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Our overall understanding of long-term climate dynamics is largely based on proxy data
generated from archives such as ice cores, ocean sediments, tree rings, speleothems,
and corals, whereas reconstructions of long-term changes in vegetation and associated
climate during the Holocene are largely based on paleoecological records from peat and
lake sequences, primarily pollen and plant macrofossil data. However, since no proxy
can provide a complete picture of the past, it is important to integrate different types
of data, and to use methods that can support the paleocecological and paleoclimatic
interpretations. Here we review how tree-ring data and dendrochronological approaches
can be integrated with stratigraphic records to provide complementary paleocecological
and paleoclimatic information. The review includes multiproxy studies in which
dendrochronological data have been either compared or integrated with stratigraphic
records, mainly pollen records, with the aim to contribute to a better understanding of
long-term ecosystem and climate dynamics. We mainly focus on studies from northwest
Europe in which tree-ring data and at least one type of paleoecological proxy record
from the same site or area has been either compared or integrated. We find that
integration of dendrochronological data and paleocecological records from peat and lake
sequences is a powerful but underutilized approach to reconstruct long-term ecological
and climatic changes. One likely reason for its limited use is the contrasting character
of the two categories of data, including their different time resolution and occurrence,
making them difficult to integrate. For example, subfossil wood providing annual
dendrochronological data usually only occurs sporadically in peat and lake sediments,
and the presence/absence of the trees are normally expected to be recorded in the
pollen data with multi-decadal or coarser resolution. Therefore, we also discuss methods
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to compare and integrate dendrochronological and stratigraphic records, as well as the
relevant paleoecological and paleoclimatic information provided by dendrochronology,
pollen, and peat stratigraphy, with the aim to facilitate new multi-proxy initiatives that will
contribute to a better understanding of long-term ecosystem and climate dynamics and
thereby a firmer basis for future nature conservation initiatives.

Keywords: the Holocene, dendrochronology, pollen analysis, stratigraphic data, landscape development, long-

term climate change

INTRODUCTION

To distinguish natural long-term climate variability and
ecosystem dynamics from anthropogenic effects, reconstructions
of paleoecological and paleoclimatic conditions based on both
qualitative and quantitative proxy records from the time before
industrialization are required (Jansen et al., 2007; Marcott et al.,
2013). To obtain more robust and detailed long-term climate and
ecosystem reconstructions, improvements of the paleoecological
and paleoclimatic methodologies in combination with precise
chronological techniques are constantly being made (Wanner
et al., 2008; Marcott et al., 2013). Over recent decades, we have
thereby increased our knowledge of climate and ecosystem
dynamics over the course of the Holocene.

Proxy data generated from natural archives such as ice cores,
ocean sediments, tree rings, and speleothems are essential for
our understanding of climate dynamics during the Holocene.
Many archives consist of organic material, which under oxygen-
poor (i.e., usually water saturated) or dry conditions can be
preserved for thousands of years, and contain paleoecological
records in the form of pollen and other microfossils. In such
contexts, often in water-saturated wetlands, lake sediments or
deserts, wood remains referred to as subfossil trees can also be
found. In the boreal zone, the most common sites to find subfossil
trees suitable for dendrochronological studies are peatlands
(Leuschner et al., 2002; Eckstein et al., 2009; Edvardsson et al.,
2016a), lakes (Eronen et al., 2002; Grudd et al., 2002; Gunnarson,
2008; Helama et al., 2008) and ancient river terraces (Becker,
1983; Friedrich et al., 2004). Dead and decaying trees are also
found either as standing or downed boles from dry forest soils
and mountainous terrains, and these materials can be referred
to as subfossil trees; however, the preservation of stemwood in
such conditions may be considerably limited in comparison to
water-logged depositional environments (Helama et al., 2020).
Dendrochronology is recognized as an accurate dating method,
but the growth patterns of the trees also reflect environmental
and climate changes that have occurred during the trees’ lifetime
(Fritts, 2012; Schweingruber, 2012; Cook and Kairiukstis, 2013).
Over recent decades, several multi-proxy reconstructions of
climate dynamics during last two millennia have been presented,
many of which have included annually resolved tree-ring data
(Moberg et al., 2005; D’Arrigo et al., 2006; Mann et al., 2008; Birks
etal., 2014; Stoffel et al., 2015). To reach even further back in time,
dendrochronological studies using subfossil trees have proved to
be important, allowing precise and long-term studies of climate
dynamics and environmental changes during the Holocene
(Eronen et al., 2002; Leuschner et al., 2002; Helama et al., 2008;

Edvardsson et al., 2016a). But records from subfossil trees are not
always straightforward to develop or interpret in terms of past
climate, especially since deposition, preservation and patterns of
tree growth may have changed over time.

In Quaternary sciences, the research fields of paleoclimatology
and paleoecology have developed significantly since the early
twentieth century. The research disciplines were improved
significantly by pollen analysis, which in many aspects was
developed by von Post (1918, 1924, 1930). In combination with
studies of peat stratigraphy, several abrupt changes associated
with rapid climatic shifts could be detected (Granlund, 1932).
Another important breakthrough was the introduction of
radiocarbon dating (Libby et al., 1949) which allowed for
much improved age control on the proxy records. Ever since,
climate reconstructions based on radiocarbon dated stratigraphic
records from lakes and peatlands have become common
in the paleoclimatic literature (Langdon and Barber, 2005;
Mauquoy et al.,, 2008), and are often based on proxies such
as peat humification, pollen, and plant macrofossils (Swindles
et al., 2013). Despite this, studies that make use of the
combined information, which dendrochronology and classical
paleoecological proxies provide, are still rare.

In this review, we primarily focus on articles presenting
state-of-the-art studies integrating tree-ring based analyses
with stratigraphic proxy data. Among the stratigraphic
proxies, we will mainly focus on pollen-based climate or
vegetation reconstructions, but also include studies based
plant macrofossils, peat humification, charcoal fragments, and
testate amoebae. Records developed from these proxies provide
valuable complementary information about vegetation, land-use
and other aspects of landscape and environmental change, as
well as climate dynamics. However, inherent differences in
properties, methodological issues, and time resolution between
dendrochronological and peat- or sediment-based datasets
make it difficult to bring these together. This review offers
an opportunity to discuss how dendrochronology (tree-ring
analysis) and stratigraphic proxy data can be integrated to better
characterize long-term environmental and climatic changes, and
to address the pros and cons of these approaches.

MATERIALS AND METHODS

Literature Studies

For this review, we focus on available scientific literature
on paleoclimatic or paleoecological studies integrating
dendrochronology and stratigraphic proxy data such as
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pollen as a minimum, but preferably also including macrofossil
analysis and further analysis of the stratigraphic records
(Figure 1). To delimit the study, our review primarily focuses
on studies from northwestern Europe. Studies of paleoecology
and paleoclimatology have a long tradition in this geographic
region, and many modern paleoecological research techniques
providing insights to the potential of the field have been applied
and developed by researchers active in for example Fennoscandia
(Sernander, 1908; von Post, 1918; Iversen, 1941).

We searched for relevant publications in electronic databases
using various combinations of Boolean search terms to ensure
a thorough assessment of the available literature. The databases
used were Google Scholar' and Web of Science.” We used
the following search terms: “dendrochronology” or “tree-ring
analysis,” “pollen,” “pollen analysis,” “macro fossil,” “macrofossil,”
“stratigraphy,” and “peat.” We also obtained papers directly
from colleagues and through reference lists from published
studies including major review articles and books on climate and
paleoecology during the Holocene.

From our literature search we identified 38 studies which
we highlight and discuss in this review (Figure 2 and
Table 1). They are primarily multi-proxy studies with focus on
dendrochronology using subfossil wood material from sites in
northwest Europe. Multiproxy studies such as Jalkanen et al.
(2008), Edvardsson et al. (2019), and Theuerkauf et al. (2019),
primarily focusing on the last century, were excluded from
the review but are still valuable as a basis for describing and
understanding the various methods presented and discussed.

Thttps://scholar.google.se/
Zhttp://www.isiwebofknowledge.com/

Comparison Between Records With

Different Precision and Time Resolution

The various proxy records in the reviewed literature (Table 1)
have different time resolution (annual to centennial) and margins
of errors (0 year up to centuries), which means that it is usually
not possible to merge tree-ring and stratigraphic records without
e.g., smoothing the age scale on the tree-ring record from annual
to decadal. The reviewed records also cover different periods,
ranging from recent centuries to the Holocene (Figure 3). Since
tree-ring chronologies and stratigraphic proxy records are of
significance to both paleoclimatologists and archeologists, the
literature contains a mixture of records that quote ages as both
calibrated years before present (cal. BP i.e., before 1950 CE) and
calendar years (CE/BCE). Consequently, in this review when we
refer to dendrochronologically dated tree-ring ages, we quote the
age in CE/BCE, whereas the calibrated radiocarbon dates (cal.
BP) are given as alternative in brackets, but where an event is
known by a BP age, we quote the cal. BP age (calibrated years
before 1950 CE) and refer to an approximate BCE age in brackets.

RESULTS AND DISCUSSION

Dendrochronological Data Types

Tree-ring based paleoenvironmental proxy records can be
roughly divided into two categories according to the type of
tree-ring data used and analyzed: (i) chronological and (ii)
growth comparisons. The first category (“dates as data”) consist
of records of sample replication, i.e., the number of overlapping
trees from which a tree-ring chronology has been developed
(Figures 4A,B). In this form, the dendrochronological data is
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FIGURE 1 | Many different proxy records can be obtained from peatlands. From the trees growing on the peat surface as well as subfossil trees preserved in the
peat it is possible to create annually resolved tree-ring chronologies. The stratigraphy in the peatland can also be studied, including the composition of mosses and
the degree of degradation of the peat. Furthermore, it is possible to analyze changes in the pollen concentrations and composition in the peat as well as if plant
macrofossils or charcoal can be observed at different levels in the stratigraphic record.
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FIGURE 2 | Map showing location of the main sites presented in the articles reviewed. The numbers represent the articles presented in Table 1. The white boxes
show underutilized areas from which either dendrochronological and paleobotanical studies have been performed without being combined, or there are good

opportunities for further studies.

used to quantify the number of dated tree-ring samples per
annum, which can be used to illustrate depositional histories of
subfossil trees through time (Gunnarson et al.,, 2003; Helama
et al., 2005, 2010a, 2017a, 2020; Edvardsson et al., 2016a). Such
histories can in turn be linked to past climatic and environmental
changes that affected the density of tree populations, or their
presence/absence, as well as deposition and preservation of
trees. Dendrochronological data therefore may be used as
records indicative of such changes in the past. The processes
leading to changes in the rate of tree deposition and those
affecting the preservation potential of trees (i.e., taphonomy)
are not universal but vary between sites and regions and, as
a consequence, the depositional histories of subfossil trees are
linked to a range of climatic and environmental variables,
especially to changes in moisture (Gunnarson, 2001, 2008;
Gunnarson et al, 2003; Edvardsson et al, 2016a; Helama
et al,, 2017a) and temperature (Helama et al., 2004, 2005,
2010a). Divergent courses of depositional histories may be
obtained for different sedimentary settings in nearby sites, as

was evident for the accumulation records of pine in peatland
and lake sites in southern Finland (Helama et al., 2017a).
Tree deposition records usually show long-term (centennial
to millennial) changes in moisture and temperature, but they
can also be connected to more abrupt changes, leading to
phases of tree establishment and/or die-off (Leuschner et al.,
2002; Edvardsson et al, 2012a; Figures 4A,B). In addition
to purely temporal comparisons, depositional histories over a
larger region or within a range of tree-ring sites may be used
for reconstructing the tree population occurrence/disappearance
across the sites. Near ecotones, such as altitudinal and latitudinal
timberlines, such tree-ring data may be highly indicative of past
changes in the location of the treeline and/or timberline (Eronen
et al., 1999; Helama et al.,, 2004, 2010a, 2020), the advances
and retreats of which are typically temperature-driven (Harsch
et al., 2009). Both short- and long-term changes in depositional
histories inferred from dendrochronological data have been
compared to records of multiple other proxy types. Compared
to studies where subfossil tree remains are radiocarbon (*4C)
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TABLE 1 | Multi-proxy studies including tree-ring data (dendrochronology) in combination with stratigraphic proxy data including pollen data, peat stratigraphic data (e.g.,
content and degree of humification), and other(s) stratigraphic proxy data (e.g., plant macrofossil, charcoal, and testate amoebae).

Author(s) Tree-ring data Pollen data Peat data Other(s) Study purpose
Arvai et al. (2016) X X cbh
Bernabei et al. (2018) X X CD, EC
Bridge et al. (1990) X X X X VH, PC
Eckstein et al., 2009 X X CD, PD
Eckstein et al. (2011) X X VH, PH, PD
Edvardsson et al. (2012a) X X PH, PC
Edvardsson et al. (2014) X X X X PD, VH, EC, CD
Edvardsson et al. (2016b) X X CD, PC
Edvardsson et al. (2018) X X X X VH, PC, PH, Al
Edvardsson (2016) X X PD, PH, PC
Eronen and Hyvarinen (1982) X X X CD, VH
Eronen et al. (1999) X X CD, VH, PH
Gunnarson (2001) X CD, PC
Gunnarson et al. (2003) X X X CD, PH, PC
Hannon et al. (2010) X X X VH, FC
Hansson et al. (2017) X X X X LD, EC
Helama et al. (2010c) X X PC

Helama et al. (2012) X X PC

Helama et al. (2020) X X PC, VH
Kaiser et al. (2018) X X CD, LD
Krapiec et al. (2016) X X X CD, PH
Kuosmanen et al. (2020) X X X X VH, CD
Lageard et al. (1995) X X X X VH, MD
Lageard et al. (1999) X X X X PC, VH
Lamentowicz et al. (2008) X X VH, PH
Lamentowicz et al. (2009) X X X PC, Al
Lindbladh et al. (2003) X X X FC, FH
Lindbladh et al. (2007) X X FC, VH
Lindbladh et al. (2008) X X X FH, Al, VH
Lindbladh et al. (2013) X X X FC, VH, FH
Margielewski et al. (2022) X X X X PC, CD
Mazier et al. (2012) X X VH, PC
Moir et al. (2010) X X PC, VH
Niklasson et al. (2002) X X X FH, VH
Pitkanen et al. (1999) X X X X FH, Al
Samonil et al. (2018) X X X FH, VH
Sassoon et al. (2021) X X X X VH, PD
Stancikaité et al. (2019) X X X X VH, PH

The figures show which geographical areas the studies have been carried out (see Figure 2). Study purposes: pre-study—new study area—chronology development (CD),
environmental change (EC), vegetation history/paleoecology (VH), paleoclimatology/climate history (PC), paleohydrology (PH), peatland development (PD), Anthropogenic
Impact (Al) Forest Conservation (FC), Landscape development (LD), Methodological Development (MD), and Fire History (FH).

dated (Eronen, 1979; Kullman, 2002), dendrochronological
records benefit from the dating precision/accuracy of tree-
ring cross-dating (Fritts, 2012; Schweingruber, 2012; Cook
and Kairiukstis, 2013) making it possible to juxtapose the
lifespans of the studied trees exactly and thus more reliably
indicate the past density fluctuations of the tree populations
(Helama et al., 2005, 2010a).

In the second category of tree-ring based paleoenvironmental
studies, tree-ring chronologies provide data in the form of past
tree-growth variability, in the form of tree-ring width, maximum
late wood density, or other growth-related parameters. These

should preferably be linked to a specific climatic variable such as
temperature or precipitation. But before such a link is established,
the tree-ring width data series usually go through a process
named standardization (Cook, 1985; Biondi and Qeadan, 2008;
Helama et al., 2017b), also referred to as detrending or indexing.
The aim of the detrending is to minimize the influence of trends
related to the age and geometry of single trees in the tree-ring data
and thereby amplify climate or environment related signals in
the data series (Cook and Kairiukstis, 2013). The standardization
also means that the raw tree-ring data with millimeter scale is
transformed to dimensionless tree-ring indices (Figures 4C,D).
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FIGURE 3 | The black lines show the main periods covered by the tree-ring data presented in the 38 reviewed studies (see Table 1). The dashed lines show periods
tree-ring data used, but not presented in the studies covers. For most of the studies the paleobotanical data covers longer, sometimes significantly longer, periods.

The figures correspond to those in Table 1 and Figure 2.
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However, to obtain the best possible correlation between climate-
related parameters and the tree-ring data, parameters other
than tree-ring width are sometimes used. Examples of such
parameters can be maximum latewood density (Briffa et al.,
1988; Matskovsky and Helama, 2014), blue intensity (Bjorklund
et al., 2015), and stable isotopes (McCarroll and Loader, 2004).
Furthermore, it is possible to study scars caused by damages
to the trees (Stoffel and Bollschweiler, 2008; Edvardsson et al.,
2021), wood anatomical changes (von Arx et al, 2016), and
trace elements (Hoffmann et al., 1994) that are detected in
the annual rings for environmental and climatological studies.
The benefit of all such types of tree-ring data is not only the
dating precision/accuracy of dendrochronological cross-dating
but also the annual resolution inherent to tree-ring archives
(Fritts, 2012; Schweingruber, 2012; Cook and Kairiukstis, 2013;
Figures 4C,D). Due simply to dendrochronological cross-dating,
where the tree-ring variability is rigorously synchronized among
all specimens in the chronology, tree rings allow for the
development of paleoclimatic records with a high temporal

veracity of each reconstructed event. In Fennoscandia, the
construction of millennia-long subfossil tree-ring chronologies
(Eronen et al., 2002; Grudd et al., 2002; Linderholm and
Gunnarson, 2005; Helama et al., 2008) has indeed enabled tree-
ring based paleoclimatic reconstructions comparable in length to
other proxy records and have thus made it possible to compare
dendrochronology (i.e., tree-ring based) and other proxy records
over similar timescales (Figure 5).

Historical Overview—Studies of
Environmental Changes and Climate

Dynamics Based on Subfossil Trees

For close to two centuries, researchers have studied layers of
subfossil tree remains discovered in peatlands (Dau, 1829;
Steenstrup, 1842; Sernander, 1890; Birks, 2008; Birks and
Seppd, 2010; Nielsen and Helama, 2012), but it was not
until the late 1960s that serious attempts to develop tree-
ring chronologies from such peatland trees were initiated
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show corresponding periods with strong growth (TRW indices > 1 SD). The replication record show population changes, often on a decadal resolution whereas the

tree-ring width data show the year-by-year growth variability of the trees.

(Pilcher et al., 1977). During the 1970s and 1980s, several
multi-millennial tree-ring chronologies were developed from
subfossil oak excavated from peatlands in Ireland and Germany
(Pilcher et al., 1977, 1984; Leuschner and Delorme, 1984). Apart
from being valuable for dating of archeological material, the
chronologies can also allowed for detailed paleoclimatological
reconstructions and enable construction of radiocarbon
calibration curves (Pearson, 1986; Reimer et al., 2020). In
Scandinavia, bog oak chronologies with the potential to cover the
last 8,000 years are under construction (Edvardsson et al., 2016a,
unpublished data).

Oak was the tree species initially used for multi-millennial
chronologies from north European peatlands, but the interest
in pines later increased, as they proved to have the potential
to extend further back than the oak chronologies in some
regions (Pilcher et al, 1995; Friedrich et al, 2004). In
northwest Germany, extensive work on peatland pines have
been performed (Leuschner et al., 2007; Eckstein et al., 2009,
2011), with overlapping chronologies reaching back to 6703
BCE (Achterberg et al., 2018). In Scandinavia and the Baltic
countries, pine represents the most common tree species
used for dendrochronological studies based on subfossil
trees (Pukiené, 1997; Gunnarson, 1999; Helama et al., 2008;

Edvardsson et al., 2012a, 2016b). In central and southern
Sweden, peatland pines have been used to develop several
multi-millennial tree-ring chronologies (Gunnarson, 1999, 2008;
Edvardsson et al., 2012a,b; Edvardsson, 2016). In northern
Finland, subfossil pines from peatlands and lacustrine sediments
have been used for decades for dendrochronological studies
(Eronen et al., 1999). Tree-ring analyses of this material yielded
a continuous more than 7,600-year long (from 5634 BCE to
present) tree-ring chronology (Eronen et al., 2002; Helama et al,,
2008). In northern Sweden, nearly as long tree-ring chronology
constructed from subfossil pine covers the period 5407 BCE to
1997 CE (Grudd et al.,, 2002). The suitability of subfossil pines
for long-term climate and paleohydrology reconstructions has
now been shown in a range of studies (Pilcher et al., 1995; Grudd
et al., 2000; Lageard et al., 2000; Boswijk and Whitehouse, 2002;
Leuschner et al., 2007; Eckstein et al., 2009; Moir et al., 2010;
Edvardsson et al., 2012a; Helama et al., 2017a).

Depositional Environment—Subfossil

Trees

Subfossil wood usable for dendrochronological studies is
found in both lakes (Eronen et al., 2002; Grudd et al,
2002; Gunnarson, 2008; Helama et al., 2008) and peatlands
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FIGURE 5 | (A) A map of northern Fennoscandia with sites and proxy records used for the proxy-fusions (Helama et al., 2010c, 2012). Locations of the
meteorological station and the lakes used for tree-ring studies (one triangle may indicate multiple nearby lakes) and pollen analysis, with approximate major
vegetation zones. (B) Reconstructed July temperatures based on the initial data of pollen (C) and tree-ring data, and (D) the low-frequency comparison of pollen and
tree-ring proxy records, shown as raw values and as filtered to exhibit the timescales of centennial, multi-centennial, and millennial components of the variability.
(E) Annually resolved July temperature estimates produced by the proxy-fusion (Helama et al., 2012) shown with the temperature regimes and shifts in the
reconstructed values. All temperature records (AT) are shown relative to the reference period AD 1950-2000.

(Leuschner et al., 2002; Eckstein et al., 2009; Edvardsson et al.,
2016a). Depositional processes and preservation conditions
are, however, different between the two environments. Wood
retrieved from lake sediments primarily represents trees growing
at, or within a short distance of, the lake shore that have
fallen into the lake. There, tree trunks are either immediately
incorporated into previously deposited sediments or gradually
embedded through subsequent sedimentation, and constantly
oxygen-poor conditions in the lake environment imply a high
preservation potential. However, because the tree rings reflect
growing conditions in a different environment (on land) and
may have formed prior to the surrounding sediments, it is

usually difficult to directly relate tree-ring data to changes in lake
sediment stratigraphy. The stratigraphic position of wood found
in peatlands is, on the other hand, generally indicative of the
peatland surface at which the trees were growing, although fallen
tree trunks may partly be embedded in peat that was recently
formed when the trees died (Edvardsson et al., 2012a, 2014).
Consequently, it may be feasible to directly relate tree-ring data
to peat-stratigraphic changes. Wood found in peat may, however,
also represent trees growing on drier ground in marginal areas
of the peatland that either have fallen into the adjacent peatland
or become embedded in peat during phases of rapid peatland
expansion (Edvardsson et al., 2014). Moreover, peatland wood
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may experience a gradual change to anaerobic conditions until
it is completely buried and no longer affected by changes in
groundwater level, which implies a generally lower preservation
potential than for wood buried in lakes (Edvardsson et al., 2016a).

An additional challenge when integrating tree-ring data from
lake wood with sediment stratigraphy is that Holocene lake
sediments often are relatively homogenous, which means that
sediment stratigraphy alone provides limited paleoenvironmental
and paleoclimatic information. Late-glacial sediments are, by
contrast, usually characterized by distinct stratigraphic changes
that can be used to infer changes in environmental and
climatic conditions, but such sediments are not expected to
contain wood from trees as they were deposited in essentially
tree-less environments. Still, lakes constitute valuable archives
for subfossil wood (Eronen et al., 2002; Grudd et al., 2002;
Linderholm and Gunnarson, 2005; Helama et al., 2008),
and there are examples of studies successfully integrating
dendrochronological data obtained from lake wood with proxy
records from the same sediment (Helama et al., 2012).

Linking Peat Stratigraphic Records and

Tree Horizons

Largely, peat consists of accumulated litter from the plants
that once formed the vegetation at the peatland surface and
have become preserved because of predominantly wet and
anaerobic conditions, but remains of other organisms also occur
as a minor component. Consequently, peat deposits essentially
constitute accumulations of plant macrofossils, but they also
contain other macro- and microscopic remains of, e.g., charcoal
fragments, pollen, and testate amoebae, which makes them
excellent for multi-proxy paleoenvironmental and paleoclimatic
studies (Chambers et al, 2012). In addition, peat deposits
may contain large pieces of wood, sometimes referred to as
megafossils, either as scattered finds or distinct horizons rich
in tree stumps and trunks. It was noted already in pioneering
peat studies in Denmark (Dau, 1829; Steenstrup, 1842) that
peat layers containing remains of subfossil wood were generally
darker in color and more strongly decomposed compared
to other parts of the peat stratigraphy. These differences
were ascribed to climatic changes with strongly decomposed
peat rich in wood reflecting drier but possibly also warmer
conditions. Such climatic inferences were later extended to
Scandinavian peat stratigraphies displaying alternating layers
with different degrees of decomposition but lacking wood
horizons. They were also increasingly based on changes in peat
type, i.e., changes in the composition of peat-forming plants
identified through plant macrofossil analysis. This resulted in
the development of the Blytt-Sernander scheme for postglacial
climatic changes (Blytt, 1881; Sernander, 1908; Birks, 2008;
Birks and Seppd, 2010). Later, peat horizons characterized by
an abrupt transition from well-decomposed to well-preserved
Sphagnum peat were frequently observed during extensive
peat-stratigraphic studies in southern Sweden, and these were
named recurrence surfaces by Granlund (1932) and proposed
to represent regionally synchronous and rapid changes toward
wetter conditions.

Paleoenvironmental and paleoclimatic studies based on peat
largely rely on documentation of peat-forming vegetation
and degree of peat decomposition, but this peat-stratigraphic
information is usually complemented by proxy records of peat
decomposition and bog-surface wetness with high resolution
based on analysis of, for example, organic matter bulk density,
light transmission/absorption, C/N ratio, plant macrofossils,
and testate amoebae (Chambers et al., 2012). Obviously, such
records are necessary to integrate dendrochronological data
from subfossil wood with peat-stratigraphic records and thereby
accurately place tree establishment and degeneration phases into
the context of long-term environmental and climatic changes
(Edvardsson et al., 2014, 2016a).

Dating and Dating Constraints of
Stratigraphic Proxy Records From Lakes

and Peatlands

Proxy records from lakes and peatlands are usually dated by
radiocarbon dating. Peat can often be radiocarbon dated directly,
although care should be taken to avoid dating roots, which can
penetrate underlying layers and thus lead to too young ages. Dates
for lake sediment are preferably based on terrestrial macrofossils,
as dates of bulk sediment or aquatic organisms are often affected
by older carbon, which can come both from long residence
times of carbon in the lake system (reservoir effect) and from
for example carbonate rich bedrock (hard water effect). Young
lake sediments (up to ca. 150 years) can be dated using the
isotope 21°Pb (Appleby and Oldfield, 1983). Once a number of
radiometric dates have been obtained from a sediment or peat
sequence, they are calibrated and combined into an age-depth
model, so that the age of samples taken at other depths can be
estimated. The uncertainty on such interpolated ages depends on
the number of dates in the core, their individual uncertainties and
the shape of the age-depth relationship and is often in the range
of centuries (Telford et al., 2004). Although this can be improved
by using a high number of dates and Bayesian approaches to
age-depth modeling, the maximum precision obtainable is still
measured in decades rather than years.

The temporal resolution and accuracy thus differ greatly
between dendrochronological data and sedimentary records,
often hampering direct comparisons and data integration.
Annually laminated (varved) lake sediments, however, provide
a possibility to study sedimentary paleoecological proxies,
such as geochemistry, isotopes, and microfossils at annual or
seasonal resolution comparable to that of tree rings. However,
the dating control obtained by varve counting is, unlike in
dendrochronological data, usually affected by increasingly large
dating uncertainties toward the past (Theuerkauf et al., 2019).
This is partly because varves form in soft lake sediments and
are therefore less well defined and more easily disturbed than
tree rings, and therefore have higher counting uncertainties;
and partly because varve formation is highly site specific and
influenced by many factors impacting the lake. The most
critical drawback for downcore uncertainties in varve dating is
the lack of cross-dating (between the sediment cores) which
is routinely applied in dendrochronological studies between
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the tree samples (Fritts, 2012; Cook and Kairiukstis, 2013).
Thus, the varves can usually not be correlated regionally
between sites, the way tree-ring chronologies can. However,
combining varve and tree ring data may provide a way to
overcome these problems.

Pollen Analysis—Overview and

Comparison to Tree-Ring Records

Pollen analysis is a well-established scientific method used to
provide estimates for the quantitative occurrence of various plant
species over time in the past (Hicks, 2001). In most environments,
enormous quantitates of pollen are spread and deposited, and
they are preserved in lakes and peatlands, making them one
of the most widely available paleoecological proxies, both in
terms of number of sites and the temporal extent of the records.
By comparing the pollen composition in stratigraphic records
with observations of present pollen-vegetation and climate
relationships it is possible to reconstruct the terrestrial vegetation
of the past, as well as use the method to reveal past ecological
and climatic changes (Bradshaw and Lindbladh, 2005). Usually,
large basins contain pollen from extensive areas, and thereby
showing large-scale regional vegetation changes (Sugita, 1994,
2007a), whereas pollen records from small basins to a higher
degree represent local conditions (Jacobson and Bradshaw, 1981;
Sugita, 2007b; Overballe-Petersen and Bradshaw, 2011).

Models for the quantitative relationship between pollen
deposition at a site and the surrounding vegetation developed
gradually since the 1960s with the calculation of pollen correction
factors for different tree species (Davis, 1963; Andersen, 1970).
But quantification of past vegetation is complicated by the non-
linear relationship between vegetation and pollen percentages
known as the “Fagerlind effect” (Fagerlind, 1952) as well as
by the differential dispersal of pollen types from the source
plants to the pollen sites (Tauber, 1965). But in the 1980s, the
Extended R-value model that mathematically solves the Fagerlind
effect was developed (Parsons and Prentice, 1981; Prentice and
Parsons, 1983) and this was combined with physical models of
pollen dispersal- and deposition (Prentice, 1985), resulting in
a clearer definition of the pollen source area of different basin
types (Sugita, 1994). Many studies on calibrating, testing and
applying these models, as well as using the models for quantitative
vegetation reconstruction at regional and local scales have been
performed (Sugita, 2007a,b; Hellman et al., 2008; Nielsen and
Odgaard, 2010; Mehl and Hjelle, 2015; Fredh et al., 2016).

A simultaneous, but only partly related model development
has taken place in the field of pollen/climate relationships,
where different statistical techniques have been applied to
obtain pollen-based climate reconstructions, as recently reviewed
by Chevalier et al. (2020). Much of the pioneering work
again took place in Scandinavia, where interpretation of
pollen assemblages in terms of climate started with von
Post (1918). At first, interpretations were qualitative, but
Iversen (1941) presented the first quantitative pollen-based
temperature reconstructions for the Holocene. Later the use
of large calibration datasets of surface pollen spectra and
climate data developed, along with multivariate, and lately

Bayesian statistical methods to apply them to fossil data
for reconstructions of past climate variability, also facilitated
by the increasing availability of pollen data through open-
access databases (Chevalier et al., 2020). As with vegetation
reconstruction, the scale of climatic information that can be
obtained from a pollen record depends on the pollen source area
of the site, local conditions, and by long distance transported
pollen. Human impact can also affect the relationship between
vegetation and climate, and potentially lead to biases which are
hard to quantify (Chevalier et al., 2020). In substantially impacted
landscapes, pollen-based climate reconstructions should be
evaluated carefully by comparison to other proxies, such as
dendrochronological data.

A major difference between sedimentary-based pollen data
and dendrochronological data is obviously their temporal
resolution. The relatively low resolution of non-varved
sedimentary data combined with dating uncertainties as
discussed in section “Dating and Dating Constraints of
Stratigraphic Proxy Records From Lakes and Peatlands,” usually
makes the comparison of pollen data and the relatively short
(typically at most ~ 100-150 years in length) instrumental
climate records impossible. Therefore, pollen and climate
data are not usually related on temporal but on spatial scales
(Barnekow et al., 2007). Thus, the transfer functions used to
transform pollen data into estimates of past climate parameters
are typically constructed using a calibration set of spatially
collected surface-sediment samples, expected to represent the
modern pollen spectra in comparable sedimentary environments
(Seppé and Birks, 2001; Seppé et al., 2004). As an example, the
calibration dataset used by Bjune et al. (2009) was based on more
than three hundred Nordic lakes sampled along contemporary
climate gradients (Seppé and Birks, 2001). Although the transfer
functions, calibrated and evaluated on spatial scales (Seppi
and Birks, 2001; Seppd and Bennett, 2003; Seppa et al., 2004),
they are applied backward in time and thus over temporal
scales. By contrast, in dendroclimatology, the calibration,
verification, and implementation of the transfer function
are all applied over temporal scales (Cook and Kairiukstis,
2013).

In an overall comparison between pollen and
dendrochronological records, it is obvious that more records
covering the Holocene have been constructed from pollen than
tree rings, and that pollen records from more geographical areas
therefore are accessible. It is simply more realistic to generate
long records covering the main part of the Holocene from pollen
compared to subfossil trees, and to find sites with sufficient
amounts of pollen to reconstruct long records are by far more
common than places with subfossil wood. Both pollen and tree-
ring records might be affected by humans, an important factor to
consider when analyzing both types of data. Both methods can
be considered as time consuming, but if multi-millennia-long
datasets are to be constructed, tree-ring data is usually the most
problematic and sometimes close to impossible. At the same
time, the precision of the dates, the annual time resolution
and the annual variations of the data series are superior once
a chronology has been constructed. The differences between
the pollen and tree-ring records mean that many of the studies
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reviewed that include both proxy records present significantly
longer and more coherent data series from pollen than from the
tree rings (Pitkdnen et al., 1999; Samonil et al., 2018; Stanc¢ikaité
etal., 2019).

Other Stratigraphic Proxies and How
They Can Complement

Dendrochronology

Plant macrofossils, e.g., seeds, fruits, leaves, and fragments of
wood and bark, are a common source of paleoecological and
paleoclimatic information in lake-sediment and peat studies
(Birks, 2007). In contrast to pollen, macrofossils are usually
not transported long distances due to their larger size. Plant
macrofossils thereby provide more reliable information on local
conditions, but little information on the regional landscape. In
addition, they can often be identified with a higher taxonomic
precision compared to pollen (Birks, 2007). On the other
hand, these advantages are counteracted by the fact that plant
macrofossils are less common and more sporadically present
in lake sediment and peat sequences. Plant macrofossils are
therefore often used in combination with pollen (Birks and
Birks, 2000). In lake sediments, plant macrofossils are derived
from both limnic and terrestrial plants, whereas in peat they are
mainly derived from plants growing on the peatland but may
also have been transported by wind over short distances from
the surrounding landscape (Birks, 2007). Wood fragments from
trees and shrubs encountered during macrofossil analysis usually
contain too few annual rings to be used for dendrochronological
studies but can be helpful when reconstructing vegetation
composition based on finds of subfossil trees and pollen data
(Edvardsson et al., 2014).

Charcoal can also be detected in stratigraphic records and
can provide concrete evidence of fire frequency and intensity at
local to regional scale (Patterson and Backman, 1988). Charcoal
records are often used to supplement fire reconstructions based
on historical documents or tree-ring data (Whitlock and Larsen,
2002). For example, Edvardsson et al. (2015) dated a fire scar in
pine trees growing at the peatland Keréplis in Lithuania to 1949
CE. Charcoal particles that most likely originate from the same
fire could be detected in the upper part of the peat stratigraphy
and could thus be dated using dendrochronology. Precise dating
of fire scars in trees in combination with charcoal analysis of lake-
sediment and peat sequences thereby has a great potential for
detailed reconstructions of historical fires in a region (Pitkidnen
et al., 1999; Stivrins et al., 2019).

Not only plant remains can be preserved in stratigraphic
records, also parts of animals can be detected and studied.
Insects are extremely diverse and present in a wide range of
habitats and have therefore become an essential contributor
in many paleoecological, environmental, and archeological
studies (Buckland et al, 2018). Paleoentomology is the
study of prehistoric insects including beetles, and their
diversity in combination with a long evolutionary history
as well as the potential to be preserved in stratigraphic
records provides an excellent tool for environmental and
climatic reconstructions. Apart from a few studies by, for

example, Boswijk and Whitehouse (2002) and Kuosmanen
et al. (2020), few attempts have been made to integrate
dendrochronological data with paleoecological reconstructions
based on paleoentomological analyses. However, this approach is
considered to have great potential for studies with conservation
purposes (Lindbladh et al., 2013).

In many stratigraphic records from aquatic to moist habitats
such as lakes, rivers and wetlands, testate amoebae (also referred
to as rhizopods, thecamoebians and arcellaceans) can be detected
(Charman, 2001; Mitchell et al., 2008). Testate amoebae is a
group of single-celled, shelled organisms and useful indicators
of moisture conditions (Charman, 2001). Stratigraphic studies of
testate amoebae often include analyses of pollen and macrofossils
(Mitchell et al., 2008), but a few attempts have been made to
also include tree-ring data from subfossil trees. Like pollen and
macrofossil records, stratigraphic testate amoebae records are
limited by chronological inaccuracies. Despite this, it was possible
to combine data from living peatland pines with the recent testate
amoebae record to develop a local hydrological reconstruction
for the Cepkeliai peatland in Lithuania (Edvardsson et al., 2019).
This should encourage more multiproxy studies where not only
pollen, plant macrofossils and testate amoebae are used but
studies that also include subfossil trees.

Multiproxy Studies

Multiproxy Fusion Studies for Paleoclimatic
Reconstructions

There are studies where subfossils of both spruce (Picea abies)
and birch (Betula) have been explored for paleoclimatic purposes
(Kullman, 1995, 1996; Holtmeier and Broll, 2006), but when it
comes to studies over long periods of time based on subfossil
trees, Scots pine (Pinus sylvestris L.) is by far the most investigated
tree species, both in northern Finland (Eronen et al., 1999, 2002;
Helama et al.,, 2002, 2004, 2005, 2008, 2010a,b,c, 2019, 2020)
and Sweden (Sonesson, 1974; Grudd et al., 2002; Gunnarson
et al., 2003). A large proportion of these trees have been
found in lakes with oxygen-poor sediments and have grown
on mineral (riparian) soils or on thick layers of organogenic
riparian substrate. Dendroclimatic studies on living pine trees
in similar environments in northern Fennoscandia show that
temperature most often is a significantly growth limiting factor
(Helama et al., 2002, 2012; Linderholm et al., 2015). The
subfossil pine material is therefore assumed to be suitable
for dendroclimatic studies aiming to reconstruct temperature
variability of the past.

During the late 1970s (Eronen, 1979) and early 1980s,
studies on the Holocene history of the pine forests of northern
Fennoscandia were performed using radiocarbon dated pine
trees from northwestern Finnish Lapland and northern Norway
(Eronen and Hyvirinen, 1982). Eronen and Hyvirinen (1982)
used pollen records from lake sediments and radiocarbon
dated subfossil pine trees. The study showed that the tree
and pollen records agreed outlining the history of the pine
forests of northern Fennoscandia, and showed that pine spread
around 7500-7000 cal. BP (~5550-5050 BCE) and that the
extent of the forest was greatest between 7,000 and 4000 cal.
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BP (~5050-2050 BCE; Eronen and Hyvirinen, 1982). Since
then, many dendrochronological studies using radiocarbon
and dendrochronologically dated subfossil pine materials from
northern Finland have been conducted, and the materials have
constantly been complemented and improved (Eronen et al,
1999, 2002; Helama et al., 2008, 2015, 2019, 2020).

Topical to this review, Helama et al. (2010c, 2012) compared
(and integrated) July temperature reconstructions derived
independently from pollen and tree-ring width data as previously
published for northern Fennoscandia (Bjune et al, 2009;
Helama et al., 2009, 2010b). These studies were based on two
paleobotanical proxies, namely spectra of fossil pollen and tree
rings of subfossil pine trees from the same region (Helama
et al,, 2010c, 2012). A summary pollen-based July temperature
reconstruction was produced by stacking the individual pollen-
based reconstructions from 11 sites representing northern
Fennoscandia, expressed as sample-specific deviations from
the pollen-inferred present-day July temperature at each site
(Bjune et al., 2009; Seppd et al, 2009; Birks et al, 2010).
The initial tree-ring dataset of Eronen et al. (2002) was
processed to remove biological trends from the raw data series
using an approach similar to the regional-curve-standardization
(Briffa et al., 1996; Helama et al., 2017b), with an exception
that the curvature of the growth trend was adjusted for
past changes in the pine population density in the study
region (Helama et al, 2010a,b). The rationale behind these
comparisons was the hypothesis that the two types of proxy
data could be connected to climate variability in a timescale-
dependent fashion and, accordingly, their climatic signals could
be fused in similar manner making use of the low- and
high-frequencies from pollen-stratigraphic and tree-ring data,
respectively. First, the two independent reconstructions were
correlated over the past millennium i.e., since 750 CE (Helama
et al, 2010c). It was shown that that the pollen and tree-
ring based reconstructions exhibited similar low-frequency
(centennial and longer scales) temperature variability, revealed
using timescale-dependent filtering techniques. That is, the two
proxies did not only show in what direction conditions for
various species are changing, it was also demonstrated when
changes had happened and at what rate. The same method
was used to surmount obvious geochronological discrepancies
(see above sections for the discussion on differing dating
and resolution issues), thus enabling reconciliation of the
proxies where the proxy-fusion was achieved as a sum of the
timescale-dependent components of the original reconstructions
(for details, see Helama et al., 2010c, 2012). Reconstructions
based both on pollen and tree-ring data have been performed,
and the results have been correlated and validated against
the instrumentally observed temperature data available for
the region over the 1802-2002 CE period (instrumental data
from Holopainen and Vesajoki, 2001; Klingbjer and Moberg,
2003; Holopainen, 2006). Over longer intervals, the proxy-
fusions exhibited the climatic reversals of the “Medieval
Climate Anomaly” (during the tenth to thirteenth centuries
CE) and the “Little Ice Age” (during the 14th to nineteenth
centuries CE), as well as the twentieth century warming,
with a decadal temperature amplitude of 2.5°C between the

warmest and coolest decades of the study period (750-1998 CE)
(Helama et al., 2010c).

Second, the pollen and tree-ring based reconstructions of July
temperature variability were compared over the longest possible
time interval, that is over the past 7,500 years (Helama et al,
2012). A new, enlarged spatial pollen-climate calibration dataset
was used to develop a robust calibration-function model to
transform fossil pollen spectra into temperature estimates. Also,
this comparison highlighted overall climatic variability from
inter-annual to millennial timescales. Two major discrepancies
between the two proxies concerned the highest and lowest
frequencies of the reconstructed temperatures: the absence of
temperature estimates of the shortest term in the pollen-based
proxy and, on the other hand, a lack of a long-term temperature
trend in the tree-ring based temperatures over the past
7,500 years. Despite the discrepancies, the low-frequency (i.e.,
long-term) temperatures variations showed similarities, most
well expressed as positive temperature excursion between 3000
and 2000 BCE (which they termed “mid-Holocene warmth”)
and as a negative anomaly over much of the past millennium
(“Little Ice Age”) (Figure 5). Like a previous study (Helama
et al., 2010c), the combined i.e., fused temperature record
(representing low-frequency signal from pollen data and high-
frequency signal from tree-ring data) correlated positively and
significantly with the instrumentally observed temperatures with
verification statistics indicating real skill in the reconstruction
(Helama et al., 2012). On much longer scales, the final fused
temperature reconstruction showed a cooling of 0.26°C per
millennium and a cooling of 2.0°C since 5500 BCE. Annual
resolution of the record allowed the years 1934 and 1937 to be
evaluated among the warmest, and the years 1903 and 1910 are
among the coldest summers in the context of the late and mid
Holocene temperatures. Moreover, the average reconstructed
mid and late Holocene climate was found to remain 0.85°C
warmer than the twentieth century CE.

These studies indicated that a method of proxy fusion could be
successfully used to integrate the proxy-specific reconstructions,
as exemplified for past changes in summer temperature in
the pollen-stratigraphic and dendroclimatic data from northern
Fennoscandia. To do so, the proxies should exhibit similar
temporal coverage, be similar in their climatic response, and
exhibit coherence at low frequencies (given that the sedimentary
pollen data lacks the high-frequency amplitudes). Although the
studies from northern Finland proved that both temperature
reconstructions were similar in their climate response (Helama
et al., 2010c) and that calibration in time, performed on the
fused reconstructions, compared reasonably with instrumentally
recorded July temperature, it is important to be aware that this
connection may not apply everywhere. In the adjacent areas in
southern Scandinavia, the conditions appear quite different in
comparison to the North as the temperature is not as strongly
controlling the radial tree growth of the trees in these more
temperate site conditions.

Another study from northern Finland using climate
reconstructions from dendrochronological data, which
showed the potential to improve the possibilities for
quantitative interpretations of pollen data was performed by
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Mazier et al. (2012). The pollen productivity of trees varies from
year to year, depending on climatic conditions (Andersen, 1974),
and in northern Fennoscandia is often strongly dependent on
summer temperature (Huusko and Hicks, 2009). By combining
absolute pollen productivity estimates for pine for warm and
cold years, respectively, from pollen trap data (Mazier et al.,
2012), with a summer temperature reconstruction based on tree
growth parameters obtained from tree rings (Young et al., 2012),
it was thereby possible to obtain a more detailed reconstruction
of variations in pine tree biomass over the last 1,000 years from
high resolution pollen data from a peat core (Mazier et al., 2012).
The relative pollen productivity of different species, used in the
landscape reconstruction algorithm may also vary depending
on climate, although the relationship is still poorly understood
(Brostrom et al., 2008). If this relationship can be quantified,
the potential for using independent climate data from tree rings
to improve vegetation reconstructions could be even greater,
although this of course requires that relative pollen production
and tree growth are limited largely by the same climatic variables
in the region of study. For northern Fennoscandia, this is likely
to be the case in terms of summer temperature, but in other
regions the relationship may be more complicated.

Multi-proxy studies covering recent decades show that there
still is additional potential to unlock. Once such example is a
study from North Germany by Theuerkauf et al. (2019) in which
high-resolution pollen data from a varved lake sediment and tree-
ring data were used for dating and paleoclimatic interpretation.
Theuerkauf et al. (2019) noted that peaks in annual beech (Fagus
sylvatica) pollen deposition correlated with minima in beech tree-
ring width, a relationship that was used as a link between their
varved lake sediments and tree-ring record. The study mainly
focused on the period 1980-2017 CE but sets an example how
pollen data from a varved sediment record and local tree-ring
data can be integrated.

Multiproxy Paleohydrology Studies

A study from southern Finland showed that the replication
curves of pine tree-ring chronologies from peatland and lake
sites may demonstrate divergent courses of depositional histories
(Helama et al., 2017a). This comparison demonstrated that the
accumulation of peatland (subfossil) pines was high, but that
of lake site subfossil trees low during the Medieval Climate
Anomaly, whereas the accumulation of peatland pines was
found to decline toward the Little Ice Age during which
that of lake site pines increased. The results were confirmed
by comparisons of the water level reconstructions based on
subfossils of the chironomid midges and cladoceran water fleas
(Luoto, 2009; Nevalainen et al., 2011; Nevalainen and Luoto,
2012). Generally, these microfossil-based reconstructions of late
Holocene water depth variations showed a lowered water table
during the late part of the first millennium CE, coinciding with
peatland tree accumulation. Moreover, rising water tables not
later than the twelfth century CE were indicated, consistent
with the increasing lake site tree accumulation. These results
from differing site conditions of subfossil pine accumulation
were taken to demonstrate the relative roles of recruitment
and preservation potentials, and thus of paleoecological and

taphonomic processes, in controlling the tree accumulation in
peatland and lake environments, respectively (Helama et al,
2017a). Comparisons between tree-ring and subfossil animal
remain (Cladocera, midges, mayfly, and caddisfly mandibles)
based reconstructions, of hydroclimatic conditions were also
carried out in nearby sites in eastern Finland (Luoto and
Helama, 2010; Luoto et al., 2013; Nevalainen et al., 2013).
These comparisons showed that the two types of reconstructions
could be used for interpretations of multiple paleoclimatic
(seasonal) variables such as precipitation, stream flow, lake water
depth, the length of the ice-free season and water temperatures.
For example, Luoto and Helama (2010) showed that the
Medieval Climate Anomaly was characterized by warm and dry
summer conditions, whereas their stream flow reconstruction
portrayed simultaneously increased values, implying enhanced
spring floods after snowy winters. During the Little Ice
Age, wetter climate conditions were reconstructed, however,
with the stream flow indicating less snowy winters. Overall,
their results were explained by the low-frequency changes in
the North Atlantic Oscillation producing contrasting seasonal
climate regimes over similarly long timescales in the region
(Luoto and Helama, 2010).

Comparative Multiproxy Studies

Both climate and vegetation differ significantly between northern
Fennoscandia and the area around the southern Baltic Sea.
Which species that can be used as well as the type of
paleoecological or climatic information that can be obtained
therefore differ greatly between south and north. When
it comes to dendrochronological studies, tree species such
as pedunculate oak (Quercus robur L.) and beech (Fagus
sylvatica L.) occur in addition to the previously mentioned
Scots pine. Subfossil oaks have been studied in the reviewed
literature (Christensen, 2007; Edvardsson et al, 2014), but
not to the same extent as in Germany (Leuschner et al,
2002), Netherlands (Sass-Klaassen and Hanraets, 2006), and
Ireland (Brown and Baillie, 2012). The most dominant tree
species in the subfossil archives is once again Scots pine
(Edvardsson et al., 2012a,b, 2014; Edvardsson, 2016). However,
in addition to the geographical location, also the stratigraphic
context differs between the subfossil pines from southern and
northern sites. The subfossil pine material available in southern
Fennoscandia that is a couple of thousand years or older
comes almost exclusively from peatlands (Edvardsson et al.,
2012a,b; Edvardsson, 2016), and similar availability has been
noted in the Baltic states (Pukiené, 1997; Edvardsson et al.,
2016b, 2018). Moreover, there are examples with pine materials
from submerged landscapes in the Baltic Sea (Hansson et al.,
2017; Edvardsson et al., 2021). Furthermore, the correlation
between temperature records and tree-ring width in these
regions are not as strong as in northern Fennoscandia (Helama
et al,, 2010c; Edvardsson et al., 2015). Pollen based climate
reconstruction from this region may also be hampered by
the strong human influence on vegetation composition during
the late Holocene. In the multiproxy studies from southern
Sweden and the Baltic region, the tree-ring and stratigraphic
records can therefore not be integrated in similar manner as
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FIGURE 6 | (A) A schematic presentation of temporal scales associated with tree-ring data (blue line) and stratigraphic proxy data (red dashed line). (B) The proxy
data discussed, namely tree-ring data (blue line), tree replication data (black line with dashes and dots), pollen data (red dashed line), and plant macrofossils (orange
dotted line), also differ in the spatial scales at which they best represent paleoecological and paleoclimatic information. The advantages of integrating several types of
proxies are that both time scale and geographical coverage can be improved.

TABLE 2 | Pros and cons of different proxy data for the assessment of paleoecological and paleoclimatic reconstructions.

Data Pros

Cons

Pollen Accessible
Long records
Commonly found

Plant macrofossils Local conditions

High taxonomic resolution

Other stratigraphic records Long-term changes
Annually resolved data

Precise dating

Time consuming

Dating uncertainties

Potentially affected by human impact
Dating uncertainties

Rare

Dating uncertainties

Time consuming

Very difficult to develop continuous records

described in northern Finland (Helama et al., 2010c, 2012).
Instead, records from different proxies have almost exclusively
been used for comparative studies in which the data series
have been placed next to each other to identify any common
patterns (Edvardsson et al., 2012a, 2014). Most often, a similar
procedure has been performed in studies from Germany
(Eckstein et al., 2009, 2011) and Lithuania (Edvardsson et al.,
2016b, 2018; Stancikaité et al., 2019). In its simplicity, this
way of comparing data series can be effective in identifying
common patterns in the data types. In Edvardsson et al. (2016b),
for example, total tree replication was compared to long-
term pollen-based summer temperature deviations (Heikkild
and Seppd, 2010), a water-table reconstruction based on testate
amoebae assemblages (Sillasoo et al., 2007), and a lake-level
reconstruction from ostracods (Sohar and Kalm, 2008). When
combined, the records provide a more detailed story of the
transition from the relatively warm mid Holocene to the
colder and more changeable late Holocene. More remarkable
is that the temperature and water-level changes recorded in
the stratigraphic archives during the last millennium appear
limited, while several major changes were detected in the
tree-replication record. For example, complete absence of

peatland trees was noted during cold episodes such as the
Little Ice Age and the Migration Period, whereas rapid tree
colonization events were recorded during relatively warm
episodes such as the Roman and Medieval Warm Periods
(Edvardsson et al., 2016b).

Underutilized Geographic Areas

As highlighted in Figure 2, there are several geographic
regions with potential for new or improved As highlighted
in Figure 2, there are several geographic regions with
potential for new or improved in depth paleoecological
and paleoclimatic studies combining dendrochronology and
paleobotanical datasets. A long tradition of vegetation and
climate studies based on e.g., pollen and plant macrofossils
from lake sediments (Barnekow, 1999; Rundgren and Beerling,
1999; Bigler et al., 2006) and peat records (Kokfelt et al,
2010; Gatka et al, 2017) from the Abisko region, northern
Sweden, have resulted in extensive vegetation and climate
records covering substantial parts of the Holocene. In parallel,
the 7,400-year tree-ring chronology from Tornetrask (Grudd
et al, 2002) as well as chronologies from the Scandinavian
mountains (Linderholm et al., 2015) have been developed. These
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types of datasets should be able to be combined for more
detailed studies than what has been done so far. In a
similar way, it should be possible to combine and continue
working on dendrochronological (Edvardsson et al., 2012b)
and peat stratigraphic records (Kylander et al, 2013) from
southern Sweden. Furthermore, the similar landscape with
lakes and peat bogs found in Estonia, Latvia, and western
Russia should make it possible to find subfossil trees to
construct tree-ring chronologies to compare with the proxy
data already existing in these regions. In Denmark, there
is an oak material (Christensen, 2007; Edvardsson et al.,
2016a) that might well be linked to other local proxy
archives (Bradshaw et al, 2005). Belarus, the Netherlands
and Ireland are other examples that can be considered
as regions with coexisting archives and/or potential for
new proxy data for paleoecological or paleoclimatological
studies (Figure 2).

CONCLUSION

This review aimed to convince our readers that the
benefits of combining, or even better integrating, proxy
records generated from tree rings and stratigraphic
sequences can result in improved paleoecological and
paleoclimatic reconstructions. We also hope the review
can inspire to new research initiatives aiming to overcome
the difficulties with the proxy integration, and thereby
contribute to improved long-term ecosystem and climate
reconstructions as well as a firmer basis for future nature
conservation initiatives.

The studies reviewed (Table 1) and the examples discussed
illustrate the great benefits of the integrated use of tree-ring
data and paleoecological records from lakes and peatlands.
Several examples show that adding paleoecological records
to the tree-ring records can result in substantially longer
and more continuous time series, as well as more detailed
and robust paleoecological and paleoclimatic interpretations.
In parallel, the tree-ring records can generate improved
time resolution and dating accuracy to the paleoecological
records (Figure 6). But since there are major differences
between dendrochronology and the other techniques discussed,
comparison or integration must be done with caution. Moreover,
the knowledge of how difficult it can be to construct
multi-millennium long tree-ring chronologies for such studies
is hard to circumvent. However, we have identified areas
where there are long tree-ring chronologies completed or
under construction that could be integrated into future
studies (Figure 2).

One of the most prominent differences between
dendrochronology and other methods reviewed is that
dendrochronology can be considered both as a dating technique
and as an annually resolved proxy for paleoecological and
climatic reconstructions, whereas the other proxies discussed
generally rely on independent dating, e.g., with radiocarbon,

and have varying time resolution depending on local peat
or sediment accumulation rates. On the other hand, proxies
extracted from a common stratigraphic sequence automatically
have a comparable time resolution and time scale. It is therefore
relatively easy to directly compare such data series. Moreover,
stratigraphic records can often offer uninterrupted multi-
millennial paleobotanical, and paleoenvironmental records for
studies of vegetation and climate dynamics. In comparison, the
relatively short life cycle of the trees growing in the boreal zone
makes it practically impossible to create continuous records
based on tree-ring data in a similar manner. Consequently,
tree-ring data from hundreds of trees per millennium are often
needed when long tree-ring chronologies are to be constructed
(Figure 4A). This makes the work of constructing tree-ring
chronologies like those from northern Fennoscandia (Grudd
etal.,, 2002; Helama et al., 2008) a process that can last for decades.
Although there are pros and cons to all the methods covered by
this review (Table 2), the examples discussed show that there are
ways to integrate them to be able to benefit from the advantage of
combining different data and proxies.

There are several multi-proxy studies covering recent decades,
such as Theuerkauf et al. (2019) discussed in section “ Multiproxy
Studies,” or articles by Jalkanen et al. (2008) and Edvardsson et al.
(2019), that set examples how paleoecological sediment records
and local tree-ring data can be integrated. Studies like these
shows that there still is additional potential to unlock from the
paleoecological records. It will of course be a challenge to perform
similar studies over several millennia, but it would be worth the
efforts if stratigraphic proxy records could be developed with the
same dating accuracy as tree-ring archives offer.
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