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Abstract: Research Highlights: Leaf chemistry is a key driver of litter decomposition; however, studies
directly comparing metabolites that are important for tree growth and defence across different woody
species are scarce. Background and Objectives: Choosing 14 temperate woody species differing in
their growth rates, nutrient demand, shade tolerance, and drought sensitivity, we hypothesized that
the species would group according to their metabolite profiles based on their ecological background.
Materials and Methods: We analysed total N and C, soluble amino acid, protein, and phenolic levels
in green leaves and leaf litter of these species, each in two consecutive years. Results: Metabolite levels
varied significantly across species and between the sampling years which differed in temperature
and precipitation (i.e., colder/drier vs warmer/ wetter). Conclusions: The 14 woody species could
not be grouped according to their green leaf or leaf litter metabolite profiles. In litter leaves, most of
the variation was explained by total phenolics and total nitrogen levels, and in green leaves by total
phenolics and total soluble amino acid levels. Local climate variation between the two consecutive
years for green leaves or leaf litter led to significant differences in metabolite levels, although some of
them were species-specific.
Keywords: amino acids; proteins; phenolics; temperate tree species; N metabolites; litter; leaves;
angiosperms; microclimate

1. Introduction
Litter degradation in deciduous and evergreen forest ecosystems is mainly driven by climate (in
particular precipitation and temperature) and soil microbial communities, as well as litter quality [1–4].
Litter quality, in turn, is largely determined by litter chemistry, particularly nitrogen (N), carbon
(C) (e.g., [5,6]), and also plant secondary metabolites (PSM), such as polyphenols (e.g., [4,7,8]). The
influence of N and C levels in litter on its degradation is well studied (e.g., [9–12]), showing that,
for example, high C/N ratios in litter lead to slowed or even incomplete decomposition processes in
the soil. However, only little is known about how PSM (constituting up to 30% of plant dry weight) [13]
can influence litter decomposition and nutrient cycling [14,15]. Litter chemistry is also influenced by
climate [16], which has mainly been studied in the past at a global or regional scale, whereas studies at
the local scale are scarce [12,17,18].
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Plants can regulate soil N and C cycling via their litter chemistry, but they are also affected by
their interactions with soil microorganisms with regard to plant N acquisition (e.g., [19,20]). For
example, with high levels of N in the soil or substrate, “microbial N mining” by microorganisms (i.e.,
the microbial use of plant-derived labile C substrates to acquire N) is inhibited, resulting in slower
litter degradation rates [21,22]. Nutrient contents in green and senescent leaves differ [23,24], because
nutrient resorption varies across species depending on abiotic factors such as annual precipitation and
temperature during summer [25,26]. Only limited data is available on the influence of climate stressors
on the chemical composition of initial litter via PSM, and this data is inconsistent [4,27]. However,
condensed tannins—a group within the phenolics—slow down degradation processes [4,28], and thus,
C and N cycling [14] via the formation of complexes with proteins [7,15].
Hagen-Thorn et al.´s study [26] on four deciduous tree species showed that nutrient resorption
rates were species-specific. However, overall, species variation is rarely compared with regard to their
nutrient content in leaves (green or senescent) [29–31], and studies are mainly focused on N and C,
and/or specific ratios (e.g., C/N, lignin/N), though including mostly only one species e.g., [24,31–33].
Foliar amino acids and proteins represent a major source for dissolved organic nitrogen (DON) from
litter (e.g., [34,35]), whereas PSM, for example, phenolics, serve as a chemical defence [15]. Only
few studies have considered amino acid or protein levels in litter leaves [34,36,37], but—to our
knowledge—no study has so far looked at the variation across species and/or directly compared how
foliar N metabolites and PSM vary across species. Therefore, the aim of our study was to provide
a comparison of 14 temperate woody species common in Central European forest ecosystems with
regard to their metabolite levels (i.e., total soluble amino acid, protein, and phenolic concentration)
in fresh leaf litter and green leaves, both for two consecutive years. More specifically, we aimed
to understand the potential contribution of soluble N metabolites—as easily available N sources in
N-limiting ecosystems—as well as potential inhibitors such as phenolics contributing to soil N cycling
depending on the species. We hypothesised that species metabolite profiles would group according to
their ecological background, for example, slow vs fast growth.
2. Materials and Methods
2.1. Plant Species and Leaf Sampling
This study included 14 angiospermous species typical for a Central European deciduous broadleaf
forest [38] growing at the campus of the University of Konstanz, Germany (47.689047, 9.188604): Acer
platanoides L. (Sapindaceae), Acer pseudoplatanus L. (Sapindaceae), Betula pendula Roth. (Betulaceae),
Carpinus betulus L. (Betulaceae), Corylus avellana L. (Betulaceae), Fagus sylvatica L. (Fagaceae), Fraxinus
excelsior L. (Oleaceae), Populus tremula L. (Salicaceae), Prunus avium (L.) L. (Rosaceae), Quercus robur L.
(Fagaceae), Sorbus torminalis (L.) Crantz (Rosaceae), Tilia cordata Mill. (Malvaceae), Tilia platyphyllos
Scop. (Malvaceae), and Ulmus glabra Huds. (Ulmaceae). Tree age varied between 15 and 30 years
for most species; Fagus, Fraxinus, and Quercus were between 60 and 80 years (V. Doerken, personal
observation). The chosen taxa cover a broad range of different ecological conditions (Table 1). The
chosen species are typical for the forest occurring in the Konstanz area. Mean annual temperature
and precipitation are 9.8 ◦ C and 845 mm, respectively, at the weather station Konstanz (#2712, 47.6774,
9.1901, 443 m above sea level; 1981–2010, Deutscher Wetterdienst DWD). Mean temperature and
precipitation of the vegetation period prior to sampling of leaf litter and green leaves are shown in
Table S1. For leaf litter, the growth period May to October was considered for each year. In 2014, mean
air temperature was 4.1% lower than in 2015, with 6.5% less rainfall. For green leaves, the period from
mid-October to mid-May was considered for each year. Here, winter 2015/16 was 11.1% warmer than
2016/17, with 31.6% more rainfall.
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Table 1. Relative growth rates, nutrient demand, drought resistance, and shade tolerance of the
investigated species. Details were taken from Kiermeier et al. [39] for Corylus avellana, for all
other species from Professur für Waldbau und Professur für Forstschutz und Dendrologie der ETH
Zürich [40].
Species

Relative
Growth Rate

Nutrient
Demand

Drought
Resistance

Shade
Tolerance

Acer platanoides
Acer pseudoplatanus
Betula pendula
Carpinus betulus
Corylus avellana
Fagus sylvatica
Fraxinus excelsior
Populus tremula
Prunus avium
Quercus robur
Sorbus torminalis
Tilia cordata
Tilia platyphyllos
Ulmus glabra

fast
fast
fast
slow
medium
slow
fast
fast
fast
medium/fast
slow
slow
slow
fast

medium/high
medium/high
low
medium
medium/high
low/medium
medium/high
low
medium/high
low
high
medium
medium/high
high

high
high
medium
medium
medium
high
medium
medium
high
medium
medium/high
high
high
high

high
medium
low
medium
medium/high
high
low/medium
low
low
low
medium
high
high
medium

We conducted sampling of leaf litter in October after leaf fall and of new fully developed leaves
in early June, both in two consecutive years to account for climatic variation. To avoid the effects of
light conditions on the studied plant traits, we selected only shoots/leaves from green parts exposed
to the sun for the green leaves. Per species, 3–5 individual trees were sampled. We collected 20
sunlit branches from the crown surface of each tree to minimize the variation. All sampled branches
included more than 10 current-year shoots. A total of ~20 shoots or ~100 compound leaves were
randomly selected for each species and year. Leaf litter samples also included ~100 compound leaves
per individual. Leaves/litter of individuals per species were pooled and analysed in three replicates
per species, year, and tissue. After collection, green and litter leaves were carefully wiped with tissue
containing tap water to remove dirt particles and other contaminates. All leaf and litter samples were
then shock-frozen in liquid nitrogen and stored at −80 ◦ C until further analysis.
2.2. Quantitative Foliar Chemical Analyses
To quantify total N and C, dried aliquots (48 hr, 70 ◦ C) of green and litter leaf samples were
ground using a ball mill (TissueLyser, Retsch, Haan, Germany). Aliquots of 1–2 mg of sample were
weighed into 4–6 mm tin capsules (IVA Analysentechnik, Meerbusch, Germany) and analysed with
a TOC/TN analyser (Dimatoc 100, Dimatec Analysentechnik GmbH, Essen, Germany). KNO3 and
(NH4 )2 SO4 were used as standards for N (1000 mg/L), and potassium hydrogen phthalate for C
(1000 mg/L). To quantify total soluble amino acid, protein, and phenolic concentrations, leaf samples
were ground in liquid nitrogen to a fine homogenous powder. Aliquots of ~40–50 mg frozen tissue
were used for all extractions. Total soluble protein content in the leaves was determined according to
Grüning et al. [41]: Leaf tissue was extracted in 1.5 mL of buffer containing 50 mM Tris-HCl (pH 8),
1 mM EDTA, 15% glycerol (v/v), 5 mM dithiothreitol, 0.1% Triton X-100, and two tablets of protease
inhibitor cocktail (EDTA-free, Complete, Roche Diagnostics, Mannheim, Germany), and quantified
using Bradford reagent (Amresco Inc., Solon, OH, USA) at 595 nm in a spectrophotometer (Ultrospec
3100 pro, Amersham Biosciences, Piscataway, NJ, USA) using bovine serum albumin as a standard.
Total soluble amino acids in the leaves were extracted according to Winter et al. [42], as described in Li
et al. [43], in 0.2 mL buffer containing 20 mM HEPES, 50 mM EGTA, 10 mM NaF (pH 7), and 1 mL
methanol/chloroform (3.5:1.5, v/v). The concentration of total amino acids was quantified according
to Liu et al. [44] at 570 nm in a spectrophotometer, with L-glutamine as a standard. Total phenolics
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were extracted according to Simon et al. [45] in 50% acetone, and quantified using Folin–Ciocalteu
reagent. Absorption was measured at 765 nm in a spectrophotometer using gallic acid as a standard.
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Figure 1. Total N concentration (mg/g dw) (top) and C/N ratio (bottom) in leaf litter. Boxplots
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Fex = Fraxinus excelsior, Fsy = Fagus sylvatica, Pav = Prunus avium, Ptr = Populus tremula, Qro = Quercus
excelsior, Fsy = Fagus sylvatica, Pav = Prunus avium, Ptr = Populus tremula, Qro = Quercus robur, Sto =
robur, Sto = Sorbus torminalis, Tco = Tilia cordata, Tpla = Tilia platyphyllos, Ugl = Ulmus glabra.
Sorbus torminalis, Tco = Tilia cordata, Tpla = Tilia platyphyllos, Ugl = Ulmus glabra.
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Measured parameters in green leaves differed significantly between years within each species.
Compared to leaf litter, there was a less clear tendency of influence of climate on leaf metabolites.
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parameters in green leaves differed significantly between years within each species.
Compared to leaf litter, there was a less clear tendency of influence of climate on leaf metabolites.
Total N concentration in green leaves was significantly higher in the colder/drier year in both Acer
Total N concentration in green leaves was significantly higher in the colder/drier year in both Acer
species, B. pendula, P. tremula, S. torminalis, and U. glabra (p ≤0.004), whereas it was lower in C. betulus,
species, B. pendula, P. tremula, S. torminalis, and U. glabra (p ≤ 0.004), whereas it was lower in C. betulus,
C. avellana, P. avium, and T. platyphyllos (p ≤0.041). C/N ratio was generally lower in the colder/drier
C. avellana, P. avium, and T. platyphyllos (p ≤ 0.041). C/N ratio was generally lower in the colder/drier
year for both Acer species, B. pendula, P. tremula, S. torminalis, both Tilia species, and U. glabra;
year for both Acer species, B. pendula, P. tremula, S. torminalis, both Tilia species, and U. glabra; however,
however, for P. avium, it was lower in the colder/drier year (p ≤0.013). Total C concentration was lower
for P. avium, it was lower in the colder/drier year (p ≤ 0.013). Total C concentration was lower
in the colder/drier year only in C. avellana, P. tremula, P. avium, both Tilia species, and U. glabra (p
in the colder/drier year only in C. avellana, P. tremula, P. avium, both Tilia species, and U. glabra
≤0.043), with no significant differences between years for the other species. Total soluble amino acid
(p ≤ 0.043), with no significant differences between years for the other species. Total soluble amino
concentration in green leaves was lower in the colder/drier year for all species (p ≤0.014), except B.
acid concentration in green leaves was lower in the colder/drier year for all species (p ≤ 0.014), except
pendula, C. betulus, P. tremula, P. avium, and T. cordata with no significant differences between years.
B. pendula, C. betulus, P. tremula, P. avium, and T. cordata with no significant differences between years.
In contrast, total soluble protein concentration was higher in the colder/drier year for all species (p
In contrast, total soluble protein concentration was higher in the colder/drier year for all species
≤0.020), except C. betulus, C. avellana, F. excelsior, P. tremula, S. torminalis, and T. platyphyllos with no
(p ≤ 0.020), except C. betulus, C. avellana, F. excelsior, P. tremula, S. torminalis, and T. platyphyllos with
differences between years. Total phenolic concentration differed between years depending on the
no differences between years. Total phenolic concentration differed between years depending on the
species: In the colder/drier year, it was lower in both Acer species, F. sylvatica, F. excelsior, P. avium, S.
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4.1. No General Patterns across Metabolite Profiles in Leaf Litter and Green Leaves between Species
Comparing the metabolite profiles of 14 different temperate woody species with regard to their
Comparing the metabolite profiles of 14 different temperate woody species with regard to their
total N, C, soluble amino acid, protein, and phenolic levels in the leaves (i.e., green or litter) using
total N, C, soluble amino acid, protein, and phenolic levels in the leaves (i.e., green or litter) using
principal component analysis (PCA), we found no distinct pattern between species, such as a grouping
principal component analysis (PCA), we found no distinct pattern between species, such as a
into the species according to growth strategies as proposed by Reich et al. [53], except for Ulmus in
grouping into the species according to growth strategies as proposed by Reich et al. [53], except for
green leaves. The separation of Ulmus from the others species might be explained by the major growth
Ulmus in green leaves. The separation of Ulmus from the others species might be explained by the
increase of the annual long shoot axes (>1 m), corresponding with relatively large leaves compared
major growth increase of the annual long shoot axes (>1 m), corresponding with relatively large
to the other species, which had an annual growth increase in the long shoots of ~20 cm (V. Doerken,
leaves compared to the other species, which had an annual growth increase in the long shoots of ~20
personal observation). In resource-limited habitats, inherently slow-growing species are typical that
cm (V. Doerken, personal observation). In resource-limited habitats, inherently slow-growing species
show slow growth even grown under optimal conditions, e.g., [54,55], because of trade-offs between
are typical that show slow growth even grown under optimal conditions, e.g., [54,55], because of
leaf functional traits in favour of nutrient conservation, e.g., [53,56]. For example, lower photosynthesis
trade-offs between leaf functional traits in favour of nutrient conservation, e.g., [53,56]. For example,
rates associated with slow growth rates are related to a longer leaf life-span, and in turn, longer nutrient
lower photosynthesis rates associated with slow growth rates are related to a longer leaf life-span,
and in turn, longer nutrient residence times in the leaves, e.g., [57]. However, these leaf trait
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residence times in the leaves, e.g., [57]. However, these leaf trait interactions also shift with changing
environmental conditions, for example, precipitation, e.g., [54,58]. Furthermore, leaf chemistry varies
amongst other aspects depending on species and tree age, as well as annual variation due to climate
differences [59]. Although our investigated species differ in their growth rates, nutrient demand,
shade tolerance, and drought sensitivity [38,40], this did not result in different profiles of the measured
metabolites. Tree age also varied between our study species, which also did not lead to a separation
between the species in the PCA. However, in our study, all species were sampled at the same location,
thereby minimizing the influences of environmental variation, such as differences in temperature
and/or precipitation. Regarding the different parameters, total soluble phenolic levels explained 62%
and 66.1% of the variation between the species in litter leaves and green leaves, respectively. Phenolics
serve as a major chemical defence in green leaves [15] and their significant role in litter decomposition
processes via their regulation of soil microbe activity has recently been reviewed [14]. For litter leaves,
our results suggest that phenolics and total N levels drive most of the variation across species, which
is in accordance with other studies [4–8]. For green leaves, we found that phenolics and total soluble
amino acid levels drive most of the species variation. Although, total nitrogen content represents a
key functional trait with regard to leaf economics and especially longer nutrient residence times in the
leaves e.g., [53,56], overall total N content might be more similar in green leaves of different species,
whereas amino acid levels differ.
4.2. Variation between Metabolites in Leaf Litter between Different Temperate Woody Species
Leaf litter metabolites varied significantly across all species. A higher C/N ratio was linked to
a lower total N concentration, because total C concentrations in leaf litter did not vary significantly
between species. Low initial nitrogen levels in litter indicate slower degradation rates of organic
matter e.g., [2,11,12,60] because the soil microorganisms degrading the litter—mainly fungi and
bacteria—have a high demand for N; thus, with only low initial N amounts available for them to
feed upon, the growth of microbial populations is slow [21,61]. Microbial community composition
and activity with regard to litter degradation is regulated by a plant species’ litter chemistry [62]
via accessible resources, such as carbon, energy, and nutrients that are provided for them [63,64],
rhizodeposition [62], but also abiotic influences, as well as consequences of biotic interactions,
e.g., [63,65,66]. Total soluble protein levels—a major source for dissolved organic N e.g., [34,35]—as
well as total phenolic levels—a class which includes chemical defence compounds [15]—also varied
significantly between our study species. Interestingly, Fraxinus excelsior leaf litter had lower soluble
phenolic levels compared to that of Quercus robur and Acer platanoides which suggests that the
degradation of Fraxinus leaf litter might be faster than in these species. Skorupski et al. [31] compared
the chemical composition of leaf litter from exotic and native tree species—including Quercus robur,
Carpinus betulus, Tilia cordata, Tilia platyphyllos, and Corylus avellana, without finding differences between
the two groups when comparing C/N ratio or contents of total N and C, as well as total phenolics;
however, the native species were analysed as a mix rather than a single species; thus, a direct species
comparison with our results is not possible.
Comparing total N concentrations and C/N ratios of leaf litter from the species used in our
study to those from previous studies, we found that total N levels in litter were generally similar
(e.g., [26,29,30,32,33,59]), whereas C/N ratios were similar only for some species (i.e., Acer platanoides,
Carpinus betulus, Fagus sylvatica, Tilia cordata (see [29,30,33,57,67])), but lower in others (i.e., both Acer
species, Betula pendula, Fraxinus excelsior, Quercus robur, e.g., [29,30,32]). However, to our knowledge,
some species included here are presented for the first time, for example Corylus avellana, Populus
tremula, Prunus avium, Sorbus torminalis, Tilia platyphyllos, and Ulmus glabra. The few multi-species
studies by others found that total N (based on leaf area) levels were higher in Fraxinus excelsior and
Quercus robur than in Tilia cordata [26], and higher in Tilia cordata and Fraxinus excelsior than in Fagus
sylvatica (also for C/N ratio) [59], which was not found in our study. Furthermore, Lorenz et al. [33]
compared Fagus sylvatica and Quercus robur, finding that they had similar total N levels and C/N
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ratios. Jacob et al. [29] did not compare between species; however, the results indicate that total N
levels were lowest in Fagus sylvatica corresponding to the highest C/N ratio, whereas Fraxinus excelsior
had the highest total N levels corresponding to the lowest C/N ratio; Tilia spp. Carpinus betulus,
Acer pseudoplatanus, and Acer platanoides showed similar concentrations and ratios. Environmental
differences between our study and previous studies could explain the differences, because variation in
climate influences litter chemistry (see also Section 4.4).
4.3. Variation between Metabolites in Green Leaves between Different Temperate Woody Species
Growth and biomass production depend on the size of internal N pools from which N can be
remobilized in spring [68], as well as external N uptake [69,70], especially in woody seedlings [71,72].
A metabolically active protein that also serves as N storage pool is RuBisCo, and N storage pools turn
over completely during periods of N remobilization [73]. The contributions of N remobilization to
the seasonal growth of trees differs across species and varies from 37%–48% for Acer pseudoplatanus
and Betula pendula, to 14%–29% for Fraxinus excelsior, Fagus sylvatica, and Prunus avium, with an almost
complete dependence of 80%–100% for Quercus robur (reviewed in [73]). In our study, the levels of
the measured metabolites also varied between species in fully developed green leaves, which can
be attributed to the differences in their internal N allocation strategies. Total soluble amino acid
levels did not change overall between species. Previous studies found that the main amino acids
translocated via the xylem sap during spring N remobilization also vary between species (reviewed
in [73]): In Acer pseudoplatanus, mainly Asn, but also Gln is translocated, whereas in Betula pendula,
it is mainly Cit, but also Gln, and in Prunus avium, Gln is the main translocated amino acid, but also
Asn and Asp. We did not measure individual amino acid profiles in our study, which might have
shown differences with regard to the preferred amino acids across species. The variation in total
soluble phenolic levels between species suggests varying chemical defence strategies against herbivory.
With regard to leaf soluble amino acid, protein, and phenolic levels, previous studies investigated
them mainly during different developmental stages or as influenced by environmental conditions
e.g., [74–76]. With regard to phenolic compounds, various studies have investigated the composition of
phytochemical compounds rather than quantifying concentrations, for example, for Acer platanoides [77],
Betula pendula [78], Carpinus betulus [79], Corylus avellana, e.g., [80–82].
4.4. Metabolite Levels in Green Leaves and Leaf Litter Differ between Years
Metabolite levels shifted significantly between the two investigated years. In leaf litter, levels of
total N were generally lower in the colder and drier year, whereas C/N ratios, total soluble amino
acids and protein levels were higher. Total phenolic concentration variation was species-specific. Litter
studies investigating temperature and water availability have mainly focused on increased warming
in combination with drought, e.g., [83]. Total N concentration in decomposed litter of Acer rubrum
was lower; in turn, the C:N ratio was higher, after the exclusion of rainfall [84], suggesting that water
availability might have a stronger influence on metabolite levels rather than temperature. Furthermore,
Tharayil et al. [83] found an increase in highly reactive tannins—a subgroup of phenolics—with
warming and drought due to changes in their structural composition. These changes might have
severe consequences for ecosystem C and N cycling in the future, because a slowed soil microbial
enzyme activity due to inactivation via tannins would lead to a reduction in litter decomposition rates.
Zimmer et al. [85] reported that intraspecific variation in phenolics and their capacity to bind proteins
depended on abiotic rather than genetic factors for European beech. Similar to leaf litter, the metabolite
levels in green leaves also changed between the investigated years: C/N ratio, total C and soluble
amino acid concentration was generally lower in the colder/drier year, whereas total soluble protein
levels were higher. Total N and soluble phenolic concentration changes to climate depended on the
species. A decrease of total soluble amino acid levels coupled with an increase in protein levels in
the leaves indicates de novo protein synthesis in the colder/drier year. This strong variation of leaf
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functional traits depending on environmental factors has also been shown by Reich et al. [53] and
Wright et al. [56], and is included in the leaf economics spectrum (e.g., [56,58]).
5. Conclusions
In conclusion, our study showed that 14 temperate woody species common to Central Europe
could not be separated into different groups, such as slow vs fast growing species, according to
the metabolite profiles measured in leaf litter and green leaves, although in general, the species
differ in their growth rates, nutrient demand, shade tolerance, and drought sensitivity [38,58]. Total
phenolic levels were the main drivers of variation between the 14 species in both litter and green
leaves. Because species were sampled at the same location, environmental influences that might
affect species differently at a given time were minimized. However, the local climate variation of two
consecutive years led to significant differences in metabolite levels, although some of these differences
were species-specific. Overall, metabolite levels in green and litter leaves of 14 temperate woody
species are driven by species identity, as well as environmental conditions.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/12/775/s1,
Table S1: Temperature (◦ C) and total precipitation (mm) for the growth periods (GP, mid-May to mid-October)
and non-growth periods (NGP, mid-October to mid-May), as well as annual for the different years. Table S2: Total
N and C concentrations (mg/g dw) and C/N ratios in two consecutive years in leaf litter and green leaves. Table
S3: Total soluble amino acid, protein, and phenolic concentrations (mg/g dw) in two consecutive years in leaf
litter and green leaves. Table S4: Principal Component Analysis—Loading for the measured parameters.
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