollenites spp. are also likely to be derived from

nearby external sources such as the background mire forest (Fig 14A).

Except for scattered occurrences of putative Rhizophora (Fig 14A) true mangrove pollen as

characterizing the coastal vegetation of the middle Eocene Helmstedt Formation together with
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Fig 13. Non-metric multidimensional scaling (NMDS) scatter plots of 56 samples from sections N, S1 and S2. (A) Arrangement of samples (B) Arrangement of

palynomorph taxa (stars). The colored dots and diamonds indicate the position of the samples presented in (A). For calculation the Bray-Curtis dissimilarity and

Wisconsin double standardized raw-data values have been used.

https://doi.org/10.1371/journal.pone.0232861.g013
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Avicennia and Nypa [31–33, 113], is completely missing in the Schöningen Formation [31,

34]. Instead, Pistillipollenites mcgregorii and Thomsonipollis magnificus (both of unknown

botanical affinity) may have substituted here for mangrove elements [31]. Since T.magnificus
occurs regularly in PZ 1 and 5 in sections S1 and S2 and is very abundant in PZ 2a in section

N, where P.mcgregorii also occurs at least in low numbers, the parent plants of both taxa were

probably common in the immediate coastal vegetation during the deposition of the lower part

of the Schöningen Formation.

Finally, cuticle fragments which are abundant in both, PZ 1 and PZ 5, may have had their

source in the coastal vegetation and were concentrated along the shoreline by winnowing [95,

96].

Initial mire (PZ 2). At the onset of Seam 1 palynomorph assemblages combined in PZ 2

indicate a trend in the vegetation that started in PZ 1 and passes into PZ 3. As shown by the

NMDS samples of PZ 2 are plotted together on the negative side of axis 1 in the ordination

space (Fig 13A). However, there is little separation from the samples of PZ 1 and PZ 5 and an

overlap with samples from the following PZ 3.

The abundance of Inaperturopollenites spp. (Cupressaceae s.l.) and the common occurrence

of Nyssapollenites spp. (Nyssaceae) on either side of the interbed/seam boundary support the

existence of a Nyssa/Taxodium swamp forest in the immediate vicinity of the coastline. This

swamp forest may have been locally replaced by or mixed with patches of other elements, such

as the parent plant of Plicapollis pseudoexcelsus (base of PZ 2 in section N and S1, Figs 5 and

6), a characteristic element of transitional marine/terrestrial environments of possible juglan-

daceous affinity [32, 113, 114]. Thomsonipollenites magnificus is quite abundant in section N

(PZ 2a) in contrast to the other two sections.

In particular, Alnipollenites verus (Alnus) is common to frequent throughout PZ 2 and even

highly dominant in some samples of section N (e.g., N4, Fig 5) and S2 (e.g., S2-a2, Fig 7). For

these sites temporarily inundated freshwater wetland habitats may be envisioned similar to

those in which modern species of Alnus such as e.g. A. glutinosa [115], A. incana [116] or A.

viridis [117] grow today. Intermittent open fern meadows are indicated by the strong prolifera-

tion of trilete spores at the base of PZ 2 in section N. Notably, these spores are absent in the

other two sections. Other common associates of PZ 2 assemblages such as Monocolpopollenites
tranquillus (Arecaceae, Phoenix), Plicatopollis spp., and Tricolpopollenites liblarensismay have

been in part indigenous to PZ 2, but they are small and thin-walled and therefore considered

to be anemophilous [28] and likely to be introduced from other sources.

Local differences shown in the three sections are a special feature of PZ 2 indicating a pro-

nounced patchiness in the initial mire vegetation (Fig 14B). This may be due to a number of

variables controlling the structure of mire vegetation such as minute relief in the sub-peat

topography [118, 119], the water quality (salinity, nutrient load) or different dispersal strate-

gies and competition among plants or other localized disturbances interrupting directional

successions [120] which together result in differential peat aggradation [121].

This is also reflected in the striking contrast between subzones PZ 2a and PZ 2b in sections

N and S2. Notable is, for instance, the replacement of fern spores (Leiotriletes spp.) in section

S2 by pollen of woody plants such as Tricolporopollenites belgicus (Fig 7). The change from a

herbaceous vegetation rich in ferns in PZ 2a to a more woody vegetation in PZ 2b is even

reflected in the distribution of non-palynomorph organic remains showing an increase of peri-

derm cells, phlobaphinites and resin particles as well as fungal remains from PZ 2a to PZ 2b

(Fig 11).

Transitional mire (PZ 3). The change in vegetation occurring within PZ 3 is gradual. In

the course of peat aggradation previously dominant elements such as Alnipollenites verus
(Alnus) or Inaperturopollenites spp. (Cupressaceae s.l.) are replaced by taxa such as
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Pompeckjoidaepollenites subhercynicus as well as Sphagnum-type spores. The latter two become

eventually dominant in the succeeding PZ 4 thus indicating the transitional character of this

pollen zone and a reduction of (temporally) flooded habitats.

Accordingly, the samples of PZ 3 plot midway between those of the clearly separated PZ 2

and PZ 4 in the ordination space of the NMDS of the total data set (Fig 13A). There are, how-

ever, considerable areas of overlap with both PZs which characterize PZ 3 as transitional

between the initial and the terminal phases in the formation of Seam 1. The PZ 3 samples of

section S2 differ from those of the other two sections since they plot separate to the left on the

negative side of axis 1 (Fig 13A). This is due to the fact that the similarity of samples from S2 to

those of PZ 2 is closer than in the other two sections, which are more transitional to PZ 4.

P. subhercynicus (unknown botanical affinity) and the T. robustus/rhenanus group pollen

(Myricaceae) are widely distributed throughout the Schöningen Formation and are often dom-

inant in the upper part of the lower seams (Main Seam, Seam 1 and Seam 2 [34]). P. subhercy-
nicus is more restricted to certain levels and appears to prefer mire forest/marsh interfaces

(ecotones) [32, 33]. The T. robustus/rhenanus group is locally abundant in PZ 3 and even dom-

inant in section N before becoming dominant throughout PZ 4. Noteworthy are the first peaks

of Sphagnum-type spores indicating an initial tendency for ombrogenous bogs to develop

under the open canopy of an angiosperm mire forest (Fig 14C).

Sample 5 of section S1 is clearly separated from all other samples in this section in the

NMDS (Figs 6C and 13) by the dominance of peat moss and fern spores (Sphagnum-type

spores, Laevigatosporites spp., Leiotriletes spp.) together with a mass occurrence of charcoal

particles. The sample was taken from a layer (X-Horizon), which included tree-stumps as well

as a charcoal horizon (Figs 4 and 6). Possibly, tree fall and/or forest fire may have left a clearing

here, which was resettled by ferns and mosses as pioneers [122].

Terminal mire (PZ 4). A very marked change in palynomorph assemblage composition

occurs at the transition from PZ 3 to PZ 4. This is mainly due to the rise to dominance of

Sphagnum-type spores including all three genera previously observed in seams of the Schönin-

gen Formation, i.e. Sphagnumsporites, Tripunctisporis and Distancorisporis [49, 94]. Although

the latter two are morphologically different from modern Sphagnum spores the three genera

are sufficiently similar and closely associated with remains of Sphagnum (leaves) in a thin lig-

nite seam (Sphagnum Seam) higher up in the Schöningen section to confirm their affinity to

Sphagnum [31, 49, 94].

The change in PZ 4 is underscored by the great increase in pollen of the T. robustus/rhena-
nus group. Although some of these changes are already initiated in section N (for T. robustus/
rhenanus) and section S1 (for Sphagnum-type spores), the NMDS of all three sections (Figs 5C,

6C and 7C) and of the total data set (Fig 13A) show a clear separation of PZ 4 samples from

those of all other PZs.

A number of authors have affiliated T. robustus with various, mostly catkin-bearing fami-

lies. But on the basis of surface features visible at high resolution ([123, 124], personal SEM

observation) we favour an affinity with the Myricaceae, a family today represented mostly by

small trees and shrubs adapted to wet acidic environments and nutrient deficiency [125, 126].

Together with Sphagnum they clearly signal that peatbeds in PZ 4 were decoupled from

groundwater (raised bog) and their hydrology increasingly, but not exclusively controlled by

precipitation since freshwater runoff was backed up by the rise of sea level [127–129] (Fig

Fig 14. Paleoenvironment reconstruction for Seam 1. Four different types of paleoenvironment and vegetation can be distinguished in the

three sections N, S1 and S2. From base to top: (A) a coastal vegetation (PZ 1 and PZ 5) (B) an initial mire (PZ 2) (C) a transitional mire (PZ 3)

(D) a terminal mire (PZ 4). The positions of the three studied sections (N, S1, S2) relative to the coast are indicated by colored bars.

https://doi.org/10.1371/journal.pone.0232861.g014
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14D). The increase of Ericipites sp. (Ericaceae) and Milfordia spp. (Restionaceae) in section S1

is fully in line with this development. In particular, Restionaceae have been described as an

important constituent of the so-called Sphagnum Seam at Schöningen which has been com-

pared with recent southern hemisphere restionad bogs [49]. Pools of standing water are a com-

mon feature of terminal mires [130–132] and indicated here by the rare, but regular

occurrence of remains of freshwater algae such as cysts of Zygnemataceae (Fig 14D).

Somewhat intriguing are certain members of the Normapolles such as Basopollis and Nudo-
pollis, relics from the Cretaceous, the occurrence of which is one of the last in the Paleogene of

Central Europe and largely restricted here to PZ 4. Their parent plants seem to have found ref-

uge within the vegetation and environment of PZ 4 just prior to their extinction. The associa-

tion of Basopollis orthobasalis, f.i., with pollen of Myricaceae indicates that the parent plants of

Normapolles favored the nutrient deficient conditions of the terminal mire of PZ 4 [133].

The multiple evidence of waterlogged conditions and standing water, however, seems coun-

terintuitive to the massive occurrence of charcoal particles (Fig 11). Since they often show bor-

dered pits, they are mostly wood derived and, thus, clearly differing from the charcoal of the

herb-dominated early Eocene Sphagnum bog at Schöningen [49]. This apparent contradiction

may be resolved in three ways: by close lateral proximity of burnt and waterlogged to aquatic

sites, by crown fires in a temporarily flooded mire forest or by periodic drought followed by

flooding and resettlement of burned forest sites. As a possible modern equivalent for the latter

we consider the complex fire regime in the Okefenokee Swamp (Georgia, USA) [134], where

periodic forest fires at approximately 25 year intervals left charcoal horizons and lowered the

peat surface thus creating space for ponds or lakes when water level returned to normal [135,

136]. New peat was deposited after each fire [137]. In PZ 4 of Seam 1 new peat was formed

among others by regrowth of Sphagnum, ferns, Restionaceae (section S1), and shrubs (Myrica-

ceae, Betulaceae, Juglandaceae).

Comparison of palynomorph assemblages between sections N, S1, S2

The abundance values of common taxa are averaged for the five PZ´s in each of the three sec-

tions and juxtaposed in Fig 15, in order to show the differences between sections as opposed to

the vertical succession of pollen assemblages. A gradient from the most seaward (section N) to

the furthest inland section (section S2) becomes evident for several taxa, which appear to be

environmentally sensitive.

Thus, taxa, which have previously been found in association with marine influence, are best

represented in section N. Thomsonipollis magnificus, for example, has been considered to substi-

tute for the true mangrove elements in various sections at Helmstedt and Schöningen, while

Pompeckjoidaepollenites subhercynicus appears to be an important constituent of the back-man-

grove ecotone [31, 32, 113].Nyssa (Nyssapollenites kruschii) and Taxodium (Inaperturopollenites
sp. partim) are most tolerant of standing freshwater among trees and, thus, are likely to have

formed stands in adjacent backwater areas. The small tricolp(or)ate taxa (Tricolpopollenites liblar-
ensis, Tricolporopollenites cingulum) may be considered to be wind-driven from more inland

mire sites and proportionately overrepresented as other elements decline closer to the shore.

Corresponding to the successional upward increase there is also a landward increase in the

abundance of Sphagnum-type spores indicating the initiation of Sphagnum peat bogs in more

inland sites. Moreover, the diagram (Fig 15) indicates that they may have been first developed

in the most landward site, where they occur already in PZ 3. A similar trend of abundance

increases towards more inland sites is shown by pollen of Myricaceae (T. robustus/rhenanus
group), Restionaceae (Milfordia spp.) and Normapolles (Basopollis, unknown botanical affin-

ity), in part also for Juglandaceae (Momipites punctatus).
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Fig 15. Average abundance of important palynomorph taxa in the different palynozones of the three sections of Seam 1. Average values are presented in

percent for each of the PZs. The three sections are arranged from top to bottom away from the coastline.

https://doi.org/10.1371/journal.pone.0232861.g015
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Fern spores (Leiotriletes, Laevigatosporites) as well as Alnipollenites (Alnus) and to some

extent Tricolpopollenite belgicus show no clear pattern and are characterized by strong fre-

quency fluctuations in the three sections, which agrees well with their potential role as invaders

of locally disturbed sites.

Overall, it should be noted that, despite the differences between the three sections, differ-

ences in the quantitative composition of pollen assemblages are significantly more pronounced

between successional stages as represented by the pollen zones. Thus, the five pollen zones dis-

tinguished here are a robust fingerprint of the successional stages of vegetation, under which

Seam 1 has been formed.

Diversity

The study of the morpho-diversity of the pollen assemblages in section S1 allows for an esti-

mate of the diversity of the vegetation, assuming that the pollen rain reflects relative changes

within the vegetation [82, 85]. 179 palynomorph species have been recognized in Seam 1, but

gamma diversity calculation shows that more than 200 species can be expected (Fig 12C,

Table 2). Thus, the diversity is higher than reported for other lower Eocene records, especially

those in Central Europe such as Krappfeld (Carinthia, Austria) [138, 139], Epinois (Belgium)

[61] or the Cobham Lignite (southern England) [22] and calculated for North America (Mis-

sissippi, Alabama) [140, 141]. However, the calculations may be based on different taxonomic

resolution and should therefore be considered with caution. In any case, the diversity measures

of Seam 1 reflect a high plant diversity as typical for forested tropical coastal wetlands and peat-

lands [142].

Point and alpha diversities of PZ 2 in section S1 are significantly higher than in the other

PZs in S1 (Fig 12A and 12B). This high morpho-diversity of the microflora in PZ 2 is rather

striking, but not surprising when PZ 2 is considered to represent an ecotone between PZ 1 and

PZ 3 combining elements from the coastal vegetation and the subsequent initial mire forest.

Furthermore, an initial mire forest, as represented in PZ 2 is in any case highly diverse com-

pared to a disturbed terminal mire vegetation with raised bog that follows later in PZ 4 [142].

With the initiation of a Sphagnum bog in PZ 4 a peat swamp developed that became increas-

ingly oligotrophic supporting plant communities that are adapted to low pH and nutrient

depletion and which are low in diversity [143]. Accordingly alpha diversities of PZs 3 and 4 are

significantly lower than in PZ 2 (Fig 12B).

Point diversity increases again in the uppermost sample of PZ 4 (Fig 12A) immediately

prior to the transgression of Interbed 2, where species-rich back swamp and coastal communi-

ties returned to the site. The exceptionally low point diversity and evenness of sample S1-5 (X-

horizon) is due to the dominance of spores and the concomitant decline of other elements (Fig

12A, Table 1) possibly caused by resettlement of a clearing in the mire forest by ferns and

mosses.

Paleoclimate

Isotope analyses have recently shown that a Carbon Isotope Excursion (CIE) indicates a short-

term thermal event that started with the topmost sample of Seam 1 extending into the lower

part of Seam 2 [34]. Nevertheless, the bulk of Seam 1 was deposited during a moderately warm

period of the lower Eocene as suggested below. However, temperature reconstructions for

Seam 1 based on biomarker analysis (brGDGTs) resulted in high mean annual temperatures

(MAT), which reached 24˚C ± 4.6˚C in the lower part of the seam [144]. Therefore, a thermo-

philic vegetation should be expected similar to other sites along the southern coast of the
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Proto-North Sea such as Cobham (southern England) and Vasterival (France) which included

the PETM [22, 23].

We present evidence here that the vegetation of Seam 1 indicates a cooler mesothermal cli-

mate. True humid tropical mangrove elements such as Avicennia and Nypa, common in the

coastal vegetation of the succeeding middle Eocene Helmstedt Formation [32, 113], are absent.

This suggests at least extratropical conditions for the Schöningen Formation [31]. On the

other hand, Alnus, one of the characteristic elements of PZ 2 does not occur in the PETM rec-

ords of the Cobham lignite and Vasterival [22, 23]. The assemblages of PZ 2 are more compati-

ble with high-latitude Eocene swamp forests such as those on Axel Heidberg Island in the

Canadian High Arctic, where Cupressaceae s.l. and Alnus are widely distributed [145]. A simi-

lar microflora is also known from the Paleocene/Eocene boundary in the central North Sea

[146], where the vegetation is composed of a mixture of azonal and zonal elements including

mesothermal conifers (Cupressaceae s.l.) and dicots such as Alnus, Carya and Juglans indicat-

ing a mixed conifer broadleaf vegetation [146]. Temperature reconstructions for this record

based on comparisons with nearest living relatives (NLR) indicate relatively cool mean annual

temperatures (MAT) of 15˚ C and cold month mean temperatures (CMMT) of 8˚ C but warm

month mean temperatures (WMMT) of 22.5˚ C for the North Sea region [146]. The similarly

composed mixed palynomorph assemblages of PZ 2, in particular the high abundance of

Alnus pollen, would, therefore, suggest similar extratropical conditions for Seam 1. This is a

considerably cooler estimate than that based on biomarker analysis notwithstanding the

resemblance of WMMT estimates. However, this may be explained by the fact that a certain

temperature bias between brGDGTs estimates and those from leaves and palynomorphs is

well known [146, 147].

Our results are consistent with data for the Bighorn Basin in North America where the ther-

mal event of the PETM is followed by a strong temperature decline in the first million years of

the Eocene, shortly before the rapid increase of temperatures during the succeeding EECO fol-

lowed [148]. Seam 1 has been deposited in the lowermost Eocene during a phase following the

PETM and before a lower Eocene thermal event in the succeeding Interbed 2 and Seam 2

appeared [34]. Thus, a simultaneous cooling in the continental climate of North America and

Central Europe is indicated.

Although Alnus as a temperate climate element declines in PZ 2 and PZ 3 extratropical con-

ditions seem to have persisted through PZ 3 and PZ 4 since Sphagnum and fern spores in asso-

ciation with pollen of Restionaceae and Ericaceae dominate [31, 49]. They are typical for

temperate mires in the southern hemisphere today [149–154]. In the northern hemisphere

similar pollen assemblages are also known from Paleocene to lower Eocene coals of Texas and

Wyoming [155].

The close association of Sphagnum and fern spores with high abundances of charcoal in PZ

3 and PZ 4 (Fig 11) appears rather contradictory and has been interpreted in a number of

ways. In any case, the great increase in charcoal points to an increase in fire activity and possi-

bly to dryer conditions in the area toward the end of Seam 1 formation. In a recent study of

charcoals from 11 autochthonous lignite seams from the Schöningen and Helmstedt forma-

tions, including Seam 1, a mix of charcoal particle sizes from >500 μm to less than 10 μm has

been recognized [35], which indicates local and regional wildfire activity [156–159]. Especially

larger charcoal particles (�500 μm) in the autochthonous early Paleogene lignites at Schönin-

gen, such as Seam 1, are unlikely to have been washed in and therefore represent locally occur-

ring wildfires [35]. Semifusinite and inertodetrinite are the most common inertinite macerals

in the lignite. Since inertodetrinite is predominantly wind-blown due to its small size [160], it

can be used as an indicator of local and regional high temperature crown fire activity [159–

161].
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Inglis et al. [94] argued that wildfires impeded the spread of taller and more vulnerable vas-

cular plants and thereby advanced the spread of Sphagnum. On the other hand, the highest

abundance of charcoal at the top of PZ 4 (Fig 11) may be correlated with the onset of a CIE

[34] considering that an increase of wildfires shortly before the onset of the PETM has been

noted for the Cobham lignite [22, 162]. This could give support to the suggestion that peat

burning may have been a trigger for CIEs and associated thermal events in the early Paleogene

[163, 164]. However, we favor the Okefenokee Swamp (Georgia, USA) as a recent example for

conditions existing during PZ 4, in which periodic droughts and subsequent forest fires leave

open areas later invaded by a herbaceous vegetation consisting of Sphagnum, ferns, Restiona-

ceae and Ericaceae with aquatic sites in between [165].

Conclusions

Statistical scrutiny by means of Cluster analyses and NMDS shows that 5 different PZs occur-

ring in vertical succession can be clearly distinguished in the three sections of Seam 1 despite

local differences between them. They reflect vegetation responses to changes in environment

and facies that took place during an early Paleogene regression/transgression cycle including

the formation of a coal seam. The two PZs bounding the seam, PZ 1 and PZ 5, are similar

mainly due to the presence of marine indicators (Apectodinium, Rhizophora) and reflect the

state of vegetation during the regressional respectively transgressional phase. PZ 2 to PZ 4

reflect changes occurring during coal seam respectively peat bed formation, in which the vari-

ous mire communities competed for changing hydrologic conditions, nutrient resources and

effects of peat aggradation. The initial phase (PZ 2) was characterized by a patchy, pioneering

vegetation (e.g. Thomsonipollis magnificus, Alnipollenites verus) controlled by variable edaphic

conditions. PZ 3 appears transitional in a seam of limited thickness, but represents a certain

climax in mire development since it is composed of a mix of species adapted to these condi-

tions. External factors such as fire, flooding and an increasing influence of precipitation led to

environmental disturbances and differential peat aggradation supporting a rather heteroge-

neous vegetation of Sphagnum, ferns, and Myricaceae in combination with frequent charcoal

(PZ 4) during the terminal phase. A renewed transgression finally truncated further peat

aggradation preventing full development of ombrogeneous conditions which commonly con-

stitute the bulk of thick seams as described for brown coals of Victoria, Australia [112].

Diversity measurements show that PZ 2 has the greatest species diversity as is commonly

the case in ecotones containing elements from adjacent communities as well as specialists of

different habitats. Since they disappear with progressive stabilization of the mire environment,

diversity drops to the lowest in PZ 3, before disturbances in the environment create new habi-

tats in PZ 4. This pattern may be considered typical of vegetation responses in regression/

transgression cycles.

Climatic signals for Seam 1 are somewhat contradictory. Warm temperatures of c. 24˚C

have been calculated by biomarker analyses of Seam 1 approaching those accepted for the

PETM [144]. Isotope analyses [34], on the other hand, have shown that Seam 1 has been

formed just prior to a negative CIE excursion. There is strong palynological evidence from

Seam 1 that a temperate climate prevailed in northwestern Germany during the lowermost

lower Eocene, since Alnus and Sphagnum are abundant temperate elements in Seam 1, while

tropical elements, e.g. Avicennia, Nypa and Sapotaceae, well known from the middle Eocene

Helmstedt Formation, are entirely missing. Seam 1, therefore, stands as an example typical for

the normal climate during the early Eocene. As such it will serve as a standard by which vegeta-

tion responses to any of the known early Eocene thermal events can be identified in the Schö-

ningen section.
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peat-forming environments at Schöningen, Germany. Palaeogeography, Palaeoclimatology, Palaeoe-

cology 2015; 437: 53–62.

36. Brandes C, Pollok L, Schmidt C, Wilde V, Winsemann J. Basin modelling of a lignite-bearing salt rim

syncline: insights into rim syncline evolution and salt diapirism in NW Germany. Basin Research 2012;

24: https://doi.org/10.1111/j.1365-2117.2012.00544x

37. Blumenstengel H, Krutzsch W. Tertiär. In: Bachmann GH, Ehling BC, Eichner R, Schwab M, editors.

Geologie von Sachsen-Anhalt. Stuttgart: Schweizerbart; 2008. pp. 267–273.
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39. Wilde V, Riegel W, Lenz OK. Das Paläogen im Helmstedter Revier: Ein Forschungsthema im Geopark

Harz. Braunschweiger Land. Ostfalen. Gaussiana 2020; 1: Forthcoming.

40. Ziegler PA. Geological Atlas of Western and Central Europe. The Hague: Shell Internationale Petro-

leum Maatschappij B.V; 1990.

41. Manger G. Der Zusammenhang von Salztektonik und Braunkohlenbildung bei der Entstehung der

Helmstedter Braunkohlenlagerstätten. Mitteilungen aus dem Geologischen Staatsinstitut in Hamburg

1952; 21: 7–45.

42. Baldschuhn R, Binot F, Fleig S, Kockel F. Geotektonischer Atlas von Nordwest-Deutschland und dem

deutschen Nordsee-Sektor. Geologisches Jahrbuch Reihe A 1996; 153: 1–88.

PLOS ONE Lower Eocene coastal wetlands of Northern Germany

PLOS ONE | https://doi.org/10.1371/journal.pone.0232861 January 13, 2021 34 / 40

https://doi.org/10.3732/ajb.1200554
http://www.ncbi.nlm.nih.gov/pubmed/23825133
https://doi.org/10.1080/00173134.2020.1808697
https://doi.org/10.1080/00173134.2020.1808697
https://opac.sub.uni-goettingen.de/
https://doi.org/10.1111/j.1365-2117.2012.00544x
https://doi.org/10.1371/journal.pone.0232861


43. Gramann F, Harre W, Kreuzer H, Look ER, Mattiat B. K-Ar ages of Eocene to Oligocene glauconitic

sands from Helmstedt and Lehrte (Northwestern Germany). Newsletter on Stratigraphy 1975; 4: 71–

86.
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