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There has been an upsurge of interest and research activity in trait-based approaches
in ecology, biogeography, and macroecology. | discuss if this upsurge has impacted
Quaternary botany (the study of plant remains preserved in sediments). | show that
ecological attributes (including traits) have played and continue to play an integral
part in the interpretation of Quaternary botanical data in terms of reconstructing past
environments and interpreting long-term changes in plant assemblages. This use started
over 120 years ago and continues to the present. It is unclear if a “new” Quaternary
botany based on traits will develop because of the taxonomic limitations of much
Quaternary botanical data.

Keywords: climate, ecological indicator values, environmental reconstruction, functional diversity, plant
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INTRODUCTION

In modern plant ecology there has been a great upsurge of interest and research effort in trait-
based ecology in the last 20 years (e.g., Shipley, 2010; Garnier et al., 2016) since the pioneering
efforts of ecologists in the early 20th century (e.g., Raunkiaer, 1907; Blackman, 1920; Raunkiaer,
1934; Iversen, 1936) and late 20th century (e.g., Grime, 1979; Bloom et al., 1985; Jurado et al.,
1991; Leishman and Westoby, 1992; Grime, 2001; Westoby et al., 2002). The trait-based approach
extends back at least to 300 BCE (Theophrastus, 1916; Weiher et al., 1999). This recent upsurge
in trait-based ecology proposes “Rebuilding community ecology from functional traits” (McGill
et al., 2006), “... using plant functional traits to understand ecological processes” (Funk et al.,
2017), “predicting communities from functional traits” (Cadotte et al., 2015), and “using functional
traits to predict ecosystem change” (Suding and Goldstein, 2008). Using functional traits to
generalize complex community assembly and dynamics and to predict effects of environmental
change on ecosystems is referred to as a “Holy Grail” in ecology (e.g., Lavorel and Garnier,
2002; Suding and Goldstein, 2008; Funk et al., 2017). Recent publications have spectacular titles
such as “Predictive traits to the rescue” (Guisan, 2014), “Trait-based assessment of climate-
change impacts on interacting species” (Schleuning et al., 2020), “Functional traits explain the
Hutchinsonian niches of plant species” (Treurnicht et al, 2020), and “Elevation gradient of
successful plant traits for colonizing alpine summits under climate change” (Matteodo et al,
2013). Trait-based approaches have also been proposed to create a “functional biogeography”
that “bridges species-based biogeography and earth science to provide ideas and tools to explain
gradients in multifaceted diversity (including species, functional, and phylogenetic diversities),
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predict ecosystem functioning and services worldwide, and infuse
regional and global conservation programs with a functional
basis” (Violle et al., 2014, p. 13690).

Given the considerable interest and activities in trait-
based approaches in contemporary plant-community ecology,
ecosystem ecology (Diaz and Cabido, 2001), biogeography (Violle
etal., 2014), and macroecology (He et al., 2019), are these current
interests and activities impacting Quaternary botany? In this
article, I discuss the use of ecological attributes and traits in
Quaternary botany over the last 120 years and show that such
use has been and remains an integral part of the subject. I
first present some essential definitions. I then discuss the use
of ecological attributes and then review the use of ecological
traits in Quaternary botany. I conclude by discussing if a trait-
based approach can contribute further to Quaternary botany and
outline what the major limitations of developing this approach
further are in Quaternary botany.

DEFINITIONS

Quaternary (last 2.6 million years) botany involves the study of
plant megafossils (e.g., tree stumps, logs, and wood remains),
plant macrofossils (e.g., seeds, fruits, leaves, and bryophyte
remains), and plant microfossils (e.g., pollen, spores, phytoliths,
charcoal, and non-pollen palynomorphs) preserved in peat and in
lake and ocean sediments. Although megafossils and macrofossils
have been studied since the late 18th century, Quaternary botany
today is dominated by pollen analysis (Birks, 2019).

Ecological attributes (=ecological characteristics) are features
of a taxon such as its range size, life history, geographical
distribution, climatic tolerances, habitat types, environmental
indicator values, edaphic preferences, and so on, that describe the
overall ecology of the taxon (Hill et al., 2004; Hill et al., 2007).

Ecological traits have been defined in several ways (e.g.,
Semenova and Van Der Maarel, 2000; Violle et al., 2007; Shipley,
2010; Garnier et al., 2016; Korner, 2018). A definition that is
widely adopted is that a trait is “a well-defined, measurable
property of organisms, usually measured at the individual level
and used comparatively across species. A functional trait is one
that strongly influences organismal performance” (McGill et al.,
2006, p. 178). There are other types of traits used in ecology
such as vital attributes and ecophysiological, stress tolerance,
life-history, demography, biology, response, performance, effect,
neutral, and a posteriori traits (Violle et al., 2007; Garnier et al.,
2016; Korner, 2018). Traits are always attributes, but many
attributes such as geographical distribution are not traits because
they may depend on historical accidents. A trait is thus an
attribute that can, in theory, be observed in an individual plant
and is intrinsic to its genome, whereas an attribute is a property
of a taxon considered as a whole (Hill et al., 2019, pers. comm.).
Deciding whether a trait is ‘functional’ in the sense of being
“important for performance” is not always clear (see Weiher
et al,, 1999; Diaz et al., 2004; Bernhardt-Romermann et al., 2008;
Shipley et al., 2016). Kérner (2018) noted that “it appears that
often certain traits are thought to be important because they have
been measured because tools have been available. There are many

traits that are potentially of great value; however, they have not
been accounted for because their study is very laborious, or they
have not yet been thought of.” Here I use the general term “trait”
except when the type of trait being discussed is clear.

This review only considers Quaternary botany. Testate
amoebae are not considered even though they are often studied
in conjunction with botanical studies on peat sequences (e.g.,
Fournier et al, 2015; Lamentowicz et al., 2015; Marcisz et al,,
2016; Marcisz et al., 2020).

ECOLOGICAL ATTRIBUTES

The first use of ecological attributes, in this case a species
distribution and its inferred climatic limits and tolerances, to
reconstruct past climate change is probably the classic work by
Andersson (1902, 1903, 1909). He mapped the occurrence of
fossil Corylus avellana (hazel) nuts in Swedish and Norwegian
peats. He showed that the present-day northern limit of hazel
coincided closely with the mean July temperature isotherm
of 12°C but fossil nuts occurred as far north as today’s July
isotherm of 9.5°C (see Birks, 2008). Andersson proposed that
mean July temperature in the early- and mid-Holocene was 2-
2.5°C warmer than today. Following this, Samuelsson (1916)
analyzed hazel’s present-day northern limit in greater detail. He
showed that summer temperature was not uniform along today’s
limit and that a lower summer temperature was compensated
for by a longer growing season (Birks, 2008). He modeled the
climatic demands of hazel in terms of both summer temperature
and growing-season duration and proposed that both summer
and winter temperature, and hence growing-season length, had
changed during the Holocene (Birks, 2008). He emphasized
that the occurrence of fossil hazel nuts does not give a direct
single paleoclimatic estimate but a range of possible values,
each corresponding to a given growing-season duration (see also
Faegri, 1950; Birks, 2008). These pioneering studies led to the
unique study by Iversen (1944) on the climatic tolerances of
Viscum album, Hedera helix, and Ilex aquifolium in Denmark.
On the basis of detailed field observations over several years,
Iversen (1944) delimited the “thermal limits” or “bioclimatic
envelopes” within which these three shrubs flowered and
produced seed [the Grinnellian (Grinnell, 1917) and regeneration
niches (Grubb, 1977)] within Denmark. Iversen (1944) showed
that Ilex is intolerant of cold winters but tolerant of cold
summers. Hedera is intolerant of winters with mean temperatures
less than —1.5°C but requires warmer summers than Ilex. Viscum
is tolerant of cold winters but requires warmer summers than
either Ilex or Hedera. These taxa are ideal “indicator species”
because their pollen is readily identifiable to species level and
is not blown great distances so “false positives” are unlikely,
and their fruits are rapidly dispersed by birds (Iversen, 1944).
Their distributions, at least at the scale of Denmark, are likely
to be in equilibrium with climate (Birks et al, 2010). The
validity of this critical assumption is elegantly demonstrated by
Walther et al. (2005) who showed that the northern limit of
Ilex has shifted northwards in Scandinavia in the last 50 years,
presumably in response to milder winters in recent decades
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(Birks, 2008). From fossil pollen occurrences, Iversen (1944)
applied his modern climate envelopes (attributes) to infer that
mid-Holocene summers were 2-3°C warmer and winters were
1-2°C warmer than today in Denmark.

The general “bioclimatic envelope” approach of Andersson,
Samuelsson, and Iversen has been extended to consider the
climatic limits based on the current distributions of several taxa
simultaneously to identify areas of climatic overlap for pollen,
plant macrofossils, and other organisms, the so-called Mutual
Climate Range (MCR) approach (Atkinson et al., 1986; Birks
et al., 2010). Attempts have been made to narrow the climate
range inferred by MCR (e.g., Marra et al., 2004; Marra et al., 2006)
with varying success (see Birks et al., 2010 for details).

Kiihl et al. (2002) and Kiihl (2003) combined the various
approaches outlined above to develop a rigorous means of
inferring past climate based on presence/absence data (e.g., plant
macrofossils) involving probability density functions (pdfs). It
combines modern distributions for individual taxa with gridded
modern climate data and summarizes the modern climate limits
of the taxa as conditional pdfs (climate| taxon present) rather
than as ranges or thresholds (Birks et al, 2010). A normal
distribution is used to estimate the pdf. By assuming statistical
independence, a joint pdf is calculated for a fossil assemblage as a
product of the pdfs of the individual taxa in the assemblage. Each
taxon is weighted by the dispersion of the modern climate range,
so “narrow” indicators carry “high” weight. The pdf product is
the most likely past climate and its mean and confidence intervals
are inferred to be the most probable climate and its uncertainty
(Birks et al.,, 2010). The reconstructed climate is based on the
complete distribution and climate data of all taxa considered
and because it is a multiplicative technique, no single taxon
is decisive (Kihl and Litt, 2003). The pdf approach has been
used in infer Holocene and last interglacial climate from pollen
assemblages (expressed as presence/absence; e.g., Kiihl, 2003;
Kiihl and Litt, 2003; Litt et al., 2009). The approach has been
extended to become a Bayesian indicator taxon model (Neumann
et al., 2006). This development combines the conditional pdfs
with the prior probability density of climate to estimate Bayesian
posterior pdfs. Two-dimensional normal distributions are used
as parametric functions to describe the conditional pdfs of mean
July and January temperature, thereby allowing the influence of
these two climatic variables to be considered together and hence
for both to be inferred simultaneously (Kithl and Gobet, 2010).
Recent developments in the pdf approach (Chevalier et al., 2014;
Chevalier and Chase, 2015; Chevalier, 2019) have extended it to
use pollen percentages and to consider the dimensionality and
modality of the fitted pdfs.

This correlative approach of comparing modern distributions
with contemporary climatic variables has proliferated in
biogeography and global-change ecology in the last 20 years
(e.g., Franklin, 2010). It is variously called bioclimatic-envelope,
species-distribution, or species-niche modeling, and involves
a range of spatial regression techniques. The assumptions
common to all these models to infer past or future climate
or taxon distributions are (i) that contemporary distributions
are controlled by climate, (ii) that such distributions are in
equilibrium with climate today, (iii) that the distributional and

climatic data are reliable, and (iv) that the observed realized
distribution area is close to the potential and fundamental
distribution areas (e.g., Pearson and Dawson, 2003; Dormann,
2007; Beale et al., 2008; Birks et al., 2010; Svenning and Sandel,
2013; Birks, 2019). The greatest uncertainties are whether climate
limits the observed distribution and the whether the distribution
is in equilibrium with climate. These assumptions are critical
in all bioclimatic-envelope models used to infer past or future
climate or taxon distributions from contemporary climatic and
distributional data (Svenning et al., 2011).

Prior to 1916, Quaternary botany only considered megafossils
(logs, tree stumps, etc.) and macrofossils (leaves, seeds, and fruits,
etc.). It underwent a major change in 1916 as a result of von
Post’s seminal lecture in Kristiania (Oslo) in July (Von Post, 1916,
1918) in which he presented the principles and methodology
of pollen analysis, discussed problems of interpretation, and
demonstrated its potential as a tool for studying temporal and
spatial changes in pollen assemblages and hence in vegetation.
At first, pollen analysis was confined to trees and used to
reconstruct forest history and climate change and to provide a
relative dating technique. The taxonomic resolution of pollen-
stratigraphical data greatly improved in the 1930s and 1940s
through the work of, inter alia, Franz Firbas, Gunnar Erdtman,
Jorgen Troels-Smith, and Johannes Iversen (Birks and Berglund,
2018). This culminated in the publication of the Text-book
of Modern Pollen Analysis (Faegri and Iversen, 1950). As a
result, pollen analysis began to shift from being primarily a
tool in Quaternary geology to a tool in Quaternary botany
and paleoecology. Aspects of the ecology of taxa found as
fossils (e.g., light, moisture, and soil preferences, geographical
distribution, climatic tolerances—“ecological attributes” sensu Hill
et al. (2004)] were increasingly used in the interpretation of
pollen-stratigraphical data. Examples of this approach include
Iversen’s demonstration of the influence of prehistoric people
on vegetation and the interpretation of the ecological changes
resulting from forest clearance (Iversen, 1941, 1949, 1973), and
of the unique nature of the flora, vegetation, and environment of
the late-glacial interval in Denmark (Iversen, 1954, 1973).

At about the same time, ecologists began to use modern
plant assemblages as a basis for assessing modern environmental
conditions, co-called bio-indication, by means of ecological
indicator values (EIVs; e.g., Ellenberg, 1948). Ordinal EIVs
(“optima”) have been estimated for the central European
flora on the basis of field, laboratory, and phytosociological
studies for light, moisture, soil reaction, nitrogen, salt tolerance,
temperature, and continentality (Ellenberg et al., 1992). Given
a modern plant assemblage, the environmental values for its
site is inferred to be the average of the indicator value (if
presence/absence data only are available), or the abundance-
weighted average (Holtland et al., 2010) of the indicator values
if quantitative or semi-quantitative data are available. EIVs may
vary between large geographical areas (e.g., Lawesson et al., 2003;
Godefroid and Dana, 2007), and Hill et al. (2000) developed an
iterative numerical procedure for extending Ellenberg’s EIVs into
new areas (e.g., Hill et al., 2004; Hill et al., 2007). Diekmann
(2003) and Kollmann and Fischer (2003) provide a thorough
review of EIVs as a tool in applied ecology. Excellent examples
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of their use in modern ecology include (Hawkes et al., 1997; Hill
and Carey, 1997; Dzwonko, 2001; Cornwell and Grubb, 2003;
Bennie et al., 2006; Holtland et al., 2010; Hellegers et al., 2020).
The underlying mathematical basis for the use of EIVs is outlined
by Ter Braak and Barendregt (1986); Ter Braak and Gremmen
(1987), and Holtland et al. (2010).

EIVs have been partially criticized for being subjective and
semi-quantitative, not being based on field measurements, and
being based, in part, on central European phytosociological
classes. However, the current general consensus about
their robustness was well summarized by Koérner (2018; an
ecophysiologist) as follows. “While such semi-quantitative
estimates may not allow us to identify accurately physiologically
based preferences within an individual plant species (for instance
between an indicator value of 3 or 4), it is surprising how well
mean indicator values reflect site characteristics across several
species in a given community. As such, indicator values may
reflect habitat conditions more accurately than physico-chemical
analyses of soil because they represent a long-term response of
species to habitat conditions. ... Indicator values are a reliable
tool for making predictions about plant community changes in
relation to changes in environmental conditions. Community-
level indicator values represent a trait syndrome that can be
validated.” Korner (2018) considered EIVs to be an a posteriori
trait concept, namely traits that reflect “observed responses to
the environment, rather than responses predicted by theory.”
Van Der Maarel (1993) viewed EIVs from a phytosociological
and field ecological viewpoint and concluded that “ecological
indicator values have a valuable element of synthesis and
integration which incidental measurements may miss.”

Korner (2018) proposed that EIVs are similar to the plant
life-strategies proposed by Grime (1979, 2001) in both being a
posteriori traits. Interestingly, Thompson et al. (1993) showed
close relationships between EIVs and quantitative measurements
from both the field and from laboratory screening experiments
(e.g., rooting depth, foliar Ca values, foliar N concentrations, and
iron tolerance). Thompson et al. (1993) noted that “We have
attempted to marry the Ellenberg tradition with the screening
approach of UCPE [Unit of Comparative Plant Ecology], Paul
Keddy, Mark Westoby, and others. [Our results] suggest that the
two are complementary and that each has much to gain from an
interaction with the other.” This view, presented over 25 years
ago, was rejuvenated by Bartelheimer and Poschlod (2016) in
their review of functional characterizations of Ellenberg values
in relation to ecophysiological variables such as maximum frost
resistance, time of leaf unfolding, maximum relative growth rate,
embryo + endosperm weight, and time to 50% germination.
They concluded (p. 506) “Functional characterizations of the
different EIVs can thus be deduced which help to understand
the mechanisms and processes driving the ecological niche
of a plant.”

Despite the many demonstrations of the robustness of EIVs
in environmental inferences (e.g., Van Der Maarel, 1993), the
increasing discoveries of the links between EIVs and functional
characteristics of species (e.g., Thompson et al., 1993), and the
increasing use of EIVs in ecology from 20 studies in 1985-1989
to 277 studies in 2010-2014 (Bartelheimer and Poschlod, 2016),

EIVs are surprisingly rarely used in Quaternary botany despite
their numerical simplicity and robustness. They have been
used primarily with macrofossil assemblages where species-level
identifications are often possible (Birks, 2001, 2013, 2014). EIVs
have been used to infer local-scale conditions of light, soil
reaction (=calcium and hence pH: Schaffers and Sykora, 2000),
soil nitrogen (=soil fertility or aboveground productivity: Hill
and Carey, 1997), and soil moisture from late-glacial macrofossil
assemblages (e.g., Mortensen et al., 2011; Felde and Birks, 2019),
from assemblages associated with archeological sequences (e.g.,
Wasylikowa, 1978; Wasylikowa et al., 1985; Wasylikowa, 1989;
Cappers, 1993/1994), and from fossil bryophyte assemblages (e.g.,
Odgaard, 1981; Jonsgard and Birks, 1995; Lamentowicz et al,,
2015; Zechmeister et al., 2019).

The use of EIVs is more problematic with pollen-
stratigraphical data as most pollen types can currently only
be identified to genus or family level. Naturally there are very
few uses of EIVs with pollen assemblages (e.g., Birks, 1990;
Kunes$ et al., 2011; Reitalu et al., 2015; Enevold et al., 2019).
Genus or family level pollen identifications necessitate deriving
a mean or median EIV for taxa growing in the relevant study
area today (e.g., Birks, 1990; Kunes et al., 2011; Reitalu et al.,
2015). Enevold et al. (2019) derived EIVs for light, moisture,
soil fertility, and pH for a terrestrial pollen type as the mean of
the EIV for the regionally dominant or common species today,
if five or more species contribute to that pollen type or, if four
or fewer species are included in that type, a mean EIV for all
those species is used. The same approach was used to derive
EIVs for wetland macrofossil taxa if a taxon represented more
than one species (Enevold et al., 2019). Given mean or median
EIVs for the pollen types present, an assemblage-weighted mean
(=community-weighted mean: Diekmann, 2003) can be used to
infer past environmental conditions.

EIVs have considerable potential value in inferring past
environments from Quaternary botanical data; one factor that
limits their use is the importance of having taxonomically
detailed assemblage data. There is a current marked decline in
macrofossil studies globally and this may render EIV approaches
very rare or impossible in the future.

ECOLOGICAL TRAITS

Turning to the use in Quaternary botany of what modern
plant ecologists may term traits, perhaps the first use is the
simple functional division of pollen taxa into arboreal and non-
arboreal pollen (Firbas and Preuss, 1934; Reitalu et al., 2015).
The division has been almost universally used by palynologists
worldwide for over 90 years. An extension of this division has
been the use of plant functional types (PFTs) to assign pollen
assemblages into biomes as a means of reconstructing major
broadscale distributions of inferred vegetation (e.g., continents)
and of using past vegetation data in Earth system models (e.g.,
Prentice et al, 1996; Fyfe et al., 2010; Collins et al, 2012;
Davis et al., 2015; Zanon et al., 2018). They have also been
used to summarize modern and fossil pollen assemblages in the
quantitative reconstruction of past climate (e.g., Davis et al., 2003;
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Brewer et al., 2008; Mauri et al., 2015) and past forest cover (e.g.,
Zanon et al., 2018). Gachet et al. (2003) applied a probabilistic
approach to characterize modern pollen taxa using one or more
modes of several attributes or traits (e.g., climatic preferences,
stature, phenology, and life-form). Conditional probabilities were
defined to represent the probability that a given attribute mode
occurs in a given pollen sample when the pollen assemblage
is known. They compared their approach using modern pollen
samples with existing biome classifications and remote-sensing
data. They then used their approach to reconstruct biomes for
6000 years ago from European fossil data. This approach does not
appear to have been used since the original study.

Using 302 modern pollen assemblages from the
Mediterranean region, Barboni et al. (2004) identified “plausible
trends” in the frequency of traits of 12 plant morphological and
phenological characteristics. Combinations of traits appeared
to be more climatically diagnostic than individual traits. The
major patterns in trait frequencies were correlated with available
moisture, winter temperature, or a combination of both. Traits
such as leaf size, texture, thickness, pubescence, thorniness,
aphylly, and aromatic leaves also varied, not surprisingly, with
life-form, leaf-type, and phenology (Barboni et al., 2004).

Iversen (1960) used data from the pioneering work of
Vaupell (1863) on the different shade tolerances, longevities,
reproduction behavior, and edaphic preferences of the major
forest trees in Denmark to present a null hypothesis for the
early- and mid-Holocene forest development solely in terms
of endogenous biotic interactions (Birks, 1986, 2019). Vaupell
(1863) showed the importance of light in woodland successional
dynamics in which light-demanding taxa are replaced over time
by shade-tolerant trees, provided that conditions for growth are
favorable for the latter (see also Jensen, 1910, 1949; Iversen,
1941). Following Iversen (1960), Birks (1986) compiled 20
general traits of trees characteristic of the protocratic, mesocratic,
and oligocratic + telocratic phases of an interglacial cycle
in northwest Europe (Iversen, 1958; Birks and Birks, 2004;
Birks, 2019). These traits include crown geometry, seedling
light tolerance and mortality, growth rate, life-history features,
longevity, and age and frequency of seed set (Birks, 1986).

Attributes such as longevity, seed size, vegetative
reproduction, habitat preference, and geographical distribution,
termed biogeographical traits by Bhagwat and Willis (2008),
were used as presence/absence variables to assess differences in
the attributes of taxa that persisted in the last glacial maximum
only in refugia in southern Europe (“macrorefugia” Birks, 2019)
or taxa that also grew in refugia in both southern and northern
Europe (“microrefugia” or “cryptic refugia” Bhagwat and Willis,
2008; Birks and Willis, 2008; Birks, 2019). Taxa confined to
southern refugia only are mainly large-seeded angiosperms,
whereas taxa that also grew in more northerly microrefugia are
mostly wind-dispersed and often, but not always, show vegetative
reproduction (Bhagwat and Willis, 2008).

Lacourse (2009) used life-history and stress-tolerance traits
such as minimum seed-bearing age, waterlogging, shade, and
drought tolerances, size longevity, seed mass, and relative growth
rate (RGR) for 11 taxa, ten of whose pollen can be assigned
to species level in the context of coastal British Columbia. The

one exception not assignable to species level was Populus pollen
which could be derived from P. trichocarpa or P. balsamifera.
The traits used for Populus were the means for the two species.
Lacourse compiled independent paleoenvironmental data for
her pollen sequence such as summer insolation, mean annual
precipitation, coastal sea-surface temperatures, and biomass.
Both RLQ (Dolédec et al., 1996) and fourth-corner (Legendre
et al, 1997) analyses were used to link the traits to past
environment over the last 15,000 years through the fossil pollen
record from Misty Lake, British Columbia and hence to help
interpret the ecological patterns and their underlying processes
at the site. RLQ analysis showed that relative growth rate and
temperature were most strongly correlated with the major long-
term variation in pollen stratigraphy. Both numerical analyses
showed statistically significant correlations between many of the
other traits and insolation and temperature changes. Following
deglaciation climate change appears to have favored taxa with
high RGR, short life-span, and low shade tolerance (e.g., Alnus
sinuata, Pinus contorta), whereas in the last 8000 years, climatic
stability favored taxa such as Tsuga heterophylla with its low
RGR, long life-span, and high shade tolerance. Fourth-corner
analysis modified for abundance data (Dray and Legendre, 2008)
showed correlations between all paleoenvironmental variables
and most traits, but the strongest was between temperature and
plant height, reflecting the dominant competitive abundance of
tree height. Lacourse (2009) concluded that exogenous climate
was the ultimate control on early-Holocene forest composition
and taxon abundance but in the last 8000 years long-term forest
vegetation composition was constrained through endogenous
interspecific differences in traits, a conclusion similar to Iversen
(1960) in his analysis of forest development in Denmark. An
important general conclusion from Lacourse’s (2009) pioneering
quantitative study is that a suite of traits and trait differences, as
opposed to a single trait, were important in mediating changes
in the long-term forest composition in the Pacific North West
that were primarly driven by climate, just as Iversen (1960)
showed in his qualitative analysis that several ecological attributes
or traits were important in understanding the Holocene forest
development in Denmark.

There has been a small number of recent Quaternary botanical
studies where life-history and functional traits have been used
to aid interpretation of long-term pollen records (e.g., Brussel
et al., 2018; Connor et al., 2018; Carvalho et al., 2019; Van Der
Sande et al., 2019). Application of traits to pollen-stratigraphical
data is greatly hampered by the fact that many of the abundant
pollen taxa can only be identified to genus (e.g., Quercus, Pinus)
or family level (e.g., Poaceae). Relevant numerical tools for
robust and statistically rigorous trait-analysis exist (e.g., Dray and
Legendre, 2008; Ter Braak et al., 2012; Brown et al., 2014; Ter
Braak, 2017, 2019; Ter Braak et al., 2017, 2018) but appropriate
trait information is lacking for many of the fossil pollen taxa. The
concept of traits for a large family such as Poaceae is currently
unresolved. Van Der Sande et al. (2019) used phylogenetic signals
to derive genus-level or even family-level mean trait values,
whereas Connor et al. (2018) used traits of a representative plant
species for a particular pollen type (e.g., Phleum phleoides for
Poaceae, Torilis arvensis for Apiaceae).
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Rather surprisingly, traits have not been widely studied for
plant-macrofossil assemblages (Birks, 2014) except for Bhagwat
and Willis (2008; see above) and Jablonska et al. (2019).
The latter study centered on mesotrophic rich-fens and tested
the hypothesis that fen stability is controlled by plant stress
induced by waterlogging with calcium-rich but nutrient-poor
groundwater. Thirteen traits or attributes for vascular plants
and bryophytes identified from 32 European Holocene rich-
fen macrofossil profiles were compiled. Traits and attributes
considered included plant height, clonal spread, diaspore mass,
specific leaf area, leaf dry matter, Ellenberg moisture values, and
mycorrhizal status. Jablonska et al. (2019) showed using their
trait and attribute data that fens undergo a gradual autogenic
process that may reduce fen resistance and enhance shifts to
other mire types, explaining why long-lasting rich fens are
a rare habitat type today (cf. Rybnicek, 1973). A study of
Sphagnum-dominated mires in Poland involved macrofossils,
testate amoebae, and mosses preserved in the peat (Lamentowicz
etal., 2019) to detect a possible tipping-point in mire water-level.
In this study, 15 functional traits for Sphagnum were compiled
but, surprisingly, Sphagnum functional diversity (FD) remained
very stable despite hydrological changes within the peatlands
(Lamentowicz et al., 2019).

Various biochemical, morphological, and physiological
“traits” have been used to reconstruct different aspects of
the past environment based on Quaternary botanical fossils
(Lomax and Fraser, 2015). Fossil pollen and spores can be
used to quantify ultraviolet-B (UV-B) radiation flux through
time using the concentration of UV-B-absorbing compounds
preserved in fossil sporopollenin (Magri, 2011). This is a complex
biopolymer and consists, in part, of para-coumaric acid (pCA)
and ferulic acid. These compounds absorb UV-B (280-315 nm)
and their abundance in pollen and spores increases in response
to increasing UV-B flux (Rozema et al, 2001; Rozema et al.,
2002; Blokker et al., 2006; Willis et al., 2011). The concentration
of pCA can be consistently estimated by a modified version of
Thermally Assisted Hydrolysis and Methylation with pyrolysis
Gas-Chromatography Mass-Spectroscopy (Seddon et al., 2017).
Several attempts have been made to reconstruct changes in UV-B
flux through historic and Holocene time (e.g., Rozema et al., 2001;
Lomax et al., 2008; Willis et al., 2011; Jardine et al., 2016, 2020).

A second “trait” that is widely used to reconstruct past
atmospheric CO, concentrations is leaf stomatal density. It has
long been known from experiments that many plants respond
to increased CO; by an increase in photosynthetic rate and a
decrease in stomatal opening (Woodward, 1988). By examining
herbarium specimens of leaves of eight temperate trees collected
over the last 200 years, Woodward (1987) showed a 40% decrease
in stomatal density (stomata per unit leaf area) in response
to increases in CO, values from pre-industrial levels. Korner
et al. (1979) and Woodward (1986) found that stomatal density
often increased with elevation, In light of this work on stomatal
numbers and atmospheric CO, concentrations, Quaternary
botanists measured stomatal density (SD numbers mm~2) or
stomatal index [=SD/(SD + ED) x 100 where ED is the epidermal
cell density (mm~—2; Salisbury, 1927)] on fossil leaves of, for
example, Salix herbacea, Betula nana, B. pendula, B. pubescens,

and Quercus spp. To reconstruct past CO, concentrations
from these stomatal frequencies, stomatal density or index was
measured for modern leaves collected at or grown under different
CO; levels to derive calibration functions between stomatal
density or index and atmospheric CO, concentration (e.g.,
Beerling et al.,, 1995; Rundgren and Beerling, 1999; Rundgren
et al., 2005). These calibration functions have been used to
estimate past CO, concentrations in the last interglacial (e.g.,
Rundgren and Bennike, 2002; Rundgren et al., 2005), the last
glacial maximum (e.g., Beerling and Chaloner, 1994), the late-
glacial (e.g., Beerling et al., 1995; Rundgren and Bjorck, 2003),
and the Holocene (e.g., Rundgren and Beerling, 1999; Wagner
et al,, 1999; Beerling and Rundgren, 2000; Rundgren and Bjorck,
2003; Jessen et al., 2007). The taxa used in these reconstructions
in Europe have mainly been Salix herbacea (e.g., Beerling et al.,
1995; Rundgren and Beerling, 1999; Rundgren and Bennike,
2002), Betula nana (e.g., Beerling, 1993; Rundgren and Bjorck,
2003; Finsinger and Wagner-Cremer, 2009; Steinthorsdottir et al.,
2013), B. pubescens or B. pendula (e.g., Wagner et al., 1999;
Wagner et al., 2002; Wagner et al., 2004; Garcia-Amorena et al,,
2008), Quercus robur or Q. petraea (e.g., Wagner et al., 2004; Van
Hoof et al., 2006), S. cinerea (e.g., McElwain et al., 1995), or Buxus
balearica and B. sempervirens (e.g., Rivera et al., 2014). In North
America, needles of Pinus flexilis (e.g., Van Der Water et al.,
1994), Larix laricina, Picea glauca, and P. mariana, and leaves of
Dryas integrifolia (e.g., McElwain et al., 2002) have been used.

A recent study in eastern Australia (Hill et al., 2019) on
leaves of Malaleuca quinquenervia did not find any relationship
between stomatal density or index and CO; concentration,
temperature, or rainfall. Hill et al. (2019) concluded that stomatal
numbers are a highly plastic “trait” in this flood-plain and lake-
side tree and that stomatal changes may not reflect functional
changes in the leaves.

An additional leaf “trait” that has been used in environmental
reconstructions is the epidermal cell undulation index, which is a
quantitative estimate of the degree of sinuosity of epidermal cell
walls (Wagner-Cremer et al., 2010). It was developed as a means
of reconstructing past changes in growing degree-days using
fossil Betula nanaleaves in northern Fennoscandia. The approach
has recently been extended to mountain birch, B. pubescens ssp.
czerepanovii (Ercan et al., 2020), which permits the use of the
approach over much of Fennoscandia. It has not, as far as I know,
been applied to fossil tree-birch leaves.

Relationships between leaf “traits” and their environment,
particularly climate, have been discussed for over 100 years
(e.g., Billings, 1905; Bailey and Sinnott, 1915, 1916). These
relationships have been extensively explored and exploited in pre-
Quaternary botany (see Peppe et al., 2018). Interest has recently
focused on the leaf economic spectrum (LES) that provides a
framework for leaf functional ecology (cf. Osnas et al., 2013).
Vein networks are an important component of the LES. Many
LES variables can easily be measured from modern leaves (e.g.,
Wang et al., 2020 but see Osnas et al., 2013), but they cannot be
directly measured on fossil leaves (Peppe et al., 2018). Variables
that can be measured on fossil leaves such as leaf area, petiole
width, and vein density have been used to estimate critical
LES variables such as leaf life-span, leaf mass per area, and
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carbon assimilation and respiration rates (Peppe et al., 2018).
Although they are, in theory, applicable across many plant groups
throughout the geological record, they do not appear to have been
used in Quaternary botany.

A different set of leaf “traits” are organic biomarkers derived
from leaf waxes. Such biomarkers are increasingly used as tools
for reconstructing past environments (Berke, 2018). Organic
geochemistry is a rapidly developing field and largely falls
outside the scope of this paper. Within a leaf cuticle there
is a matrix of cutin, a polyester biopolymer consisting of
hydroxy fatty acids and waxes. The epicuticular wax layer
contains n-alkanes and free and ester-bound long-chain n-alkyl
wax lipids (Diefendorf et al., 2011). Leaf-wax composition and
abundance can vary with ontogeny, environment, and among
plant families, genera, species, and individuals. The isotopic
composition of leaf-wax hydrogen (3D) and of the stable
carbon isotope composition of leaf-wax (3'3C) are increasingly
used as proxies for changes in vegetation composition and
density (C3/C4 plants - e.g., Huang et al,, 2006; Uno et al,
2016), precipitation (e.g., Huang et al, 1999; Sauer et al,
2001; Douglas et al., 2012; Garcin et al., 2012), and Arctic
and temperate temperatures (e.g., Shuman et al., 2004; Thomas
et al, 2012). Organic and isotope geochemistry are rapidly
developing and complex research areas. A major challenge
is to derive past environmental reconstructions from lake
sediments whose organic material is derived from multiple
sources including plankton, aquatic and terrestrial plants, as well
as microbes (Huang et al., 2002). Bacterial cell membrane lipids
such as branched glycerol dialkyl glycerol tetraethers appear
to be nearly ubiquitous in lakes (e.g., Pearson et al, 2011).
They have been used as an independent temperature proxy
in Arctic Canada to evaluate the local colonization of dwarf
Betula, as evidenced by sedimentary ancient DNA in relation
to climate change (Crump et al, 2019). This study shows the
potential of a multiproxy approach utilizing biogeochemical
“traits” and molecular techniques such as ancient DNA. Further
exciting advances in this type of study bridging biogeochemistry,
Quaternary botany, and ancient DNA analyses can be expected in
the next five to ten years.

Functional diversity (FD) is an important component of
biodiversity that considers the range of functions that organisms
perform in ecosystems (Hooper et al., 2002). It not only serves
as a descriptor of an assemblage, but it can also be an indicator
of ecosystem function. As FD is the diversity of taxon traits
in an assemblage, it may capture information about traits that
may be missing in measures of taxonomic richness or diversity
(Birks et al., 2016). To date, very few Quaternary botanical
studies have considered FD other than PFT diversity estimated
from palynological data (e.g., Davis et al., 2015). Reitalu et al.
(2015) explored in detail temporal patterns in FD as well as
in taxonomic richness and evenness and phylogenetic diversity
(PD) estimated from late-glacial and Holocene pollen data from
20 sites in Estonia and Latvia. They showed that shifts in FD
and PD of the pollen data were closely related to climate change
(as recorded in the Greenland NGRIP ice-core) and suggested
that trait differences may have played an important role in
long-term biotic responses to climate change. Human impact

in the last 2000 years had a negative influence on FD and PD
due to the decline of plant taxa with certain traits leading to
functional convergence and the expansion of some taxa from
particular phylogenetic lineages. In their study, Reitalu et al.
(2015) faced the problem of assigning trait values to pollen taxa
representing several plant species. For such taxa, they used a
mean trait value for the species present in their study area for
pollen taxa representing up to ten plant species. For pollen taxa
with more than ten plant species, they used a random subset of
species so that the number was approximately proportional to
the total number of species in the Estonian flora belonging to
that pollen taxon.

Clearly there is a need for critical comparisons of different
estimation procedures for traits for pollen types to ascertain
which procedures are robust and ecologically realistic. Given
such procedures, there are exciting challenges in exploring
simultaneously taxonomic, functional, and PD of modern and
fossil pollen assemblages at a range of spatial and temporal scales.

DISCUSSION AND CONCLUSION

As documented above, there is a long history of ecological
attributes (including traits) being used in Quaternary botany
extending over nearly 120 years. The main use of attributes
has been to aid in the reconstruction of past environments
such as climate (e.g., Kiihl, 2003), soil conditions (e.g., Felde
and Birks, 2019), or vegetation (e.g., Zanon et al., 2018). Traits
have also been used to investigate taxon responses to past
environmental changes (e.g., Lacourse, 2009) or to generate
hypotheses about the underlying drivers of past vegetation
dynamics (e.g., Iversen, 1960).

The major limitations in using attributes or traits in
Quaternary botany is the taxonomic level at which many
Quaternary plant fossils, particularly pollen, and can be identified
to (e.g., Reitalu et al, 2015). Identifications at the family or
genus levels pose problems in the assignment of attribute or trait
values to such taxa. Plant macrofossils have the advantage over
pollen in that fossil seeds and fruits can often be identified to
species level (Birks and Birks, 2000; Birks, 2001, 2003, 2014),
thereby allowing an effective use of attributes such as indicator
values with macrofossil assemblages (e.g., Felde and Birks, 2019).
Despite detailed macrofossil identifications, traits have rarely
been used in macrofossil studies (Birks, 2014), possibly because
of some important limitations of macrofossil data, such as the
abundance of zero values, mixed (nominal, qualitative, and
quantitative) data types, and problems of false absences (=false
negatives; Birks, 2014).

Enhancing interpretation of Quaternary botanical
assemblages in terms of vegetational or ecosystem dynamics
by means of attributes or traits demands that environmental
reconstructions are available that are independent of the
botanical assemblages (e.g., Birks and Birks, 2008; Lacourse,
2009; Reitalu et al., 2015). This demand avoids dangers of circular
reasoning where changes in an assemblage are “explained” in
terms of the traits of the taxa in the assemblage, just as
assemblages should not be “explained” on the basis of the past
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environment inferred from the assemblage itself. Environmental
reconstructions based on taxa, attributes, or traits are certainly
valuable in some topics within paleoenvironmental research, but
they should not be used to interpret or “explain” changes in the
biological assemblages.

Reconstruction is a form of description in paleoecology
(“descriptive and narrative approaches™Birks and Berglund,
2018) whereas the testing of explicit hypotheses about the
underlying “drivers” or processes behind the observed patterns
in assemblages (“analytical approach”-Birks and Berglund, 2018)
often requires not only assemblage data (“responses”) but
also independent environmental data (“predictors”; e.g., Birks
and Birks, 2006; Birks, 2008; Crump et al, 2019). Major
methodological advances are being made in other branches of
Quaternary science to reconstruct different aspects of the past
environment using, for example, biomarkers (e.g., Pearson et al,,
2011; Crump et al., 2019), and stable isotopes (e.g., Colombaroli
et al., 2016). Such independent environmental reconstructions
will allow ecological attributes and traits to be used to further the
interpretation of past biotic changes, along the lines pioneered by
Iversen (1960), Lacourse (2009), and Reitalu et al. (2015). Novel
approaches for defining ecological traits at broad spatial scales
are also being developed (e.g., Ustin and Gamon, 2010; He et al,,
2019) that are directly relevant to the spatial scale of regional
pollen stratigraphies (Birks, 2019).

Ecological attributes and traits are potentially useful tools
in Quaternary botany but they are no substitute for a good
ecological knowledge of the taxa found in assemblages. Faegri
(1966) proposed in his discussion of the interpretation of pollen
assemblages “it presumes a very intimate knowledge of the
ecology and sociology of the vegetation types concerned. ...
pollen analysis of any vegetation types without such knowledge
is bound to become at its best a lifeless stratigraphical tool,
at its worst useless altogether,” The role of species identity is
one of the biggest challenges for any understanding of plant
responses, past, present, or future to the environment (Clark,
2008). Clark (2016) showed, using forest data from eastern
North America, that an “analysis of species better explains and
predicts traits than does direct analysis of the traits themselves;
trait data contain less, not more, information than species on
environmental responses.”

Despite the great upsurge of interest in trait-based ecology
in recent decades, in Quaternary botany the use of attributes
and traits has been and remains an integral part of the
interpretation of botanical assemblages in terms of past
vegetation or environmental change or in the reconstruction
of past environments. There seems little prospect of (or need
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