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A B S T R A C T

The early Permian Chemnitz Fossil Lagerstätte (Leukersdorf Formation, Chemnitz Basin, SE Germany) represents
a diverse T0 assemblage of a fossil forest ecosystem around the Sakmarian-Artinskian transition
(290.6 ± 1.8 Ma), which was preserved by pyroclastic deposits of a multi-phased volcanic eruption. The multi-
aged plant community consists of predominantly hygrophilous elements, which grew on an alluvial plain mi-
neral substrate under sub-humid conditions, representing a wet spot environment. Strong seasonality triggered
the formation of annual tree rings in arborescent woody plants, such as pycnoxylic gymnosperms, medullosan
seed ferns and calamitaleans. From several hundred fossil trees, the 53 best-preserved specimens were selected
and investigated in detail by measuring 2,081 tree rings in individual sequences of up to 77 rings. Ring sequences
were analysed by standard dendrochronological methods to determine both annual growth rates and mean
sensitivity. Morphological and statistical analyses on single tree rings reveal different tree-ring types according
to the different plant groups. Pycnoxylic gymnosperms have distinct and regular tree rings, whereas medullosan
seed ferns and calamitaleans show indistinct and regular tree rings as well as so called event rings.

Results reveal differences between plant groups regarding their physiological reactions or adaptations to
seasonal fluctuations. In comparison to pycnoxylic gymnosperms, both medullosan seed ferns and calamitaleans
exhibit reduced growth rates and more sensitive reaction to environmental perturbances as water deficiency
pointing to comparably lower adaptation to seasonally dry palaeoclimate. In this context, event rings are in
many cases traced back to plant physiological stress during particularly severe drought periods. Altogether, these
fossil trees serve as sensitive environmental archives, which shed light on growth conditions several decades
back in time from the entombing eruption.

1. Introduction

Ancient in situ terrestrial ecosystems are rarely preserved in the
geological record. They provide information on composition of life
communities and palaeoecological processes such as organism inter-
actions and metabolic processes (DiMichele and Falcon-Lang, 2011;
Césari et al., 2012; Wang et al., 2012; Opluštil et al., 2014). Moreover,
fossil ecosystems reflect their surrounding environment responding to
palaeoclimate and its variations through time (Montañez et al., 2016).

Trees represent a natural data storage system, which records the
biological reactions of living organisms to changes in their environment
(Creber, 1977). Consequently, tree-ring analysis has become estab-
lished as an important method in forestry, chronology and climatology
(Schweingruber, 1996; D'Arrigo et al., 2006; Esper et al., 2012; Mbow
et al., 2013; Schollän et al., 2015). In modern forest ecosystems, these

methods are applicable in many varying climatic regions of the world,
ranging from the cold temperate zones to warm tropical regions
(Falcon-Lang, 2005a). The formation of tree rings in individuals is often
seasonally driven and influenced by both external factors such as local
light and water conditions, competition pressure, underground mor-
phology or catastrophic events, and internal factors such as genetic
ability to form tree rings, ontogenetic development or inherited phy-
siological adaptations (Creber and Chaloner, 1984; Chapman, 1994;
Schweingruber, 1996; Schweingruber et al., 2006). Both internal and
external factors influence growth of plants likewise and superimpose
higher-ranked climatic signals. The distinction between different fac-
tors is one of the major limitations in both dendrochronology and
dendroecology (Schweingruber, 1996).

Annual tree-ring formation has been questioned in tropical systems
for a long time. However, this phenomenon was demonstrated in
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modern tropical dry and wet forests by several studies during the last
century, even though it differs significantly from tree-ring formation in
the temperate zone (Coster, 1927, 1928; Worbes, 1995, 2002; Fichtler
et al., 2003; Bräuning et al., 2009; Rozendaal and Zuidema, 2011;
Groenendijk et al., 2014). Tropical climate is characterised by seasonal
fluctuations of precipitation resulting in at least one dry season,
whereas more than one can arise in various regions world-wide, e.g.
driven by monsoonal circulation (Ash, 1983, 1985). Basically, tree-ring
formation in the tropics is induced by growth interruption due to
moisture stress in the dry season. Mechanisms of drought tolerance in
tropical dry forests are mainly forced by species-specific plant physio-
logical processes, which are the key factors influencing phenological
behaviours, such as fall of leaves and changes in cambial activity
(Borchert, 1980; Worbes et al., 2013). These processes result in widely
varying appearance of annual rings in tropical trees, ranging from ab-
sent to weakly developed rings with diffuse boundaries and well de-
veloped rings with sharp boundaries (Coster, 1927, 1928). Variations
commonly occur among different species in the same community, but
also in the same species at different stands.

Due to their high potential for providing palaeoecological in-
formation, dendroecological methods have been applied to fossil wood,
mainly petrified or charcoalified remains (e.g. Francis, 1984; Creber
and Chaloner, 1985; Ash and Creber, 1992; Falcon-Lang, 1999; Brison
et al., 2001; Falcon-Lang et al., 2001; Taylor and Ryberg, 2007; Pires
and Guerra-Sommer, 2011; Gulbranson et al., 2014; Benício et al.,
2015; Fletcher et al., 2015). However, application is generally limited
due to comparatively small data bases, caused by multiple taphonomic
biases such as inadequate cell preservation or fragmentation during
various transport processes. Well-preserved in situ fossil forests solely
provide the opportunity to avoid these biases and admit the application
of modern methods usually applied to extant wood. An example is the
T0 assemblage of the Chemnitz Fossil Lagerstätte (Rößler et al., 2012).
It represents a diverse fossil assemblage of early Permian age (Sak-
marian-Artinskian boundary), which encompasses several arborescent
plant groups of a hygrophilous plant community (Kretzschmar et al.,
2008; Rößler et al., 2008, 2009, 2010). Exceptional taphonomic cir-
cumstances with T0 burial by volcanic ashes have been demonstrated
by the ongoing scientific excavations in the city of Chemnitz (Rößler
et al., 2012, 2015; Luthardt et al., 2016). The in situ character of the
fossil assemblage implies that the entirety of organisms found in the
Zeisigwald Tuff pyroclastics and their underlying palaeosol lived si-
multaneously in the same habitat. This favourable condition offers the
unique possibility to apply dendrochronological and dendroecological
methods even to a Permian fossil forest and its arborescent woody
elements. Although it was located at a low-latitude palaeogeographical
position of ca. 15° N, the fossil forest grew under sub-humid local
conditions (Luthardt et al., 2016) in a subtropical semi-arid climate
(Roscher and Schneider, 2006; Roscher et al., 2008), suitable for tree-
ring formation. Nevertheless, the existence of true tree rings in woody
plants from Chemnitz has been questioned for a long time. Morgenroth
(1883) described bends and kinks of radial cell columns in gymnosperm
woods, which he identified as apparent tree rings. Much later, “growth
rings” were recognised in calamitaleans from Chemnitz reasoning that
these growth interruptions were induced by seasonality or volcanic
activity (Rößler, 2006; Rößler and Noll, 2010). Recent work on these
tree rings encompassed measurement of ring sequences from 43 spe-
cimens of different taxa providing a correlation of ring sequences and
evidence of a regular 10.62 year cyclicity, which was interpreted as a
climatic signal forced by the 11-year solar cycle (Luthardt and Rößler,
2017). Although trees represent biological data archives, which in
certain cases reflect non-climatic effects (Schweingruber, 1996), the
impact of sunspot cyclicity on growth patterns is highly suggestive and
gets support from varved lake sediments of the Upper Oberhof For-
mation in the Thuringian Forest Basin, situated about 100 km west of
the Chemnitz Basin. The contemporaneous Oberhof and Leukersdorf
formations can be correlated and belong to the last level with perennial

lakes in the European Permian (Schneider et al., 2006, 2012; Roscher
and Schneider, 2006). Lacustrine varved laminites of the Oberhof Fm.
were caused by seasonal changes of wet and pronounced dry periods
and assembled distinct bundles (unpublished MSc thesis Schulz, 2015;
Schulz and Schneider, 2015). The numbers of varves inside the bundles
vary from 5 to 14, providing a mean value of 10.4 (see Supplement 1),
but these results require confirmation in detail by ongoing research.
Tree rings and varves as independent lines of evidence need to be traced
back to a superordinate driver, such as climate (Haltia-Hovi et al., 2007;
Glur et al., 2015).

Correlation of tree-ring sequences in the Chemnitz Fossil Forest al-
lows assessing plant growth and environmental fluctuations up to
79 years back in time from the in situ burial by volcanic ashes (Luthardt
and Rößler, 2017). Additionally, for the first time we are able to re-
cognise deadwood among specimens of the dataset (see Supplement 2).

Here we extend tree-ring data by additional specimens and shed
light on growth dynamics of the different plant taxa. We specify palaeo-
ecological conditions, under which these plants grew and how they
adapted to environmental stress. The study gives further insight into
high-resolution environmental fluctuations in a three-dimensionally
preserved forest ecosystem, and thus further assesses its fourth di-
mension.

2. Geological setting

The Chemnitz Basin is situated in southeast Germany in the Federal
State of Saxony. With an extension of 70 × 30 km following a NE–SW
striking (Fig. 1), it is one of the smaller post-Variscan intramontaneous
Rotliegend basins of Central Europe (Roscher and Schneider, 2006;
Schneider et al., 2010). The basin fill is dominated by early to late
Permian terrestrial red bed sediments and intercalated volcanics. As-
selian to Artinskian deposits superimpose discordantly the meta-
morphic basement and several smaller Carboniferous basin structures.
After a hiatus, Capitanian to Wuchiapingian sediments, overlain by
marine and sabkha deposits of the Zechstein Sea transgression, com-
plete the sedimentary succession (Legler and Schneider, 2008;
Schneider et al., 2012). The continental Permian strata are subdivided
into four formations comprising six sedimentary megacycles with an
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(modified from Schneider et al., 2012).
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overall thickness of 1550 m (Fig. 2).
The fossil forest is located in the city of Chemnitz, in the centre of

the north-eastern branch of the Chemnitz Basin. Buried by pyroclastic
deposits of the Zeisigwald Tuff, it is stratigraphically part of the Upper
Leukersdorf Formation (Fig. 2). The entire Leukersdorf Fm. represents
an 800 m thick sequence of predominantly alluvial red-bed sediments,
in which three fining-up mesocycles are subdivided, whereas the base
of each cycle is defined by an initial deposition of coarse clastics of
semi-arid type alluvial fans (Schneider et al., 2012). The first mesocycle
is terminated by the grey-coloured lacustrine-palustrine Rottluff Hor-
izon, the second mesocycle by the lacustrine Reinsdorf Carbonate
Horizon, which shows seasonally induced lamination. Frequently, rhi-
zolith-bearing, vertic to calcic palaeosols of low maturity as well as
infaunal burrows of Scoyenia and Planolites montanus types occur in the
fine- to medium-grained alluvial sediments, characterising them as
“wet” red beds (Schneider et al., 2010). A basin-wide minor record of
meso- to xerophilous plant remains contrasts the locally distributed
hygrophilous plant assemblage of the Chemnitz Fossil Forest, which
was recently characterised as a “wet spot” sensu DiMichele et al. (2006)
by Luthardt et al. (2016). The Upper Leukersdorf Formation correlates
with the initiation of the late Sakmarian to early Artinskian wet phase D
according to Roscher and Schneider (2006).

The intercalated Zeisigwald Tuff represents a pyroclastic marker
horizon in the north-eastern part of the basin (Schneider et al., 2012)
and revealed an isotopic U-Pb age of 290.6 ± 1.8 Ma (Rößler et al.,
2008). During intermittent ascent from a shallow magma chamber the
highly evolved silicic magma came in contact with groundwater re-
sulting in an explosive, phreatomagmatic fissure eruption, accompanied
by the formation of a caldera-like structure (Eulenberger et al., 1995).
Although the multi-phased character of the eruption is evidenced by a
differentiated profile, it is assumed that it represents a continuous
eruption without longer phases of quiescence. The earliest pyroclastics
buried the forest ecosystem rapidly with ashes and flow deposits and
gave rise to an exceptional in situ fossil lagerstätte revealing a diverse
T0 assemblage (Rößler et al., 2012). A high number of trees were found
still maintaining their growth positions. However, frequently observed
short-distant transport phenomena were recognised at stems and
branches and interpreted to be related to concentrated and diluted
pyroclastic density currents.

Between 2008 and 2011, the Chemnitz Fossil Forest was in-
vestigated for the first time in a perennial scientific excavation at
Chemnitz-Hilbersdorf (Kretzschmar et al., 2008; Rößler et al., 2008,
2009, 2010, 2012). Fifty-three bases of upright-standing trees were
recognised at an area of 24 × 18 m, still rooting in their palaeosol,
which developed on primarily deeply oxidised red alluvial plain de-
posits. The approximately two metres thick palaeosol horizon, Unit S6,
was recently characterised in detail by Luthardt et al. (2016). It is
composed of a red-coloured immature inceptisol-like, but densely
rooted sub-horizon at the top, which merges into a carbonate-rich,
green bleached part to the bottom (Fig. 3B). Among rooting tree bases
the spectacular finding of complete scorpions in their own burrows
became known recently (Dunlop et al., 2016).The uppermost sub-hor-
izon once represented a silty to sandy, well-drained sediment, which
shows minor evidence of chemical weathering. Intergrowth of carbo-
nate and ferritic glaebules in the transition zone from the top to the
bottom indicate a strongly seasonal palaeoclimate characterised by an
alternation of dry and wet phases. Geochemical analyses permitted
annual precipitation estimations in a range of 800 to 1100 mm
(Luthardt et al., 2016). The lower, bleached part of the palaeosol fre-
quently hosts carbonate glaebules of different size and, as witnessed by
mineralogical and geochemical characteristics, a massive groundwater
calcrete horizon at a depth of 0.80 to 1.10 m. Formation of this horizon
probably resulted from both a high and more or less stable groundwater
table and high evapotranspiration during drier seasons. A dense hy-
grophilous plant community comprising multi-aged medullosan seed
ferns, cordaitaleans, psaroniaceous tree ferns and calamitaleans

developed on the mineral soil and was most probably supported by the
high groundwater table (Luthardt et al., 2016).

The palaeosol is overlain by 0.54–0.61 m thick, fine to coarse ash
deposits of the initial eruption phase, units S5 and S4 (Fig. 3B). Purple
to light-grey/green-coloured, thinly bedded and unwelded, accre-
tionary lapilli-bearing ash tuffs are interpreted as deposited from fallout
with a lateral transport component. They show an internal coarsening-
up, which is assumed to reflect increasing eruption energy. The low-
ermost horizon, S5.1, interpreted as the initial fallout of a low-energy
phreatomagmatic eruption, represents the key horizon of the in situ
fossil record. Numerous plant and animal adpressions and moulds of
different size preserved in great detail and often showing organ con-
nections. Silicified twigs and branches up to upright-standing plants,
different kinds of arthropods, such as trigonotarbid and uropygid ara-
chnids, as well as articulated skeletons of reptiles and amphibians
complete the comprehensive fossil record of this diverse fossil assem-
blage (Rößler et al., 2009, 2012; Dunlop and Rößler, 2013; Feng et al.,
2014; Spindler et al., 2017). The following pyroclastic horizon, Unit S3,
represents a> 3.35-m-thick, light-red to purple-red, poorly sorted,
massive, matrix-supported, unwelded coarse ash tuff with a high con-
tent of accretionary lapilli and pumice fragments. It is interpreted as
deposit of a high-concentrated pyroclastic density current, entombing
upright stems and hosting different size stems in horizontal position,
which show alignment in the direction of the eruption centre. Among
them is the largest calamite found so far (Arthropitys bistriata) with an
estimated length of 15 m (Feng et al., 2012; Rößler et al., 2012). The
lithological profile is completed by sub-recent hill-side scree, Unit S2,
and a recent soil horizon, Unit S1.

Since 2009, a second excavation was established in Chemnitz-
Sonnenberg covering an area of 20 × 15 m (Rößler and Merbitz, 2009),
in a distance of ca. 1.5 km from the Chemnitz-Hilbersdorf excavation
(Fig. 3A). The section at Chemnitz-Sonnenberg consists of three major
lithological units (Fig. 3C). Unit LE1, representing the palaeosol hor-
izon, developed on red alluvial plain deposits, but differs significantly
from the palaeosol at Chemnitz-Hilbersdorf. It represents a poorly
drained, fine- to medium-grained substrate that exhibits waterlogging
features. The palaeosol is up to 1 m thick, shows colour changes from
the red-coloured unaltered sediment to dark greyish-green and purple
mottling merging into a light or intense green colour at the top, and
results from clayey to silty clastic sediment. The 0.35–0.50 m thick top
horizon, LE1c, is strongly lithified due to diagenetic cementation by
SiO2, originating from the overlying basal pyroclastics. At the top, LE1c
bears small carbonised plant remains and vertebrate bone fragments,
root moulds with clayey fill rarely occur. The overlying 0.45 m thick
basal pyroclastics of Unit LE2 are characterised as purple-coloured,
fine- to medium-grained and thinly bedded ash tuffs, which can be li-
thologically well correlated to Unit S5 at Chemnitz-Hilbersdorf ex-
cavation (Luthardt et al., 2016). The fossil record of LE2b encompasses
silicified branches and leafy shoots of calamitaleans and psaroniaceous
tree ferns, so far. LE2b correlates well to the major fossil-bearing de-
posit S5.1 at Chemnitz-Hilbersdorf. The overlying Unit LE3 represents
a> 1.75-m-thick, light-purple to light-green-coloured, accretionary
lapilli bearing fine- to medium-grained ash tuff, interpreted as a low-
concentrated pyroclastic surge deposit. One pycnoxylic gymnosperm
stem of at least 0.60 m diameter was found, so far, facing WSW direc-
tion away from the eruption centre and sunken in the basal pyroclastics
of LE2 (Rößler and Merbitz, 2009).

3. Material and methods

Our data are mainly derived from collection material of the
Chemnitz natural history museum. The studied specimens were col-
lected during the last two centuries originating from the Chemnitz
Fossil Lagerstätte, predominantly from the Chemnitz-Hilbersdorf site
(around 50°51′58.69″ N, 12°57′32.54″ E). Some specimens originated
from other localities within the same horizon, the Zeisigwald Tuff in the
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city of Chemnitz, but in some cases lacking detailed description of their
location (Fig. 3A, Table 1). In addition, seven samples from the
Chemnitz-Hilbersdorf excavation were investigated (compare Rößler
et al., 2012). Generally, most of the specimens can be assigned to in situ
upright-standing stems and short-distant transported stems or branches
from the same habitat. Some of them represent stem fragments. With
regard to the T0 situation we can assume that, except from a few
deadwood specimens, the majority of trees died simultaneously, which
is of key importance for the correlation of tree-ring sequences.

Despite the exceptional taphonomic conditions (Rößler et al.,
2012), the tree-ring record is restricted in many specimens due to im-
perfect preservation. Thus, only a minority of the several hundred
specimens in the collection and from excavations still shows tree-ring
sequences. Rarely, cell structure is adequately preserved allowing tree-
rings to be characterised by cellular changes at the ring boundaries, but
also by colour changes. Frequently, tree rings only remained as colour-

bands with colour changes at the ring boundaries. They are cir-
cumferential and parallel to each other, which makes them distin-
guishable from random colour-bands. In the majority of specimens, the
extraxylary parts of the stem including cambium, cortex layers and
most probably some of the outermost tree rings are missing. Definition
of tree-ring terminology used in this paper is available from Supplement
3.

The 53 best-preserved specimens that were selected for tree-ring
analysis (Table 1) include examples of the dominating wood producing
plant groups. Among them are pycnoxylic gymnosperms, such as cor-
daitaleans (Cordaixylon, n = 2) and, if no clear differentiation between
cordaitaleans and conifers was possible, regarded as Agathoxylon sp.
(n = 26), manoxylic pteridosperms such as medullosans (Medullosa
stellata var. lignosa, n = 17) and even sphenophytes, such as calamita-
leans (Arthropitys bistriata, Arthropitys sterzelii, Arthropitys sp., n= 8).
Polished transverse sections were investigated and photographed under
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a Nikon SMZ 1500 microscope, equipped with a Nikon DS-5 M-L1
camera. Investigated specimens are stored in the palaeontological col-
lection of Chemnitz natural history museum (K-numbers) or in the
private collection of Holger Obst, Gersdorf (HOG-1).

Cell size measurements were processed manually by microscopic
camera software (NIS Elements D3.2), encompassing measurements of
radial lumen diameter (RLD), radial wall thickness (RWT), lumen area
(LA) and lumen circumference (LC). Lumen diameter and radial wall
thickness are shown in tracheidograms (Vaganov, 1990), where radial
wall thickness is presented as double radial wall thickness (DRWT),
referring to the method of Mork (1928). This method defines the por-
tion of latewood as the part of the section, where DRWTi ≥ RLDi

(Denne, 1989).
Ring width data was also processed by microscope camera software

(NIS Elements D 3.2). A data set of 2081 ring width measurements of 59
ring sequences from 53 specimens with 7 to 77 rings per sequence was
created (Table 1).

According to Douglass (1928), mean sensitivity was determined as a
measure for high variability in a ring sequence of a tree from one year
to the next, delivering valuable information for palaeoecological in-
terpretation. According to the equation of Fritts (1971), xt marks one
ring width in the whole section of n measurements in a sequence.

=

−

−

+
=

= − +

+n
Σ x x

x x
Mean sensitivity (MS) 1

1
2( )
( )t

t n t t

t t
1

1 1

1 (1)

Mean sensitivity was calculated for the entirety of tree-ring sections
(n = 59). The resulting data provide the possibility to evaluate, whe-
ther a tree is complacent or sensitive with regard to its reaction on
environmental fluctuations. Following Douglass (1928), trees with va-
lues of 0.3 or lower are classified as complacent, whereas trees with
mean sensitivity higher than 0.3 are classified as sensitive. Usually,
mean sensitivity values are within a range of 0.0 to 0.6 (Creber, 1977).
Annual sensitivity values of every neighbouring ring width couple build
up a curve of a sequence, which shows trends of a tree's sensitivity
during its lifetime. To point out the overall relationship of annual
sensitivity and ring width, mean value curve for annual sensitivity was
estimated. Values were taken from the same eleven sequences used for
estimation of ring width mean value curve. These individual curves
were standardised by the same procedure described and applied for ring
width data.

4. Results

The existence of tree rings in arborescent woody plants from the
Chemnitz Fossil Forest is clearly demonstrated. However, different
morphological types of tree rings occur in the different plant groups of
pycnoxylic gymnosperms, medullosan seed ferns and calamitaleans.

4.1. Tree-ring types

Combining macroscopic and microscopic observations with statis-
tical analysis, tree rings obtained from fossil plants of different affinity
were classified on the basis of their morphological properties (Fig. 4).
As a result, three different tree-ring types were differentiated according
to their occurrence in the investigated plant groups.

4.1.1. Type 1 – distinct tree rings
Tree rings of Type 1 are generally developed as regularly shaped,

parallel and circumferential growth increments in stems and branches
of pycnoxylic gymnosperms (Figs. 4, 5A). Sporadically and more irre-
gularly they were additionally observed in calamitaleans. Type 1 rings
are usually characterised by a gradual decrease of cell size and a si-
multaneous increase of radial wall thickness towards the ring boundary
(Fig. 5B), frequently accompanied by a radial flattening of tracheids
and a slightly increasing parenchyma volume (Fig. 4). After growthTa
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interruption, at the ring boundary initial earlywood formed with large
tracheids, followed by slightly smaller tracheids, which are more or less
constant in size in wide parts of the earlywood. One striking feature of
Type 1 rings is the small latewood portion in comparison to the ear-
lywood (Fig. 5C,G). Frequently, latewood and initial earlywood of Type
1 rings show crumpled cells and bent or buckled radial columns of
tracheids (see Supplement 2 for more detailed description).

K3409, a pycnoxylic gymnosperm (Agathoxylon sp.) from Chemnitz-
Hilbersdorf, measures 81 × 74 mm in diameter and possesses well
preserved tree rings down to cell level (Fig. 5A). From the presence of
reaction wood due to mechanical stress, the low number of 18 recorded
rings and generally smaller cells than in K6044, K3409 seems to re-
present the branch of a tree. Cell size parameters were measured in a
section of four Type 1 rings and possibly intercalated intra-annual rings
or false rings in the inner part of the branch section. Cell size devel-
opment in the measured sections shows clear changes of radial lumen
diameter and radial wall thickness at the ring boundaries (Fig. 5E–G).
The mean radial lumen diameter is 28 μm, but reaches up to 39 μm in
the earlywood and down to 12 μm in the latewood. Lumen area varies
from 690 to 750 μm2 in the initial earlywood, from 270 to 620 μm2 in
the older earlywood and decreases down to 125 μm2 in the latewood.
Both lumen area and radial lumen diameter decrease significantly close
to the ring boundary, representing the latewood portion. In contrast,

radial wall thickness increases towards the ring boundary. The tra-
cheidogram (Fig. 5F) shows that double radial wall thickness exceeds
the lumen diameter in 2 to 8 consecutive rows of tracheids. The ear-
lywood encompasses 25–70 rows of tracheids. Of the three measured
rings, the latewood portion varies between 7.5 and 13.5%, with a mean
value of 10.6%. Several cells on the verge of the earlywood-latewood
boundary, lumen diameters already decrease dramatically and char-
acterise this part as “transition zone” (Fig. 5G). In general, cell sizes
show a high variability, especially in the earlywood. While radial wall
thickness increases steadily, lumen diameter stays more or less constant
in the earlywood before it decreases in the transition zone. Radial wall
thickness does not exceed lumen diameter in the growth interruptions
F-3a and F-3b, but for one cell in F-2 (Fig. 5F). These interruptions most
likely represent false rings or intra-annual rings.

K6044, the segment of a large pycnoxylic gymnosperm trunk
(Agathoxylon sp.) exhibits a radial diameter of up to 425 mm and a
record of 75 tree rings (Supplement 4). Cell size parameters were
measured in a section of seven tree rings in the innermost part of the
stem, a zone of high preservational detail. Lumen area of initial early-
wood is 1900–2500 μm2, of later earlywood around 1300 μm2 and of
latewood 130–550 μm2. The latewood portion is somewhat higher
compared to K3409 with 7 to 19 versus 14 to 44 rows of tracheids in the
earlywood.
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4.1.2. Type 2 – indistinct tree rings
Tree rings of this type usually occur in calamitaleans and me-

dullosans as regular, mostly circumferential, but more indistinct zones.
They are defined by a gradual decrease of cell size towards latewood,
followed by a gradual increase of cell size in the transition to earlywood
so that no clear ring boundary is visible (Figs. 4,6B). The occurrence
varies from very distinct to nearly invisible; occasionally, rings show a
similar morphology as Type 1 rings. As a result of taphonomic pro-
cesses, compaction and even destruction of cells can appear in the zone
of highest density; this is most frequently observed in calamitaleans.

KH0277-01, a slice from the middle stem part of a tall calamitalean
(Arthropitys bistriata), was found in growth position at Chemnitz-
Hilbersdorf (Rößler et al., 2014, p. 76, pl. 2) and measures
212 × 190 mm in diameter. A section of four consecutive rings was
captured from the outer part of the stem (Fig. 6A). Ring boundaries are
macroscopically indistinct. In the tracheidogram (Fig. 6D), they are
traceable by a successive decrease of lumen diameter and lumen area,
as well as a concurrent increase of radial wall thickness. Changes of
lumen diameter range between 43 and 68 μm on average, and changes
of radial wall thickness range between 10 and 26 μm on average,
whereas double radial wall thickness does not exceed the lumen dia-
meter. Ring boundaries are characterised by smaller tracheids and

thicker tracheid walls by trend. As in the case of ring boundary G-3 (see
Fig. 6D), changes in cell size parameters are sometimes not even sig-
nificant enough to set apart from the “noise” of normal fluctuations.
Between ring boundaries of G-1 and G-2, a potential false ring (F-1)
occurs, indicated by smaller cells and increased radial wall thickness,
which is, however, macroscopically invisible (Fig. 6D).

4.1.3. Type 3 – event rings
In contrast to Type 1 and Type 2 rings, Type 3 rings do not occur

regularly but are solitary in a stem section and can be described as
event rings (Fig. 4). They were observed in calamitaleans and me-
dullosan seed ferns, but only in one pycnoxylic gymnosperm. According
to their anatomical characteristics, three sub-types a–c can be dis-
tinguished.

Type 3a rings represent zones of injured living wood tissue, which
are overgrown by parenchymatous tissue forming callus (Fig. 7B). An
event ring of this type was observed in a pycnoxylic gymnosperm
(K1777; Fig. 7E) and the calamitalean KH0277–04 (A. bistriata;
Fig. 7A–D). In KH0277-04, the event ring extends over 75% of the
whole stem circumference and is characterised by a sharp transition
from normal wood tissue to a row of crushed tracheids (Fig. 7C,D).
Normal growth of tracheids sets in again by the formation of wide
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lumen tracheids (Fig. 7C). Callus tissue has overgrown the wounded
area from both sides (Fig. 7B).

Type 3b is also not circumferential. It occurs in calamitaleans, e.g.
in K3257 (Arthropitys sterzelii), representing a 139 × 126 mm diameter
stem, found in Chemnitz-Hilbersdorf (Rößler and Noll, 2010, pl. VIII, 1,
5). The event ring is associated with a distinct tree ring in the outer part
of the stem showing a gradual thickening of tracheid walls towards the
ring boundary. At the ring boundary, tracheids of one row are damaged
by disruption (Fig. 7F), followed by initial growth of up to four rows of
large, thin-walled parenchymatous cells. The latter gradually decrease
to normal size in the further growth continuation and growth of normal
tracheids sets in again.

Type 3c is, in contrast to Types 3a/b event rings, mostly cir-
cumferential and specific to medullosans (Fig. 7G–L). In contrast to
normal Type 2 rings in medullosans the event rings indicate a striking
growth interruption. In front of the ring boundary, usual changes of
tracheid size parameters, such as tracheid wall thickness or decrease of
lumen width are not clearly recognisable. At the ring boundary, trac-
heids are frequently distorted, which is most probably not taphono-
mically induced because surrounding cells remained intact (Fig. 7H,I).
The zone of distorted tracheids is overgrown by undifferentiated par-
enchyma, forming a circumferential parenchyma band (Fig. 7L). Initial
growth after the ring boundary is characterised by reorganisation of the
arrangement of tracheids and rays (Fig. 7I). In the sections of in-
vestigated medullosan specimens, up to four consecutive Type 3c event
rings can be recognised. In five of seventeen medullosans one or two
event rings appear in the outermost part of the transverse section, fol-
lowed by an exceptionally wide tree ring (Fig. 7J). However, it is
possible to correlate this ring among the investigated specimens that all
originate from Chemnitz-Hilbersdorf. Two of them were found in
growth position at the Chemnitz-Hilbersdorf excavation (KH0067-02a,
KH0286-03).

4.1.4. False rings
Associated with regular Type 1 and Type 2 tree rings, further

growth phenomena occur. Irregular intra-annual rings or false rings can
be distinguished from regular tree rings in several cases. Frequently,
these false rings follow a regular tree ring by a short distance of
100–300 μm, are less distinctly developed and can fade out laterally
(Fig. 5B). Sporadically, up to two of these false rings are present within
a regular tree ring (Fig. 5C). Their position within increments of regular
rings shows no clear trend to occur preferred in early- or latewood.
Morphologically, they are more similar to Type 2 rings. Thus, false rings
could be distinguished from normal rings in pycnoxylic gymnosperms,
but in calamitaleans and medullosans the identification of false rings
remains problematic.

4.2. Ring width data and mean sensitivity

Individual ring sequences were evaluated by comparing them (1)
within single specimens, (2) among different specimens of the same
plant group and (3) among all investigated specimens within the former
habitat (Table 1). Total mean ring width (MWT) was calculated from all
ring sequences (n = 59) providing a value of MWT = 2.81 mm,
whereas the smallest value of MW= 1.34 mm was calculated for
K6047 (Agathoxylon sp.) and the largest value of MW= 8.30 mm for
K6042 (Medullosa stellata var. lignosa). Variation of mean ring width
between different plant groups is comparatively low (Fig. 8A,C). Pyc-
noxylic gymnosperms and calamitaleans show nearly the same average
mean ring width of MW= 2.78 and MW= 2.60 mm, whereas me-
dullosans show a slightly higher value of MW = 2.94 mm accompanied
by a higher standard deviation due to specimen K6042 representing a
statistical outlier. In several medullosans (e.g. K6042, K621b) single
ring widths of up to 29.54 mm were measured, being nearly five times
higher than mean values of the according sections. Calamitaleans show
the smallest variability in mean ring width among the specimens.
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Smallest ring width of all specimens was 0.27 mm measured in the
pycnoxylic gymnosperm K349.

Mean sensitivity was calculated for every ring sequence being re-
presentative for average values of the different plant groups as well as
for the entirety of investigated specimens. The overall mean sensitivity
(MST) of all specimens is MST = 0.41 (n = 59). In contrast to mean ring
width, mean sensitivity values show a higher variability by comparing
them between different plant groups (Fig. 8B,D). Medullosans have the
highest average mean sensitivity of MS = 0.48, which classifies them as
sensitive according to Douglass (1928). Values of individual ring se-
quences range between MSmax = 0.31 and MSmin = 0.77 attributing
obvious sensitivity to all specimens. For calamitaleans, a mean sensi-
tivity of MS = 0.44 was calculated, demosntrating that they were
slightly more sensitive as medullosans. Mean sensitivity of individual
ring sequences show a high variability in a range of MSmax = 0.27
(complacent) and MSmin = 0.72 (strongly sensitive). In contrast, pyc-
noxylic gymnosperms show on average lower sensitivity than both
medullosans and calamitaleans do; a value of MS = 0.35, which is,
however, still regarded as sensitive. Moreover, gymnosperms show a
smaller variability among individual specimens within the 25–75 per-
centiles. Single outliers reach a minimum value of MSmin = 0.24, which
is complacent, and maximum values of MSmax = 0.77, which is strongly
sensitive and represents the highest value among all investigated spe-
cimens.

With regard to the number of investigated specimens, calculated
values for pycnoxylic gymnosperms exhibit the highest statistical sig-
nificance. However, variation of mean sensitivity of different ring se-
quences in the same stem section of a specimen can be significant. In
K6044, two sequences were measured providing values of MS1 = 0.34

(sensitive) and MS2 = 0.25 (complacent). A few ring sequences of
pycnoxylic gymnosperms show a typical trend of slightly decreasing
growth rates with ageing of the tree, which is apparent in K6044 (see
Supplement 4). Annual sensitivity was slightly higher during the juve-
nile stage of the plants and decreased with increasing age, which is in
accordance to previous studies (e.g. Creber and Chaloner, 1984).

Successively accumulating radius of stems with proceeding number
of tree rings reflects a plant's growth rate, and thus its wood production
(Worbes et al., 2003; Mbow et al., 2013; Fig. 9). Pycnoxylic gymnos-
perms show linear growth rates during their lifetime, whereas the es-
timated mean linear regression has a slope factor of a = 3.16 (Fig. 9A).

Most medullosans neither show a trend of decreasing growth rates
with ageing nor a clear decrease of annual sensitivity, although ring
sequences were up to 44 increments long. Growth rates during lifetime
of individuals vary in most cases from the ideal linear trend (Fig. 9B). In
the exceptional case of specimen K621b (Medullosa stellata var. lignosa),
a trend of decreasing annual sensitivity with ageing, but not of growth
reduction is observed. Generally, medullosans show a lower average
wood production rate compared to pycnoxylic gymnosperms, expressed
by a slope parameter of a = 2.57 of the mean linear regression curve
(Fig. 9B). Many medullosans show 1 to 3 very wide tree rings in the
outermost part of the sections of up to 17 mm.

Growth trends of calamitaleans are similar to those recognised in
pycnoxylic gymnosperms, although not all of them show such a clear
reduction of growth rates with ageing. Nevertheless, most of the spe-
cimens exhibit a clear trend of decreasing annual sensitivity and linear
growth trends. The estimated slope parameter of the mean linear re-
gression curve is a = 2.75 pointing to generally low growth rates si-
milar to medullosans (Fig. 9C).
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Correlation between the radius of the stems and the number of
counted tree rings is shown in Fig. 9D. Equation of the linear regression
is a function of secondary growth rate of the entirety of investigated
specimens with increasing age.

5. Discussion

Tree rings in arborescent plants from the Chemnitz Fossil Forest
were already shown in calamitaleans (Rößler, 2006; Rößler and Noll,
2010), but without quantitative evaluation. The comparably large
amount of data collected for the present study offers the opportunity to
quantify palaeoecological adaptions of the different plant groups and
discuss their physiological adaptations to the palaeo-environment, ex-
tending over a tree-ring record of ca. 80 years (Luthardt and Rößler,
2017). Due to the taphonomic restrictions, the available fossil tree-ring
data do not completely comply with criteria of modern den-
drochronological studies (Cook and Kairiukstis, 1990), but come close
to it.

5.1. Formation of tree rings and palaeo-environmental implications

The formation of regular tree rings in woody trees of the Chemnitz
Fossil Forest occurs as a plant's reaction to seasonal environmental
fluctuations. Major limiting factors for tree growth and thus the for-
mation of seasonal tree rings are temperature, light, water supply and
floods (Worbes, 1985; Schweingruber et al., 2006). As it was shown by
sedimentological and mineralogical approaches, palaeoclimate of the
Chemnitz forest ecosystem was strongly seasonal, characterised by an
alternation of distinct dry and wet phases (Luthardt et al., 2016).

Therefore, it appears most likely that the major limiting factor to plant
growth was water supply, leading to different patterns of growth in-
terruptions or inhibition during dry seasons. In modern gymnosperms,
water stress has in fact a direct influence on cell numbers, cell size and
radial wall thickness (Zahner, 1963), and thus on the percentage of
latewood (Creber and Chaloner, 1984), usually causing an abrupt
transition from earlywood to latewood (Harris, 1955). Hence, forma-
tion of small latewood portions of Type 1 rings can be regarded as a
reaction to water deficiency. Following Fritts (1971), small but distinct
latewood portions are typical for tree rings formed under severe
droughts (Fig. 5G). As Type 2 rings are morphologically similar to
drought-induced false rings in modern gymnosperms, their regular oc-
currence in calamitaleans and medullosans further supports their for-
mation during seasonal dry phases (compare to Glock and Aegerter,
1962).

The palaeosol at Chemnitz-Hilbersdorf excavation shows good
drainage properties suggesting that water storage potential was low.
From the occurrence of carbonate nodules it can be supposed that
evaporation was high during dry periods causing a loss of water in the
densely rooted upper palaeosol horizon by a falling groundwater table
(Luthardt et al., 2016). This probably had a direct effect on smaller
shallow rooting plants, such as many of the medullosans, whereas
cordaitaleans and tall calamitaleans as deep rooting plants still had
access to the groundwater resources (Luthardt et al., 2016). In contrast,
the clayey palaeosol at Chemnitz-Sonnenberg excavation shows prop-
erties of substrate waterlogging and higher water storage potential. To
what extent the heterogeneity of site-specific conditions in the whole
forest ecosystem influenced tree growth and tree-ring formation still
remains open, because material from other fossil sites than Chemnitz-
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Hilbersdorf are so far under-represented (Fig. 3A, Table 1).
The entire mean sensitivity of all investigated specimens

(MST = 0.41) is> 0.3 suggesting that plants were sensitive on average.
After Schweingruber (1996) sensitivity represents a species-specific
expression of the degree to which a plant reacts to environmental fac-
tors. Thus, high MST gives only a rough estimate that plants grew under
more or less unfavourable environmental conditions, whereas climate
and soil properties are regarded as major influencing factors (Douglass,
1928; Fritts, 1971; Creber, 1977). Douglass (1928) defined three types
of mean sensitivity for modern trees in relation to soil moisture whereas
trees of swampy basins show low mean sensitivity and on dry climate
soils high mean sensitivity. The average mean sensitivity of the
Chemnitz pycnoxylic gymnosperms (MS = 0.35) is similar to the in-
termediate type of ‘Moist upland’ (MS = 0.33), which is characterised
by a limited water supply. This comparison shows that ring width
variations in the investigated specimens were triggered by water
availability during the wet season. Referring to Type 3 event rings and
increased mean sensitivity, it is assumed that drought periods were
generally prolonged and sometimes severe, causing plant physiologic
stress. Initial calcrete formation in the upper Leukersdorf Fm. of the
Chemnitz Basin (Schneider et al., 2012) suggests several months of
drought season (> 6 months of evapotranspiration > precipitation,
after Buol et al., 1997).

Comparable tree-ring data from the Permian are rare, but available
from the Northern Tocantins Petrified Forest in Brazil (Benício et al.,
2015), where a mean ring width of MWT = 3.49 mm and an average
mean sensitivity of MS = 0.78 was calculated from 32 measured
gymnosperms (Benício et al., 2015). Whereas growth rate in Tocantins
gymnosperms is only slightly higher compared to gymnosperms from
Chemnitz (MW = 2.84 mm), average mean sensitivity is significantly
higher as of the Chemnitz gymnosperms (MS = 0.35) suggesting dif-
ferent growth conditions in both ecosystems referred to physiologic
stress. In fact, the Tocantins Petrified Forest tends to once have grown
under relatively dry and pronounced seasonal palaeoclimate in a high-
energetic sedimentary environment (Lima Filho, 1999; Rößler, 2006).
This is indicated by well-drained fluvial deposits of ephemeral river
systems (e.g. Rößler, 2006), massive gypsum horizons in the upper
Motuca Fm. (Dias-Brito et al., 2007), and the occurrence of xer-
omorphic tree ferns (Tavares et al., 2014). Thus, average mean sensi-
tivity in gymnosperms from both study sites could mirror differences of
environment-induced physiological stress in the habitats, although
species-specific variations cannot be excluded. Unfortunately, the To-
cantins fossil localities do not represent a T0 assemblage and reliable
stratigraphic position is still unclear (e.g. Rößler et al., 2014; Neregato
et al., 2017), which restricts more detailed comparability of tree-ring

data with the Chemnitz Fossil Forest.

5.2. Annual character of tree rings

To use tree rings for age determination or to acquire growth rate
estimations of trees, their annual character has to be evaluated. Growth
rings in its narrow sense (Creber, 1977) are restricted by definition to
trees of middle to high latitudes, being formed by annually alternating
differences in day length or solar radiation, respectively. In equatorial
regions, however, solar radiation is more or less constant so that for-
mation of growth rings in both modern and fossil trees was neglected
for a long time. Nevertheless, there is a growing awareness that we are
faced with tree-ring-like patterns in tropical Pangaea (Falcon-Lang,
1999; Benício et al., 2015) and in modern tropical environments
(Worbes, 2002; Rozendaal and Zuidema, 2011). In the modern tropical
realm, seasonal fluctuations in precipitation rates are induced by shifts
of the Inter-Tropical Convergence Zone (ITCZ) causing alternating wet
and dry seasons. In monsoonal regions, however, two or more distinct
annual growth seasons could appear, prompting the formation of up to
four tree rings per year in woody trees (Ash, 1983). Tree-ring char-
acteristics developed under monsoonal climate with more than one
annual growth season are described from modern wood by Ash (1985)
and from pycnoxylic gymnosperm wood from the Mississippian by
Falcon-Lang (1999). According to these studies, tree rings induced by
monsoonal climate with multiple growth seasons per year are more or
less indistinct, discontinuous in transverse sections, possess generally
low mean ring widths (0.83 mm in Falcon-Lang, 1999) and high ring
width variation resulting in more than one size class reflected by multi-
peaked asymmetrical distribution in histograms. Regular tree rings of
pycnoxylic gymnosperms in this study show distinct, continuous rings
with a mean ring width of MW = 2.78 mm, varying from
0.27–14.93 mm among the mean values of 32 measured ring sequences
(Table 1). In contrast to tree-ring characteristics in Falcon-Lang (1999),
histogram plot shows a normal distribution giving evidence of one
single size class (Fig. 10) that indicates regular growth seasons of si-
milar duration.

The British Isles were holding a palaeolatitude of 4° S during the
early Carboniferous (Falcon-Lang, 1999), and were thus continuously
located in the area of ITCZ influence suggesting very high precipitation
rates and indistinct, irregularly occurring seasons. The Chemnitz Fossil
Lagerstätte, in contrast, was located at ca. 15° N and influenced by the
Permotriassic super monsoon system, which developed as a result of the
Pangaea supercontinent configuration (Parrish and Peterson, 1988).
Palaeoclimate of early Permian southern and central Europe was
characterised by increasingly drier conditions and strong monsoonal
seasonality (Tabor and Montañez, 2004; Schneider et al., 2006; Roscher
et al., 2011). Consequently, palaeoclimatic conditions of early Permian
Central Europe and early Carboniferous British Isles (Falcon-Lang,
1999), under which tree rings were formed, differ significantly. The
same counts for modern climatic conditions of the locality in north-
eastern Australia (Ash, 1985), which is located in a near-coastal posi-
tion with high precipitation rates and less distinct seasons and thus not
comparable to Permian climate and Pangaea continent configuration.

Finally, it can be concluded that regular tree rings in woody plants
from the Chemnitz Fossil Forest most likely reflect true annual rings,
which were formed under subtropical, strongly seasonal climate.
Nevertheless, intra-annual rings occur occasionally as a result of intra-
seasonal fluctuations of either drought in the wet season or a pluvial
event during the dry season leading to a short-time reactivation of the
cambium. Even a single three-week-drought can cause the formation of
a false ring in modern gymnosperms (Larson, 1963). The repeatedly
observed occurrence of double rings refers to small-scale fluctuations in
the season's transition either from wet to dry season or vice versa.
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Fig. 10. Histogram plot showing size distribution of all measured pycnoxylic gymnos-
perms Type 1 tree rings. Size class bars show a right-skewed normal distribution, whereas
majority of ring width values are in between one and four millimetres.
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5.3. The significance of event rings (Type 3)

Event rings of Type 3 were investigated with regard to their en-
vironmental significance and correlation potential among the trees in
the forest habitat, especially within the restricted Chemnitz-Hilbersdorf
site. Different kinds of exceptional distinct growth interruptions are
documented with this study (Fig. 7). By reflecting zones of destroyed
outer living cells in medullosans and calamitaleans occasionally over-
grown by callus tissue, these event rings are the result of severe en-
vironmental impact on plants, either caused by a superordinate event
affecting the majority of the living plant community or accidental
events on individuals. Studies on modern living trees showed that se-
vere droughts, frost events in the growing season, wildfires, fungi or
insect attacks could result in event rings within individuals of a whole
community (Schweingruber, 2001; Schweingruber et al., 2006; Byers
et al., 2014). After correlating ring sequences of predominantly me-
dullosans and one calamitalean, an accumulation of Type 3b/c event
rings is observed in the outer part of the stems, a few years before the T0

burial of the forest ecosystem. Causes of these growth interruptions
seem to have influenced medullosans and some calamitaleans, but no
pycnoxylic gymnosperms. Distortion or collapse of living cells usually
results from exceptionally high or low turgor during severe events as
wild fire, lightning strike, frost or droughts (Schweingruber, 2001).
Type 3b/c revent rings (Fig. 7F,I) are anatomically similar to frost rings
in conifers of the temperate zone (Creber and Chaloner, 1984). How-
ever, severe frost events are regarded as unlikely for the investigated
Chemnitz Basin, although the Gondwana glaciation reached its max-
imum (e.g. Angiolini et al., 2009). Severe droughts may also cause frost-
ring like damage to living tissue, as the formation process is very similar
(Barnett, 1976; Schweingruber, 2001). False rings found in pycnoxylic
gymnosperms support the existence of intra-seasonal droughts, which
could have had stronger impact on the more sensitive medullosans and
calamitaleans. Although we cannot finally exclude alternative causes
mentioned above, we tend to interpret Type 3b/c event rings as
drought-induced.

The Type 3a event rings in the calamitalean KH0277 (Fig. 7A–D)
and the pycnoxylic gymnosperm K1777 (Fig. 7E) differ significantly
from other Type 3 rings, because they are associated with a major in-
jury zone. Similar scars have been documented resulting from various
causes, such as wildfire, lightning strike, frost event, arthropod frass or
different causes of mechanical damage (e.g. Creber and Chaloner, 1984;
Schweingruber, 1996; Falcon-Lang et al., 2015). More detailed studies
will follow to shed light on the cause of these event zones.

5.4. Plant ecological adaptations

The different plant groups in the Chemnitz Fossil Forest revealed
varying plant ecological strategies to droughts, expressed by the various
morphological types of tree rings. Pycnoxylic gymnosperms, such as
cordaitaleans and conifers show predominantly Type 1 rings, which
indicate growth interruptions during dry seasons by their sharp late-
wood-earlywood boundaries (Figs. 4,5), and thus represent tree rings in
the narrow sense (Schweingruber, 1996). In contrast, indistinct but
regular Type 2 rings of medullosans and calamitaleans are similar to
false rings in the pycnoxylic gymnosperms from Chemnitz as well as in
modern trees, where they develop during intra-seasonal droughts
(Creber and Chaloner, 1984). As shown by Luthardt and Rößler (2017),
correlation of Type 2 ring sequences to Type 1 ring sequences shows a
good congruence, demonstrating that Type 2 rings are truly seasonally
induced. Thus, it is assumed that growth activity in calamitaleans and
medullosans decreased during drier seasons, but did not produce any
clear interruption. A major cause of varying tree-ring markedness
among different taxa could be leaf longevity, whereas deciduous trees
produce sharp rings similar to Type 1 and evergreen trees produce in-
distinct rings similar to Type 2 (Falcon-Lang, 2000; Falcon-Lang et al.,
2014). In modern tropical trees, different tree-ring morphologies show

no relation to leaf fall behaviour or other physiological factors (Coster,
1927, 1928; Worbes et al., 2013). For calamitaleans in the present
study, it was demonstrated that they abscised their leafy shoots during
droughts (Rößler and Noll, 2006; Rößler and Noll, 2010), whereas
medullosans are generally thought to be evergreen (Pfefferkorn et al.,
1984). However, both plant groups show indistinct Type 2 rings. Con-
sequently, tree-ring morphology may be no reliable indicator of leaf fall
behaviour for the here investigated plant groups.

In basal stem ring sequences from the Chemnitz-Hilbersdorf ex-
cavation, growth rates in juvenile stages are as high as in adult stages
(Fig. 9). This contrasts to trees in modern forests with closed canopy,
which show narrow rings in the juvenile stage due to light deficiency
and enhanced competition pressure (Schweingruber, 1996). The ca-
nopy at the Chemnitz-Hilbersdorf site was probably not closed, al-
lowing a sufficient portion of sunlight to reach the forest floor and re-
sulting in uninhibited growth of smaller juvenile plants.

Dendroecological evaluation of ring sequences reveals further dif-
ferences in plant group's physiological behaviour, as well as in their
growth rates and thus annual wood production (Fig. 9). Growth rates in
trees can vary from trunk to branch to twig, as it was demonstrated by
Falcon-Lang (2005b). Nevertheless, annual growth of stem radii ex-
hibits a good correlation to tree radius (R2 = 0.77), as shown in
Fig. 9D. The slope of regression curve of 2.86 determines the overall
growth rate of the investigated plants and is in good accordance to the
total mean ring width of MWT = 2.81 mm. Thus, annual wood pro-
duction based on radial increments was ca. 2.8 to 2.9 mm/yr. Annual
growth rates in modern tropical forests are highly variable in between
functional groups of trees as pioneers, light-demanders or shade-
bearers, but also due to limiting factors as water, irradiance, nutrients
and competition (Baker et al., 2003). In comparison to trees of modern
tropical forests (Lieberman et al., 1985; Worbes et al., 2003; Mbow
et al., 2013; Groenendijk et al., 2014), plants from the Chemnitz Fossil
Forest generally show a rather low total growth rate and smaller growth
rate variations among the different species.

5.4.1. Pycnoxylic gymnosperms
Permian conifers and cordaitaleans are usually known as tall trees

tolerating sub-humid to semi-arid conditions and thus colonising the
upland habitats (e.g. Falcon-Lang and Bashforth, 2004, 2005; Falcon-
Lang et al., 2016). In transverse sections from basal stems (e.g. HOG-01,
K6044), trends of narrower tree rings from the inner to the outer part of
the sections indicate slight growth reduction in diameter with ageing
(see Supplement 4). At the same time, trees became more robust against
environmental stress as expressed by a slight decrease of annual sen-
sitivity. In comparison to calamitaleans and medullosans, pycnoxylic
gymnosperms seemed to be the most drought-tolerant plant group in
the ecosystem by exhibiting comparatively low average mean sensi-
tivity (MS = 0.35) and basically showing no Type 3 event rings.
However, they were still sensitive and thus an indicator of a stressed
environment. Annual wood production rate is constantly high during
the whole lifetime of the plants, but differs among specimens (Fig. 9A).

5.4.2. Medullosan seed ferns
Medullosans constitute a major part among tropical hygrophilous

plant communities of the late Paleozoic. Hence, there exist a number of
medullosan studies, although exclusively from Pennsylvanian wetland
environments (e.g. Pfefferkorn et al., 1984; Zodrow, 2002; Wilson et al.,
2008; Falcon-Lang, 2009). In contrast, Permian species remain poorly
investigated, although they seem to represent an anatomically and
ecologically quite diverse group (Weber and Sterzel, 1896; Barthel,
2016). Medullosans usually occupied wetland to seasonally dryland
habitats and exhibit a wide range of ecological and ecomorphological
attributes in adaptation to their ecological niches (DiMichele et al.,
2006). In the Chemnitz Fossil Forest they represent a prominent and
morphologically diverse group, which formed the understorey of the
forested landscape. Rare forms hitherto assigned to Medullosa stellata
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(Cotta 1832) var. lignosa Weber and Sterzel, 1896 share compact woody
stems of diameters ranging from 50 to 330 mm and a small central pith
surrounded by extended wood of up to 150 mm thickness. Whereas the
few and tiny vascular bundles in the pith show only reduced secondary
growth, the comprehensive periphery of loose parenchyma-rich wood
offered the chance to recognise repeated growth interruptions. In situ
medullosans at Chemnitz-Hilbersdorf site show shallowly dipping root
systems, in some specimens combined with an up to 0.40 m long tap
root (Luthardt et al., 2016). They are assumed to be evergreen, but
probably discarded whole fronds when they were dying (Pfefferkorn
et al., 1984).

Tree-ring analysis shows that medullosans possess a higher average
mean sensitivity (MS = 0.48) compared to gymnosperms (Fig. 8B).
Moreover, they frequently have event rings indicating growth stops and
tissue damage due to increased environmental stress that may be linked
to droughts. Therefore, medullosans can be regarded as sensitive to
environmental impact. Their extended fronds generated large leaf sur-
faces, which may have caused high rates of evaporation and hence a
high sensitivity (Schweingruber, 1996; Worbes et al., 2013). This is
further supported by generally large tracheids compared to gymnos-
perms, suggesting high water conductivity potential (Wilson et al.,
2008). The combination of wood anatomical and morphological fea-
tures could explain their high sensitivity and would show that they
were not really well-adapted to local environmental conditions of the
forest ecosystem. Slightly lower growth rates of medullosans (Fig. 9B)
could be either explained by lower light availability in the understorey
or as well by their high environmental sensitivity.

5.4.3. Calamitaleans
Calamitaleans from the Chemnitz Fossil Forest belong among the

largest and most complete ever found, offering high potential to un-
derstand their growth and adaptation strategies as well as their role in
the plant community. Together with several Permian Arthropitys species
from low-latitude Southern Hemisphere floral assemblages (Neregato
et al., 2015) the Chemnitz specimens share preferred environments,
which can be characterised as mineral soils of widely extended alluvial
plains sharply contrasting to the mires and clastic shorelines of the
Pennsylvanian wetlands (Falcon-Lang, 2015). Particular specimens of
the genus Arthropitys from the Chemnitz-Hilbersdorf excavation have
been investigated in closer detail (Rößler and Noll, 2006, 2010; Rößler
et al., 2014). Arborescent sphenopsids were> 15 m tall trees with
extended secondary growth and projecting woody branches that formed
a three-dimensional crown architecture (Feng et al., 2012; Rößler et al.,
2012). Otherwise calamitaleans exhibited highly branched, extended
systems of secondary roots, which were developed down to a depth
of> 0.40 m (Rößler et al., 2014; Luthardt et al., 2016).

Increased average mean sensitivity (MS = 0.48) and the occurrence
of event rings characterise them as sensitive. Probably due to their
small leaves and hence reduced assimilation surface, calamitaleans
show lower annual wood production, whereas the investigated speci-
mens revealed only minor variation (Fig. 9C). Compared to pycnoxylic
gymnosperms, calamitaleans show similar tracheid size, but a higher
parenchyma portion of up to ca. 50%. They occupied one of the upper
storeys of the stratified canopy and were thus highly exposed to solar
radiation and evaporation. However, calamitaleans have proven to
possess several effective drought adaptations. Among these, the ability
to shed leafy twigs and therefore reduce transpiration. Additionally,
high parenchyma portion in the secondary xylem attributes a higher
water storing capacity to calamitaleans and hence a considerable re-
sistance to seasonal droughts (e.g. Rößler and Noll, 2006; Rößler et al.,
2012; Neregato et al., 2015). On the other hand, the increased amount
of water in stems of calamitaleans, but also of medullosans, probably
made them more prone to loss of xylem pressure during drought per-
iods, which caused Type 3b/c event rings.

6. Conclusions

1) For the first time comprehensive tree-ring analyses of arborescent
plants were successfully applied to a Permian T0 assemblage. This
study assesses the fourth dimension of a three-dimensionally pre-
served forest ecosystem grown under seasonal climate on an alluvial
plain. Results unravel high-resolution palaeo-environmental devel-
opment for a period of several decades in the scale of years.

2) Investigated woody plants encompassing pycnoxylic gymnosperms,
medullosan seed ferns and calamitaleans exhibit seasonally induced
tree rings, which were formed during distinct dry periods under a
sub-humid local climate. Tree-ring sequences can be correlated
among the specimens within the habitat, due to the T0 preserva-
tional situation of this fossil site.

3) Annual character of tree rings was demonstrated by their morpho-
logical features and ring widths, providing evidence for one growing
season per year, and to estimate plant's ages and annual rates of
wood production. Compared to pycnoxylic gymnosperms, me-
dullosans and calamitaleans show low growth rates probably in-
dicating unfavourable growth conditions.

4) By exhibiting different tree-ring types, the plant groups likely show
varying adaptations to seasonal droughts according to their sensi-
tivity and protection strategies. Medullosans and calamitaleans
possess a high sensitivity and can be used as good indicators for
palaeo-environmental changes and events, whereas the less sensitive
pycnoxylic gymnosperms have the best tree-ring record offering the
highest dendrochronological potential.

5) So called event rings mark distinct environmental impact on the
plants, both induced by severe droughts affecting several specimens
in the habitat and individual damage of single trees by an accidental
event.

6) Tree-ring analysis illustrates that the forest ecosystem seemed to
represent an environmentally stressed habitat, controlled by the
major limiting factor of water supply.
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