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Variability of selected leaf traits in European beech
(Fagus sylvatica) in relation to climatic factors - some
implications for palaeoenvironmental studies
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In the present study the intraspecific variability of selected leaf morphological traits [i.e. venation density
and fluctuating asymmetry (FA)] in Fagus sylvatica L. across a climate gradient in SW-Germany has been
studied to get some information whether these traits may have a potential for use in palaeoenvironmental
studies or not.

The leaf traits have been correlated with certain climate parameters, frequently used in palaeoclimatic
reconstructions (i.e. mean annual temperature, mean temperature of the coldest month, mean temperature
of the warmest month, mean annual precipitation, mean precipitation of the coldest month, and mean
precipitation of the warmest month) taken from nearby weather stations. Venation density in shade-leaves
showed the best correlations with temperature parameters, i.e. MAT (p<0.01) and WMMT (p<0.01)
(all other climate parameters: p <0.05), whereas sun-leaves exhibited the best correlations with certain
precipitation parameters, i.e. MAP (p <0.05) and CMMP (p <0.05) (all other climate parameters: N.S.). FA
showed no clear correlation with any climate parameter, but differs statistically significant between sun-
and shade-leaves from SW-Germany. In almost all samples shade-leaves displayed a higher FA than sun-
leaves.

Based on our data we can emphasize previous observations, that certain leaf morphological traits, like
venation density and fluctuating asymmetry, have a big potential to be used as proxies to supplement
established techniques for the reconstruction of palaecoenvironmental conditions. Nevertheless it is also
clear that more data from a wide variety of modern taxa, originating from different families and habitats,
are needed to interpret differences or changes of individual morphological traits in fossil leaves reliably.

Fagus sylvatica L., leaf venation density, fluctuating asymmetry, climatic gradient, palaecoenvironmental
reconstruction

This work is dedicated to the memory of Prof. Harald Walther (* 17.05.1929 - 102.07.2013) one of the foremost experts in Tertiary
palaeobotany of Europe.
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Introduction

Morphology of angiosperm leaves is an important
tool for palaecoenvironmental studies and during the
last decades a number of different leaf morphologi-
cal traits has been utilised for such studies. The most
widely known and used traits are the form of the leaf
margin, i.e. toothed versus entire (known as leaf mar-
gin analysis) to estimate mean annual temperatures
(MAT) (e.g. Wolfe 1979; Wilf 1997) and leaf size to
reconstruct mean annual precipitation (e.g. Wilf &
al. 1998). Moreover, different multivariate methods
have been developed that include, amongst leaf mar-
gin and size, various additional leaf morphological
characters like outline of the leaf, form of the leaf-
apex and the leaf-base etc. The most prominent and
widely used of these approaches is CLAMP (Climate
Leaf Analysis Multivariate Programme) a technique
first introduced by Wolfe (1993) and subsequently
refined by various authors (e.g. Stranks & England
1997; Wolfe & Spicer 1999; Spicer & al. 2004; Spic-
er 2000, 2007; Teodoridis & al. 2011). All of these ap-
proaches are based on “integrated physiognomies” of
whole palaeofloras, statistically summarizing mor-
phological/physiognomic characters from all (i.e.
woody angiosperm) taxa within a fossil flora and re-
lating these “integrated physiognomies” to environ-
mental parameters.

So far only a few studies have dealt systematically
with the intraspecific variability of selected leaf traits
in modern taxa and the potential of such variability for
palacoenvironmental studies. Examples with an ex-
plicit palaecoenvironmental focus are, amongst others,
studies on the intraspecific variability of leaf venation
density (e.g. Manze 1968; Uhl & Mosbrugger 1999a,
1999b; Uhl & Walther 2000, 2003; Uhl & al. 2002), leaf
size and shape (e.g. Uhl & Walther 2000, 2003; Roy-
er & al. 2008) in relation to environmental, especial-
ly climatic, parameters, and studies on stomatal den-
sity/stomatal indices in relation to environmental
conditions and atmospheric CO,-concentrations (e.g.
Salisbury 1927; Woodward 1987; Royer 2001). There
are also a very large number of studies dealing with
physiological and morphological adaptations of plants
in relation to environmental factors that have an ex-
plicit neo-botanical/ecological focus.

As such studies often focus on parameters that can-
not be investigated in fossil leaves it is not always pos-
sible (or at least difficult) to extract meaningful infor-

mation with regard to palaeoenvironmental studies.
Nevertheless have a number of palaeoenvironmental
studies successfully utilized generalized conclusions
drawn from such studies on modern plants to get in-
formation about palaeoenvironmental factors or gra-
dients (e.g. van der Burgh 2001; Tamas & Hably 2005,
2009). Such studies show, that it may also be possible
to use morphological adaptations of individual taxa
to get meaningful palaeoenvironmental information,
which can supplement or even refine other, current-
ly more established techniques (e.g. Tamds & Hably
2009). However, many morphological reactions to in-
dividual environmental parameters are highly species
specific and two different species may react in exact
opposite direction in reaction to changes in the same
environmental parameters [e.g. lobing of sun- and
shade-leaves in Acer campestre L. (deeper lobed sun-
leaves; Uhl & Walther 2000) and Sassafras albidum
(Nutt.) Nees (deeper lobed shade-leaves; DeSoyza &
Kincaid 1991)]. Thus it is not always possible to gen-
eralize observations from individual or only a few
taxa, to draw broad conclusions from observations in
fossil leaves. To get a better data base of modern taxa
it is necessary to investigate the intraspecific variabili-
ty and potential morphological adaptations across cli-
matic/environmental gradients in a larger number of
taxa.

In the present study we investigate the intraspecif-
ic variability of selected leaf morphological traits in
the European beech (Fagus sylvatica L.) across a cli-
mate gradient in SW-Germany to get some informa-
tion whether these traits may have a potential for use
in palaecoenvironmental studies or not.

The oldest indubitable remains of leaves and car-
pological remains assignable to the genus Fagus come
from the Middle Eocene of Pacific North-western
North America (Manchester & Dillhoff 2004). Al-
though fossil representatives of this genus have been
studied for more than 150 years, there is still some
controversy about the taxonomy of individual species
(e.g. Mai 1995; Denk 2004). However, the aim of the
present study is not to resolve such taxonomic prob-
lems, but to present data about the variability of se-
lected leaf morphological traits in modern F sylvat-
ica to explore the potential of some of these traits as
palacoenvironmental proxies. Nevertheless can these
data also be used to judge the potential to use these
traits for taxonomic studies of fossil representatives of
the genus Fagus.
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Material and methods

Leaf-material

In August and September 1997 mature leaves of F. syl-
vatica L. were collected at 19 different localities in the
vicinity of 15 meteorological stations in SW Germa-
ny (Fig. 1), after they reached their final size and be-
fore leaf shedding started in autumn (cf. Powers 1967;
Uhl & al. 2002). For a complete list of the localities and
weather stations see table 1. All leaves were collected
in about 1-3 m height above the ground and samples
from the outer canopies were classified as sun-leaves,
whereas samples from inside the canopies were classi-
fied as shade-leaves (cf. Uhl & Walther 2000; Uhl & al.
2002). Leaves were collected covering the whole range
of leaf sizes available, but the majority of the leaves
were sampled from the same leaf size class. As stat-
ed by Uhl & al. (2002) it should be mentioned, that
the sampling frequency of the individual leaf samples
is not the same as the real size frequency of the leaves
in a tree, thus our samples cannot be used to establish
correlations between leaf size and climate, but investi-
gation of leaf size is necessary to avoid leaf size effects
when investigating other leaf traits, therefore we in-
cluded this leaf trait in our study as a control to detect
potential leaf size biases.

In most cases more than 30 leaves were collect-
ed for an individual sample and for most samples 20
leaves per sample have been analysed although in a
few cases 30 leaves have been measured and only one
sample with less than 20 leaves (i.e. 17 sun-leaves at
locality Schopfloch; Table 1) has been included in the
present study (cf. Uhl & al. 2002).
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Fig. 1. Map showing the locations of the weather stations from
which climate data were used for correlations with leaf traits of
nearby collected leaves. 1: Alzey, 2: Bad Kreuznach, 3: Bad Wildbad-
Sommerberg, 4: Bad Wildbad-Stadt, 5: Freudenstadt, 6: Hechingen,
7: Hornisgrinde, 8: Kaiserslautern,9: Konigsfeld, 10: Miinsingen,
11: Nagold, 12: Neustadt an der Weinstrafle, 13: Schopfloch, 14:
Triberg, 15: Tibingen. For further information refer to Table 1
and Uhl & al. (2002).

Table 1. Sampling localities and corresponding weather stations (from Uhl & al., 2002).
Weather station Elevation Sampling locality Leaves studied
(numbering according to Fig. 1) [m above sea level] sun/shade

1: Alzey 166 Alzey 30/20
2: Bad Kreuznach 159 Bad Kreuznach-Hagenbachtal --/20
3: Bad Wildbad-Sommerberg 740 Bad Wildbad-Sommerberg 20/20
4: Bad Wildbad-Stadt 417 Bad Wildbad-Stadt 20/20
5: Freudenstadt 797 Freudenstadt 20/20
6: Hechingen 520 Hechingen 20/20
7: Hornisgrinde 1125 Hornisgrinde 30/20
8: Kaiserslautern 248 Kaiserslautern ESA/University 20/20
Kaiserslautern Eselsbachtal 20/20

9: Konigsfeld 767 Konigsfeld 20/20
10: Miinsingen 721 Miinsingen 20/20
11: Nagold 392 Nagold --/20
12: Neustadt an der Weinstrafie 163 Neustadt/Wstr.-Ordenswald 20/20
13: Schopfloch 758 Schopfloch 17/20
14: Triberg 683 Triberg 20/20
15: Tiibingen 370 Tiibingen botanical garden 20/--

Tiibingen Kirnbachtal (KBT) 20/20
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Climate data

Climate data (average temperature and precipitation
values 1951-1980) for the individual meteorologi-
cal stations have been taken from Miiller-Westermei-
er (1990). For the present study values for mean annual
temperature (MAT), mean temperature of the cold-
est month (CMMT), mean temperature of the warmest
month (WMMT), mean annual precipitation (MAP),
mean precipitation of the coldest month (CMMP), and
mean precipitation of the warmest month (WMMP)
have been used for correlation with leaf morphologi-
cal traits. Although it is known from previous studies
that some of the leaf traits studied here show higher
correlations with other climate parameters (e.g. vena-
tion density/humidity parameters; Uhl & al. 2002), we
used these climate parameters because they have widely
been used in previous palaeoclimatic studies based on
fossil plants (e.g. Utescher & al. 2000; Mosbrugger & al.
2005; Uhl & al. 2006; Teodoridis & al. 2009).

Measurement of leaf size, length and width

Areas of individual leaves were measured with the
commercial software package OPTIMAS 6.2, after
digitization of individual leaves. Length and width of
the leaves were measured directly with a ruler.

Measurement of venation density

Venation density was measured as distance between
veins, following Uhl & Mosbrugger (1999a) and Uhl &
al. (2002). This parameter was directly obtained from
the leaves with the aid of a binocular and an ocular
micrometre: for each leaf ten measurements of the
distances between 11 veins, five that crossed a line
parallel to the primary vein and five that crossed a line
perpendicular to the primary vein, where done. The
distance between veins is much easier to determine
than the (nevertheless more precise) vein length per
area and corresponds to the venation density para-
meter that has frequently been used in previous studi-
es (e.g. Wylie 1951; Manze 1968; Uhl & Mosbrug-
ger 1999a, 1999b; Uhl & Walther 2000, 2003; Uhl &
al. 2002) (For a quantitative comparison of both ap-
proaches see Uhl & Mosbrugger 1999a).

Determination of fluctuating asymmetry

To establish a measure of fluctuating asymmetry (FA)
the distance between the primary vein and the leaf
margin have been measured at the widest point of the
leaflamina perpendicular to the primary vein for both

halves of the lamina. The wider of both distances has
been divided by the smaller distance, resulting in a di-
mensionless measure for FA. Values for this measure
are by definition > 1 (1 = no asymmetry at all).

Statistics

Statistics were calculated using the STATISTICA 5.1
package (Statsoft-Inc.). Correlations were treated as
not significant (N.S.) if the significance levels were
higher than 5% (p>0.05).

Results and discussion

Variability of leaf size

In our samples from SW Germany average leaf size
does not differ significantly between sun- and shade-
leaves (p = N.S.) (Fig. 2). As expected (see above) there
is also no statistically significant correlation between
leaf size and any of the climatic parameters considered
for this study. We therefore conclude that any poten-
tial co-variation between leaf size and the other leaf
traits investigated by us (leaf size effect) can be largely
neglected for the present study.

Variability of leaf length : width ratio

In our samples from SW Germany the leaf length:
width ratio does not differ significantly between sun-
and shade-leaves (p = N.S.). There is also no statisti-
cally significant correlation between the leaf length :
width ratio and any of the climatic parameters con-
sidered for this study, although there seems to be a
slight trend towards higher ratios at higher tempera-
tures (Fig. 3).

This result could be an artefact of sampling, as sam-
pling frequency of the individual leaf samples is not the
same as the real size frequency of the leaves in a tree
(Uhl & al. 2002) and it is possible that length : width ra-
tios show an allometric relationship with leaf size. How-
ever, a correlation between leaf size and length : width
ratio for all leaves investigated in the present study, did
not show evidence for allometric leaf growth in our E
sylvatica samples from SW-Germany (unpublished re-
sults). Thus it is not likely that differences in allomet-
ric growth occurred which are related to climatic con-
ditions at the different localities. We therefore conclude
that also any potential co-variation between leaf length
: width ratio and the other leaf traits investigated by us
can be largely neglected for the present study.
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Fig. 2. Correlations between leaf size [cm®] and the
different climate parameters (see text). @ = shade
leaves, solid line = regression line for shade leaves;
O = sun leaves, dotted line = regression line for sun
leaves.

Fig. 3. Correlations between length : width ratio and
the different climate parameters (see text). @ = shade
leaves, solid line = regression line for shade leaves;
O = sun leaves, dotted line = regression line for sun
leaves.
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Variability of venation density

Distance between veins, as a measure of venation
density, differs statistically significant between sun-
and shade-leaves (p<0.001) from SW Germany (cf.
Uhl & al. 2002). In almost all samples shade-leaves
have higher distances between veins (= lower vena-
tion densities) than sun-leaves (Fig. 4). Shade-leaves
show the best correlations with temperature para-
meters, i.e. MAT (p<0.01) and WMMT (p<0.01)
(all other climate parameters: p<0.05). In contrast,
sun-leaves exhibit the best correlations with precipi-
tation parameters, i.e. MAP (p<0.05) and CMMP
(p<0.05) (all other climate parameters: N.S.).

These results generally confirm the findings of
earlier studies linking higher venation densities
with climatic factors that increase water stress (i.e.
sun- vs. shade-leaves, higher temperatures and low-
er precipitation) (Uhl & Mosbrugger 1999a; Uhl &
al. 2002). Based on physiological and anatomical
data Brodribb & al. (2007) could demonstrate in a
wide range of plants that venation density, as well as
leaf thickness and cell shape within mesophyll tis-
sues, are not only strongly correlated with the maxi-
mum photosynthetic rate of foliage but also with the

hydraulic conductivity of the foliage, thus linking the
earlier observations with a functional/physiological
explanation.

Recently Blonder & Enquist (in press) could
demonstrate that community-mean venation densi-
ty correlates with temperatures during the growing
season as well as atmospheric CO,-concentration in
modern floras. This result, together with the results
presented here and in previous studies (e.g. Manze
1968; Uhl & Mosbrugger 1999a, 1999b; Uhl & Walther
2000, 2003; Uhl & al. 2002), emphasize the potential
of leaf venation density as a leaf trait that can probably
be used for reconstructions of certain palaecoenviron-
mental parameters.

Variability of Fluctuating asymmetry

FA is considered to represent a useful indicator of
(unspecific) stress in a large variety of organisms
(e.g. Benitez & al. 2011; Allenbach 2013; Beasley &
al. 2013, Makeleinen & al. 2013; Novak & al. 2013;
Nuche & al. 2014; Wuytack & al. 2013; and citations
therein). Environmental stressors that may induce FA
in plants, especially leaves, include (amongst others)
herbivory (e.g. Martel & al. 1999; Diaz & al. 2004),
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occurrence of wildfires (e.g. Freeman & al. 2005;
Alves-Silva & Del-Claro 2013), water availability
(e.g. Hodar 2002; Nuche & al. 2014), nutrient avail-
ability (e.g. Milligan & al. 2008), air- and soil-pol-
lution (e.g. Mal & al. 2002; Kozlov & al. 2002), light
intensity (e.g. Puerta-Pifero & al. 2008), (unspeci-
fied) micro-environmental factors (e.g. Wuytack &
al. 2013), elevation (e.g. Hagen & al. 2008) and on-
togeny (e.g. Wuytack & al. 2013).

FA differs statistically significant between sun-
and shade-leaves (p<0.01) from SW-Germany. In
almost all samples shade-leaves display a higher FA
than sun-leaves (Fig. 5). There is no statistically sig-
nificant correlation between the FA and any of the
climatic parameters considered for this study.

When comparing previous studies (see citations
above) it becomes rapidly evident, that FA is highly
species specific and thus it is not possible to genera-
lize our results derived from E sylvatica. Neverthe-
less we can add an additional caveat whenever this
parameter may be used for palacoenvironmental
studies as it became obvious that this parameter dif-
fers statistically significant between sun- and shade-
leaves of this particular taxon. Maybe contrary to in-

tuitive assumptions that the sun-leaves, which should
experience more water- and heat-stress [the proba-
ble reasons for higher venation densities (e.g. Uhl &
Mosbrugger 1999a; Uhl & al. 2002)], should exhib-
it higher FA than shade-leaves, it turned out that the
opposite reaction can be observed. However, a com-
parable reaction, with higher FA in shade-leaves than
in sun-leaves, has been described for mediterrane-
an oak leaves (Quercus pyrenaica Willd.) from Spain
(Puerta-Pifiero & al. 2008) and here the authors con-
cluded that low light intensity (and thus limited
photosynthetic activity) may be the most important
stressor for the induction of FA in this taxon. As we
could not observe any obvious correlation of FA with
any of the climatic parameters used in this study we
can hypothesize that the same could be possible for
E sylvatica. However, based on our data we cannot
rule out that another so far unknown environmental
factor (e.g. an edaphic factor or herbivory) may al-
so induce FA in this taxon or that the climatic gradi-
ents studied here are not long or steep enough to see
any effects on FA. Thus we suggest that it is not pos-
sible at the moment to account potential differences
in FA in fossil beech leaves from different localities
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or stratigraphic ages only to differences in the light
regime experienced by such leaves. Based on the
known data it is also not possible to state whether
the observations in E sylvatica and Q. pyrenaica can
be generalized for other taxa of the Fagaceae or even
other plant-families.

Studies on FA have already been used to infer
palaeoenvironmental differences between different
floras and there is obviously a large potential to use FA
in palaeoenvironmental studies (e.g. Tamas & Hably
2005, 2009) but it is also clear, that further studies on a
wider spectrum of taxa, preferably from a wide range
of taxonomically unrelated groups, are needed before
the use of FA in palaeoenvironmental studies will ena-
ble us to interpret differences or changes of FA in fos-
sil leaves reliably.
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