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Abstract
With progressive climate change, the chemical defense in European beech (Fagus sylvatica L.) is likely to change, which 
might impact its fitness and ability to establish beyond its current northern distribution limit. We studied the phenolic defense 
in six beech provenances grown in three common gardens in Norway the two first years after planting.
We analyzed low molecular weight phenolic compounds by HPLC and condensed tannins by the acid-butanol assay. Sam-
pling year explained most of the variance in phenolic defense, followed by environment (growing location), while the genetic 
background (provenance) showed the least explanatory power. After the first year in the field, the northernmost growing 
location had about 70% higher concentration of low molecular weight phenolics than the southern growing locations. The 
concentrations of condensed tannins, however, were lowest in the north. The mean concentration of total low molecular 
weight phenolics was twice as high after the first year compared to the second year. After the second year, the differences 
between the growing locations in many cases disappeared. The differences between the growing locations are probably 
caused by differences in temperature and soil fertility, while we attribute the decrease in low molecular weight phenols from 
the first to the second year to decreased water and nutrient stress, as well as aging. Our results suggest that intraspecific 
variations in concentration and composition of phenolic compounds in beech are caused by differences in the environment 
to a greater extent than the genetic background, which may indicate fast changes in chemical defense with climate change.

Keywords Plant secondary metabolites · Common gardens · Provenance trial · Carbon-based secondary metabolites · 
Secondary compounds · Chemical defense

Introduction

Global warming will have a pronounced effect on European 
forest ecosystems and might cause a shift in the competi-
tiveness and dominance of species (Alkemade et al. 2011; 
Kellomäki et al. 2001). The global mean temperature is pre-
dicted to increase by 0.3–4.0 °C by the end of this century, 
and the temperature at the northernmost latitudes is expected 
to increase even more than the global average (IPCC 2014). 

The frequency and severity of summer droughts is increasing 
(IPCC 2014), as well as the risk and intensity of pathogen 
infections and insect attacks (La Porta et al. 2008). More 
biotic and abiotic stresses pose threats to European tree spe-
cies, which makes plant resistance more important than ever. 
In sum, climate change will bring changes in drought fre-
quency and extent, changed UV-radiation, elevated tempera-
tures and  CO2, which may all impact the chemical and physi-
cal defense of plants (Julkunen-Tiitto et al. 2015; Zvereva 
and Kozlov 2006).

As the mean temperature in the northern hemisphere 
increases, keystone species in European forest ecosystems, 
like beech and spruce, shift northwards (Kramer et al. 2010; 
Bradshaw et al. 2000; Saltre et al. 2015). European Beech 
(Fagus sylvatica L.), hereafter beech, reaches its northern 
distribution limit in Southern Norway (Bjune et al. 2013). 
Plantings and natural regeneration from plantings are wide-
spread along the coastline from the border between Sweden 
and Norway. Due to less intensive forestry practices and a 
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warmer climate, some models predict beech to expand its 
range in Scandinavia (Kramer et al. 2010) but see (Saltré 
et al. 2015), and it is rapidly establishing in spruce mono-
cultures. However, the acclimation and adaptation potential 
of the northernmost beech provenances beyond their present 
niche are scarcely studied.

An important aspect of adaptation and long-term survival 
of trees is their chemical defense. The phenolics comprise 
a large and highly abundant group of compounds occur-
ring across the plant kingdom. They include phenolic acids, 
stilbenes, flavonoids, and tannins and play a vital role in 
plant defense against e.g., fungal pathogens (Ganthaler et al. 
2017), insect and mammalian herbivores (Barbehenn and 
Constabel 2011), other plants (e.g., González et al. 2015) 
and UV light (e.g., Contreras et al. 2019). Some phenolic 
groups also function as antioxidants (Agati et al. 2012; 
Barbehenn and Constabel 2011). At unfavorable site condi-
tions, such as low soil pH, fertility, and moisture, we often 
find high levels of phenolics (Bussotti et al. 1998; Northup 
et al. 1998). They also affect nutrient cycling by inhibiting 
the decomposer community and reducing rates of nitrogen 
mineralization (reviewed by Min et al. 2015).

The intraspecific variation in phenolic composition and 
concentration is considerable (Moreira et al. 2014; Sampe-
dro et al. 2011). It is influenced by season and age (Bussotti 
et al. 1998; Wam et al. 2017) as well as plant compartment, 
and phenolic content even varies between leaves of the same 
individual (Petrakis et al. 2011). The phenolic composition 
and concentration of an individual are partly decided by its 
genetic background but are also highly affected by the actual 
growing environment. However, few studies have attempted 
to quantify which of these factors explains more of the varia-
tion in phenolic compounds in beech (but see Zimmer et al. 
2015). Common garden experiments have frequently been 
used to untangle the effects of genetics and environment on 
plant phenotypes (de Villemereuil et al. 2016). Several com-
mon garden experiments exist for beech, studying impor-
tant aspects of fitness and survival, like drought resistance, 
growth, and phenology. To our knowledge, foliar phenolics 
have been studied only in a few of these: Zimmer et al. 
(2015) included only continental European provenances 
and growing locations, which might not be representative 
for beeches growing at the edges of the distribution range 
of the species, where environmental constraints are more 
severe. Furthermore, they included only data from one grow-
ing season and measured only total phenolic content. Aranda 
et al. (2017) compared foliar phenolics in three provenances, 
but used only one growing location, which makes it diffi-
cult to draw conclusions on how environment influenced 
the phenolic concentrations. Bussotti et al. (1998) investi-
gated foliar phenolics in natural beech populations along an 
environmental gradient, but the study design did not allow 
for separation of genetic and environmental effects on foliar 

phenols. Comparison of environmental and genetic factors 
on foliar phenolics has been done for some other tree species 
like birch e.g., (Deepak et al. 2018; Laitinen et al. 2005), and 
aspen (e.g., Osier and Lindroth 2006), but defensive strate-
gies of such pioneer species might not be representative for a 
late-successional species like beech (e.g., Zhang et al. 2018).

We explored the composition of phenolic compounds in 
beech seedlings of six European provenances originating 
from a latitudinal gradient, planted in three common gardens 
in Norway. The main goal was to quantify if the environment 
(growing location) or the genetic background (provenance) 
affected the concentration and composition of phenolic com-
pounds more. If the phenolic concentration is under strong 
genetic control, adjustment to new growing locations will 
be slower, and the changes in foliar phenols due to climate 
change might be smaller. We aimed at testing the following 
hypotheses:

(1) Concentrations of phenolic compounds differ between 
planting locations and between provenances in the 
same planting location

(2) Concentrations of phenolic compounds change between 
the first and the second growing season in the field, as 
a result of adaptation to the new environment and/or 
aging

(3) The composition of phenolic compounds differs 
between provenances, planting regions, and sampling 
years

By testing these hypotheses, we aimed at filling some of 
the gaps in the understanding of the factors influencing the 
concentration and composition of the phenolic defense in 
beech. This is a small, but important part of the knowledge 
base needed to predict how beech will respond to climate 
change and the predicted increase in insect attacks, fungal 
pathogens, and severe weather events. As beech is a wide-
spread tree species, this topic is of considerable importance 
to European ecosystems and forestry.

Materials and methods

Study area and study species

The study areas were located in Ås, Viken county in SE Nor-
way, Re, Vestfold and Telemark county in SE Norway and 
Munkrøstad, Trøndelag county in central Norway (Fig. 1, 
Table 1). Munkrøstad has a lower mean annual temperature 
than Ås and Re, whereas the annual precipitation is lower 
than in Re while higher than in Ås. The light conditions are 
similar, as all growing locations are open and west- or east-
facing. All three planting locations were located on former 
agricultural land, and the sites in Ås and Munkrøstad had 
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had one rotation of spruce before the experiment started. 
Silty loam, which is the soil type in Re and Ås, is generally 
more fertile than the gravelly sand in Munkrøstad and also 
more drought resistant (Ingels 2015).

The study species was European beech (Fagus sylvat-
ica L.) of six European provenances: Vestfold (Norway), 
Stenderup (Denmark), Albjershus (Sweden), De Soignes 
(lowland, Belgium), Ardennes (Belgium) and Massif Armor-
icain (France) (Fig. 1, Table 2). The provenance origins form 
an approximate latitudinal gradient, with Massif Armoricain 
being the southernmost origin and Vestfold the northernmost 
origin. Bolte et al. (2007) defined climate restraints during 
the growing season for beech, and all three locations got 
much more precipitation than the minimum requirements 
for the growing season, whereas none of the locations meet 
Bolte et al.’s minimum requirement of 217 days per year 
with a mean temperature above 7 °C, neither in 2016 nor in 
2017 (Table 1).

We received seeds from Sweden, Belgium, and France 
from commercial suppliers early autumn 2014 and put them 
on humid turf at 4 °C to break seed dormancy. When dor-
mancy was broken, the seeds were stored at − 2 °C until 
planting in pots in a greenhouse in early Apr 2015. The 
seedlings from the Norwegian and the Danish provenances 
were purchased from a nursery (Reiersøl nursery, Grim-
stad, Norway), as seeds were not commercially available. 
The Norwegian provenance were received as 1-year old 
plug-plants, while the Danish provenance were 2-year-old 
bareroot plants. All seedlings were moved outdoors in pots 
in Ås in Aug 2015, where they stayed until mature winter 
buds were formed. The dormant seedlings were planted in 
Re and Ås in late Sep and Oct 2015. The plants destined for 
Munkrøstad were moved to a cold plant storage room and 
planted in May 2016, before bud break. The planting scheme 
was equal in all three locations: a 25 × 12 matrix with prov-
enances in random order. The plantings were fenced, and 
ground vegetation was kept down to decrease browsing pres-
sure and competition from other vegetation. Between sam-
pling in 2016 and 2017, many plants were killed, likely by 
European water vole (Arvicola terrestris), and these plants 
were excluded from the analysis.

Harvest

Foliage sampling took place during the first week of Sep in 
both 2016 and 2017. Two fully developed leaves without vis-
ible signs of senescence about 5 cm below the top shoot were 
sampled from each beech sapling. The leaves were put into 
paper bags with silica, transported to the lab on the same day 
and dried for two days at 30 °C in an oven. The dried leaves 
were ground to a fine powder using a Retsch MM400 ball 
mill (Retsch, Haag, Germany), transferred to plastic vials 
and stored in the freezer (− 20 °C) until extraction.

Fig. 1  Natural distribution of European beech (Fagus sylvatica; green 
areas) and the location of the three common gardens (red symbols)
The black dots annotate the origins of beech seedlings used in the 
experiment: Norway (N), Sweden (S), Denmark (D), Belgium (de 
Soignes, BS), Belgium (Ardennes, BA) and France (F). See table 1 
for more details on the provenance origins. The distribution map is 
adopted from the European Forest Genetics Programme http:// eufor 
gen. org

Table 1  Coordinates, elevation, exposition, mean annual temperature 
(MAT), mean annual precipitation (MAP) and soil type (Geological 
Survey of Norway 2020) for the three common gardens in this experi-
ment

Mean annual temperature and precipitation are calculated from the 
period 1961–1990. Growing season average temperature (Apr–Oct) 
(GST), Days above a minimum mean temperature according to Bolte 
et al. (2007) (DAM) and growing season average precipitation (GSP) 
for the years 2016 and 2017 were obtained from NIBIOs nearest cli-
mate station: Ramnes for Re, Ås for Ås and Kvithamar for Munk-
røstad (NIBIO 2020)

Location

Re Ås Munkrøstad

Latitude 59°21′40.2″N 59°41′36.6″N 63°44′17.4″N
Longitude 10°18′50.7″E 10°45′06.9″E 11°24′01.3″E
Elevation (m a.s.l.) Appr. 80 Appr. 90 Appr. 100
Soil type Silty loam Silty loam Gravelly sand
Exposition West/east East/west West/south
MAT (°C) 5.3 5.3 5.0
GST 2016 (°C) 12.1 11.8 10.5
GST 2017 (°C)
DAM 2016
DAM 2017

11.4
171
172

11.0
162
164

10.5
158
161

MAP (mm) 1060 785 900
GSP2016 (mm) 520.6 511.5 501.0
GSP2017 (mm) 619.4 577.6 697.7

http://euforgen.org
http://euforgen.org
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Phenolic extraction

From each powdered sample, ca 10 mg plant material was 
weighed on a microscale and transferred into a plastic vial 
together with 2–3 zirconium oxide balls. For the extraction, 
we added 400 μL methanol (MeOH) to the vial and homog-
enized the samples for 20 s at 5000 rpm, using a Precellys 
24 homogenizer (Bertin Technologies, Montigny-le-Breton-
neux, France).

The vial was put in an ice bath for 15 min, and thereafter 
centrifuged for 3 min at 15,000 rpm, using an Eppendorf 
5417C centrifuge (Eppendorf, Hamburg, Germany). The 
supernatant was transferred to plastic tubes using a Pasteur 
pipette. 400 μL MeOH was then added to the residue and 
the vial was homogenized for 20 s and then centrifuged for 
3 min. The supernatant was again transferred into the same 
plastic tube. We repeated the process four times so that 
MeOH was added 5 times to the vial in total. The plastic 
tube with the collected supernatants was afterwards dried 
in a vacuum centrifuge (Concentrator plus, Eppendorf, 
Hamburg, Germany) until all the MeOH had evaporated. 
The plastic tubes were stored in the freezer (− 20 °C) until 
HPLC analysis, and the Precellys vials which contained the 
extraction residues were air-dried and stored at − 20 °C until 
analysis of MeOH-insoluble condensed tannins.

HPLC analysis

The low molecular weight phenolics were identified and 
quantified using HPLC. We removed the frozen extracts 
from the freezer and allowed them to thaw before add-
ing 200 μL MeOH to each tube. The tubes were put in an 
ultrasound bath (mod. no. USC200TH, VWR International 
LLC, Randor, US) until the dried extract dissolved. 200 μL 
ultrapure water (USF ELGA Maxima HPLC; Veolia Water 
Technologies, Saint-Maurice, France) was then added to 
the tube. The liquid was then poured into Eppendorf vials 
and centrifuged for 3 min at 15,000 rpm. We transferred 
the supernatant into a HPLC vial using a Pasteur pipette, 
and analyzed it using a HPLC system (Agilent 1200 series, 
Agilent Technologies Inc., Santa Clara, USA) comprised 
of a G1379B degasser, a G1312A binary pump, a G1329 
autosampler, a G1316A thermoregulated column heater, and 

a G1315D diode array detector. The mobile phases were 
methanol (B-solution) and a solution of 5 mL orthophos-
phoric acid 30 mL tetrahydrofuran diluted to 2 L using 
ultrapure water (A-solution), which eluted the samples using 
the same gradient as in Nybakken et al. (2012) with an injec-
tion volume of 20 μL. The stationary phase was a Thermo 
Scientific column (Thermo Fisher Scientific Inc., Waltham, 
USA) which has a 50 × 4.6 mm internal diameter and filled 
with 3 μm ODS Hypersil particles. The absorption spectra 
at 320 nm, along with respective retention times, and earlier 
runs of the Norwegian provenance on UHPLC-MS-QTOF 
(unpublished data) were used to identify the chemical com-
pounds. Concentrations were calculated by use of response 
factors of commercial standards.

Condensed tannins

Concentrations of both MeOH-soluble and MeOH-insoluble 
CTs were identified using the acid butanol assay for proan-
thocyanidins described in Hagerman (2002). The HPLC 
vials were removed from the autosampler maximum 48 h 
after analysis and from these 50–100 µL were used to deter-
mine the amounts of MeOH-soluble CTs. The amount of 
MeOH-insoluble CTs was analyzed from the residues left 
after the extraction process. The samples were put in 10 mL 
glass tubes along with enough MeOH to equal 0.5 mL in 
total (0.5 mL MeOH regardless for MeOH-insoluble tan-
nins), then further mixed with 3 mL butyric acid (95% 
butanol, 5% hydrochloric acid), and 100 µL iron reagent 
(2 M HCL with 2% ferric ammonium sulfate). The glass 
tubes were properly sealed, mixed, and placed in boiling 
water for 50 min. Duplicate samples were prepared when 
extract amounts were allowed. After cooling, the light 
absorption at 550 nm was determined using a spectropho-
tometer (UV-1800; Shimadzu Corp., Kyoto, Japan). The 
average between duplicate samples was used as one data 
value. Purified tannins from spruce needles were used as 
standards to calculate concentrations.

Data analyses

The individual compounds were first grouped into 
three groups: chlorogenic acid derivatives, quercetin 

Table 2  Coordinates and 
climate data for the beech 
provenance origins in the 
experiment. MAT stands for 
mean annual temperature 
and MAP for mean annual 
precipitation

Country Provenance Latitude Longitude MAT (°C) MAP (mm)

Norway Vestfold 59°18′N 10°08′E 5.3 1060
Sweden Albjershus 55°56′N 13°15′E 7.8 668
Denmark Stenderup 55°47′N 9°48′E 7.7 725
Belgium De Soignes 50°46′N 4°24′E 10.3 785
Belgium Ardennes 50°15′N 5°40′E 7.5 1095
France Massif Armoricain 48°06′N 4°10′W 10.4 1142
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3-glycosides and kaempferol 3-glycosides. The quercetin 
3-glycosides and kaempferol 3-glycosides were further 
grouped into total flavonoids. We also analyzed all low 
molecular weight phenols as one group. One compound 
was hence categorized into more than one group.

We developed linear mixed-effects models using the 
R-package «lme4» (Bates et al. 2015). The fixed effects 
were year, location and provenance and the random effects 
were row and plant number, to control for a possible effect 
of plant placement on phenolic content. The models 
were tested for significance in the R-package «lmerTest» 
(Kuznetsova et al. 2017). To check if the condition homo-
geneity of residuals was fulfilled, the residuals were plot-
ted on a qq-plot. If this condition was violated, the data 
was log-transformed. To identify which groups differed 
significantly from other groups, the R-package «emmeans» 
was used (Lenth 2020). For the grouped models, R2 values 
for fixed effects only were calculated according to Naka-
gawa and Schielzeth (2013) using the «r.squaredGLMM» 
function from the package «MuMIn» (Barton 2019). We 
developed separate models using only provenance, year 
or growing location to quantify how much of the varia-
tion in phenolic compound concentration was explained 
by provenance, year and location separately and combined.

To depict the composition of phenolic compounds, 
we used non-metric multidimensional scaling (NMDS) 
on the basis of a Bray–Curtis distance matrix, using the 
metaMDS function in the R package «vegan» (Oksanen 
et al. 2019). We used three dimensions which yielded sat-
isfactory low tress values, but only the two first axes were 
printed. Further, we performed a PERMANOVA with a 
Bray–Curtis distance matrix and 999 permutations, using 
the adonis2 function in the R package «vegan», to test 
for the effect of year, location and provenance (and their 
interactions) on the composition of phenolic compounds.

All data analyses were performed using the statisti-
cal programming language R, version 3.6.1 (R core team 
2019).

Results

The total amount of phenolic compounds (condensed tan-
nins + low molecular weight phenols) in beech leaves var-
ied between 79.2 and 432 mg  g−1 dry weight. We identified 
in total 19 low molecular weight phenolic compounds, but 
also analyzed the summed concentrations of different phe-
nolic groups (note that one compound may fit into multiple 
groups). The explanatory power of the complete mixed lin-
ear model was about 50% for low molecular weight pheno-
lics as a group, and about 15% for the condensed tannins 
(Table 3). Concentrations of all individual compounds per 
provenance, growing location and sampling year may be 
found in the supplementary materials (Tables S1-S6).

Effect of location and provenance

The total concentration of low molecular weight phenolics 
differed significantly between growing locations in 2016 
(Fig. 2a) but the differences were much smaller in 2017 
(Fig. 2b). A general trend across all phenolic groups in 
2016, except from condensed tannins (Figs. 2, 3 and 4), 
was that the highest concentrations were found in plants 
from Munkrøstad, the northernmost location. Munkrøstad 
had 63% higher concentration of low molecular weight 
phenolics than Ås, and 83% higher than Re in 2016 (88, 54 
and 48 mg  g−1, respectively, p < 0.001). In contrast, there 
were only minor differences between locations in 2017. 
On the other hand, the concentration of MeOH-soluble 
condensed tannins was 13% lower in Munkrøstad than 
in Ås in 2016 (117 vs 132 mg  g−1, p = 0.016), while the 
MeOH-insoluble condensed tannins were 34% lower in 
Munkrøstad than in Ås and 39% lower than in Re (9.09, 
12.2 and 12.6 mg  g−1, respectively, p < 0.001). In con-
trast, Munkrøstad had a significantly higher concentration 
of MeOH-soluble condensed tannins than Ås and Re in 
2017 [114, 94.9 and 98.0 mg  g−1, respectively, p = 0.008 
(Munkrøstad-Ås) and p < 0.001 (Munkrøstad-Re)]. The 
concentration of MeOH-insoluble condensed tannins was 
significantly higher in Munkrøstad and Ås than in Re in 

Table 3  R2 values (variance 
explained by the fixed effects) 
from r.squaredGLMM function 
from the R package MuMIn 
performed on the grouped 
models, incorporating each 
explanatory variable separately 
and all together (whole model)

The models were developed for groups of i phenolic compounds in beech seedlings

Compound Provenance Year Location Whole model

MeOH-insoluble condensed tannins 0.31% 2.88% 3.17% 23.20%
MeOH-soluble condensed tannins 1.28% 2.95% 1.27% 15.54%
Low molecular weight phenols 0.77% 30.59% 5.04% 50.25%
Chlorogenic acid derivatives 2.19% 2.51% 11.81% 24.23%
Quercetin 3-glycosides 4.37% 26.13% 1.94% 50.25%
Kaempferol 3-glycosides 0.54% 43.00% 1.73% 54.88%
Total flavonoids 2.22% 38.83% 1.91% 53.99%
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the same year [14.9, 13.5 and 7.98 mg  g−1, respectively, 
p < 0.001 (both)].

However, growing location explained only 5% of the 
variation in total low molecular weight phenols (Table 3). 
In the mixed linear models, growing location was highly 
significant for most compounds with a few exceptions 
(Table 4). The interaction term between year and location 
was significant in all models except for dicoumaroylas-
tragallin 2 (Table 4), as many compounds exhibited sig-
nificant differences between locations in 2016, but not in 
2017. The interaction factor between year, location and 
provenance were non-significant in all models.

The provenances differed significantly from each other 
only in certain compounds and growing locations (e.g., 
Fig. 3e). There was no clear trend among the provenances, 
but Denmark stood out as the provenance with the highest 
concentration of low molecular weight phenolics in many 
cases, whereas the two Belgian provenances often had the 
lowest concentration (Figs. 3, 4). In the mixed linear mod-
els, provenance was significant in 17 out of 26 compounds 
or groups of compounds (Table 4), but often only within 
one growing location. Provenance only explained 0.77% 
of the variance in total low molecular weight phenolics 
(Table 3).

Fig. 2  Variation in total low molecular weight phenols and the sub-
group chlorogenic acid derivatives in beech seedling leaves between 
growing location, provenances and years. Colors designate prov-
enance, ordered from north to south. Data from 2016 is shown on 
the left (A and C) and data from 2017 on the right (B and D). Error 
bars depict the standard error of the mean. Capital letters above the 

horizontal lines indicate statistical significance (p<0.05) between 
the growing location. Lowercase letters show statistical significance 
(p<0.05) between provenances within a growing location. If no prov-
enances were statistically significant from the others, no letters are 
shown. Statistical significance was calculated using ANOVA on log-
transformed linear mixed effects models in R
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Effect of year

The mean concentration of total low molecular weight phe-
nolics was twice as high in 2016 (63.8 mg  g−1) compared 
to 2017 (30.6 mg  g−1, p < 0.001). The absolute differences 
between growing locations were also smaller in 2017, 
whereas the relative differences showed no clear trend. The 
average concentration of MeOH-soluble condensed tannins 
across provenances and planting locations also decreased 
from 2016 to 2017, from 122 to 10 mg  g−1 (p < 0.001). 
There was no significant decrease in MeOH-soluble con-
densed tannins between the years in Munkrøstad (p = 0.360), 
but the amount of MeOH-soluble condensed tannins in Ås 
decreased from 2016 to 2017 (p < 0.001). There was no 
significant change in MeOH-insoluble condensed tannins 
between the years (11.1 mg  g−1 in 2016 and 13.0 mg  g−1 in 
2017, p = 0.433).

Year was the variable which explained the largest part of 
the variance in low molecular weight phenols, both in total 
and by group (Table 3) and was also a highly significant 
variable in the linear mixed models of almost all phenolic 
compounds (Table 4). Year explained almost 31% of the 
variance in the concentration of low molecular weight phe-
nolics, but only 3% of the variance in MeOH-soluble con-
densed tannins (Table 3). There was also a large variation 
in the explanatory power of year between the groups of low 
molecular weight phenolics. Whereas year explained 43% 
of the variation in kaempferol 3-glycosides, the correspond-
ing number for chlorogenic acid derivatives was only 2.5% 
(Table 3).

Phenolic composition

When depicted in an NMDS, the composition of phenolic 
compounds varied significantly between sampling year, 
location and provenance (Table 5, Fig. 5). The NMDS con-
firms the patterns shown by the GLMM, showing the highest 
explanatory power of sampling year, followed by growing 
location and provenance. The separation in compound com-
position between years along the first axis was partly driven 
by higher concentrations of quercetin 3-glycosides, most 
kaempferol 3-glycosides, and those compounds categorized 
as “other flavonoids” (mono- and di-coumaroylastragallins 
and dihydroquercetin) in 2016. While chlorogenic acids gen-
erally were found in higher concentrations in 2016, some 
derivatives were more associated with the sampling in 2017. 
The composition of phenolic compounds was distinctly dif-
ferent between the three sites, where Re was intermediate. 
The six provenances were separated along the second axis 
where the compound composition in provenances from Nor-
way and Denmark were distinctly different from the others. 
This was primarily driven by some chlorogenic acid deriva-
tives generally having lower concentrations in provenances 

from Norway and Denmark, while the concentrations of 
“other flavonoids” often were higher.

Discussion

Our main aim was to explore and quantify the factors influ-
encing phenolic defense in beech seedlings. Sampling 
year was the factor explaining most of the variation in low 
molecular weight phenolics. Six provenances were tested, 
representing a large variety of geographical origins, but 
we mostly found only small differences between them. The 
highest phenolic concentrations were found in the northern-
most growing location, and the growing location explained 
more of the variation in foliar phenolics than provenance in 
this experiment. Our finding that growing location (environ-
ment) affected the foliar phenolics more than the provenance 
(genetic background) contrasts with previous findings in 
beech.

Variation between growing locations

The northernmost growing location (Munkrøstad) had the 
highest concentration of low molecular weight phenolics 
after one growing season in the field, and one year later this 
was still true for chlorogenic acids. With regards to con-
densed tannins, these were highest in the south after the first 
field season, while Munkrøstad had highest concentrations in 
2017. Munkrøstad has lower mean annual temperature than 
Ås and Re, and possibly somewhat less fertile soils. Both 
factors may explain our results, as several previous studies 
have concluded that foliar phenolic concentration depends 
on environmental variables. Pahlsson (1989) reported that 
the concentration of foliar phenolics increased in beeches 
deficient in several mineral nutrients. Generally, foliar phe-
nolics and nitrogen availability is negatively correlated 
(Koricheva et al. 1998). Bussotti et al. (1998) also found 
more foliar phenolics, mainly tannins, at high elevations in 
mature beeches. As these were natural beech populations, 
the populations differed not only in growing site, but also in 
genetic background. By contrast, Zimmer et al. (2015) found 
that the total concentration of foliar phenolics depended 
more on provenance than on environment but hypothesized 
that the difference in concentration of individual compounds 
was mainly due to the temperature difference between the 
growing sites. Covelo and Gallardo (2001) found that grow-
ing site explained a large part of foliage phenolics variation 
in oak seedlings. However, in their study, different growing 
site also meant a difference in light availability and genetic 
background. To our knowledge, no experimental study has 
so far looked at the effect of temperature on foliar phenolics 
in beech, but there are several publications on other tree 
species, as reviewed by Julkunen-Tiitto et al. (2015). In a 
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study on dark-leaved willow (Salix myrsinifolia), Nybakken 
et al. (2012) found a decrease in foliar phenolics, including 
tannins, with increasing temperature. The decrease of pheno-
lics at higher temperatures is likely caused by temperature-
dependent regulation of genes involved in the phenol bio-
synthesis, as well as faster degradation of kaempferol- and 
quercetin glycosides (Escobar-Bravo et al. 2017; Olsen et al. 
2009). Also, in spruce seedling needles, the elevated temper-
ature decreased the concentration of low molecular weight 
phenolics, but not condensed tannins (Virjamo et al. 2014). 
These studies, which all measured phenolics towards the end 
of the growing season like we did, indicate that lower tem-
peratures result in higher concentrations of low molecular 
weight phenolics, and as such supports lower temperature 
as an explanation for the northernmost location having the 
highest phenolic concentrations in our study.

Variation between provenances

We observed differences in concentrations of some phe-
nolic compounds between some provenances, which points 
towards local adaptation (Robson et al. 2012). However, it 
should be noted that differences in treatments of seeds and 
variations in early growth conditions of the plants from the 
different provenances may have affected our results. Beech 
has high intraspecific genetic variability, and genetic dif-
ferences between provenances exist (Konnert 1995; Kon-
nert and Ruetz 2001). The similar composition of phenolic 
compounds in Danish and Norwegian provenances supports 
the suggestion by Myking et al. (2011) that the Norwegian 
population are of Danish origin.

The provenances in this experiment originated from a 
range of climates, which may require different levels and 
composition of constitutive chemical defense. However, 
beech also exhibits phenotypic plasticity (Bolte et al. 2007; 
Gárate‐Escamilla et al. 2019), which should decrease phe-
notypic differences between provenances when grown in a 
common garden. Common gardens are used to quantify the 
genetic basis of traits, as the effect of different environments 
is minimized (de Villemereuil et al. 2016). Hence, common 
gardens are valuable to quantify genetic differences between 
provenances. Some tree species have shown significant 

differences in chemical defense between provenances in 
common gardens, e.g. lodgepole pine (Wallis et al. 2010) 
and ash (Enderle et al. 2013). To our knowledge, only Zim-
mer et al. (2015) and Aranda et al. (2017) have quantified 
intraspecific variation in phenolic defense in beech in a com-
mon garden setup. Zimmer et al. (2015) found that prov-
enance explained 25% of the total phenolic content in beech, 
while Aranda et al. (2017) also found a significant effect of 
provenance on foliar phenolics in beech, which was larger 
than the effect of water stress. On the other hand, Baldwin 
et al. (1987) found no significant provenance effect on the 
total phenolic content in yellow birch (Betula alleghenien-
sis) and sugar maple (Acer saccharum), and only one prov-
enance showed significantly higher levels of condensed tan-
nins. Deepak et al. (2018) found that for silver birch (Betula 
pendula) the variation as explained by provenance differed 
between individual phenolic compounds. In summary, our 
study supports previous suggestions that Norwegian beech 
provenances have Danish origin and shows that these two 
provenances differ in phenolic composition from the oth-
ers tested here. However, provenance as such explained a 
relatively low amount of the variation in phenolics between 
plants.

Variation between years

We found a large reduction in low molecular phenolics, 
and a shift in the composition of compounds, from the first 
to the second year in the field. Condensed tannins, on the 
other hand, increased. Differences in weather and aging of 
the seedlings can both cause variation in phenolics between 
years, while stress due to planting and establishment may 
also have been important. Effects of plant age or ontoge-
netic stage on chemical defense is rather little studied, but 
in a meta-analyses Barton and Koricheva (2010) found little 
variation in total chemical defense throughout the juvenile 
phase of woody plants. Nissinen et al. (2018) reported no 
change in foliar phenol concentration in Salix myrsinifolia 
individuals over a 7-year period. In European aspen (Poulus 
tremula), however, flavonoids and phenolic acids decreased, 
while condensed tannins increased as the plants changed 
from one ontogenetic stage to another (Nissinen et al. 2017). 
Wam et al. (2017) correspondingly observed a decrease in 
foliar low molecular weight phenols and an increase in con-
densed tannins with age in young birches. It is important to 
note, however, that patterns in defensive chemistry prob-
ably also may vary with the life history strategy of species. 
For example, pioneers, like willow and birch, have a faster 
ontogenetic development/aging than late successional spe-
cies like beech.

Reduction in environmental stress may also be an expla-
nation for the change in defensive levels from the first to 
the second year. Plants in Munkrøstad, which were planted 

Fig. 3  Variation in kaempferol 3-glycosides, quercetin 3-glycosides 
and total flavonoids (kaempferol 3-glycosides + quercetin 3-gly-
cosides) in beech seedling leaves between growing location, prov-
enances and years. Colors designate provenance, ordered from north 
to south. Data from 2016 is shown on the left (A, C and E) and data 
from 2017 on the right (B, D and F). Error bars depict the standard 
error of the mean. Capital letters above the horizontal lines indicate 
statistical significance (p<0.05) between the growing location. Low-
ercase letters show statistical significance (p<0.05) between prove-
nances within a growing location. If no provenances were statistically 
significant, no letters

◂
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later (spring 2016) than the plants in Ås and Re (fall 2015), 
had the highest levels of phenols in the autumn of 2016. 
Although planted in the autumn after bud set, it may be that 
the plants at Ås and Re had time to develop roots and estab-
lish at the new growing site before the frost came. Newly 
planted seedlings have higher water stress than established 
seedlings under the same conditions (Grossnickle and 
Reid 1984), which might explain the higher concentration 

of seedlings in Munkrøstad in 2016, as well as the large 
decrease in phenols in these plants between 2016 and 2017. 
Even for established seedlings, there might be a carry-over 
effect of the planting stress for instance due to nutrient limi-
tations (Grossnickle 2005), which may cause a higher stress 
level over time in seedlings after planting. In conclusion, the 
planting stress was likely higher in Munkrøstad because of 
less favorable soil conditions and later planting, which may 

Fig. 4  Variation in MeOH-soluble and MeOH-insoluble condensed 
tannins in beech seedling leaves between growing location, prov-
enances and years. Note the difference in scale between MeOHsolu-
ble and insoluble condensed tannins. Colors designate provenance, 
ordered from north to south. Data from 2016 is shown on the left (A 
and C) and data from 2017 on the right (B and D). Error bars depict 
the standard error of the mean. Capital letters above the horizontal 

lines indicate statistical significance (p<0.05) between the growing 
location. Lowercase letters show statistical significance (p<0.05) 
between provenances within a growing location. If no provenances 
were statistically significant, no letters are shown. Statistical signifi-
cance was calculated using ANOVA on log-transformed linear mixed 
effects models in R
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have contributed to the high phenolics level in Munkrøstad 
in the first year.

The variation between years seems to be unrelated to 
climatic differences. Although the mean temperature in 
Munkrøstad during the growing period stayed the same in 
2016 and 2017, the seedlings growing in Munkrøstad had 
the largest decrease in low molecular weight phenols. Most 
likely, the patterns observed were driven by a combination 
of acclimation to the growing site and aging of the seedlings.

Implications

Our results indicate that total low molecular phenolic con-
centration in beech seedlings depends more on the envi-
ronment than on the seedling’s genetic background, which 

Table 4  ANOVA output of the linear mixed effects models of variation in phenolic composition in beech seedling leaves between growing loca-
tions, provenances and years

F-values (p values). Low molecular weight phenols, chlorogenic acid derivatives, quercetin 3-glycosides, kaempferol 3-glycosides and total fla-
vonoids are composed of data from the individual phenolic compounds numbered 1–21. Statistically significant results (p < 0.05) are printed in 
bold. P:Y stands for the interaction between provenance and year

Compound Provenance Year Location P:Y P:L Y:L P:Y:L

Low molecular weight 
phenols

1.12(0.348) 372.06(< 0.001) 55.28(< 0.001) 1.53(0.178) 1.61(0.100) 18.26(< 0.001) 1.52(0.129)

Chlorogenic acid deriva-
tives

2.64(0.023) 27.69(< 0.001) 71.49(< 0.001) 2.19(0.054) 1.65(< 0.001) 9.92(< 0.001) 1.45(0.156)

Quercetin 3-glycosides 6.99(< 0.001) 237.72(< 0.001) 13.23(< 0.001) 0.84(0.518) 1.05(0.401) 20.29(< 0.001) 0.66(0.760)
Kaempferol 3-glycosides 1.35(0.242) 626.81(< 0.001) 14.79(< 0.001) 2.11(0.063) 1.39(0.181) 12.69(< 0.001) 1.25(0.253)
Total flavonoids 3.91(0.002) 498.07(< 0.001) 17.76(< 0.001) 1.42(0.213) 1.35(0.199) 19.84(< 0.001) 0.83(0.599)

1 Neochlorogenic acid 4.47(< 0.001) 17.31(< 0.001) 9.79(< 0.001) 0.83(0.525) 0.69(0.738) 15.34(< 0.001) 0.52(0.873)
2 Chlorogenic acid der. 1 1.37(0.233) 430.07(< 0.001) 3.02(0.049) 3.08(0.009) 2.41(0.008) 3.62(0.027) 0.78(0.644)
3 Chlorogenic acid der. 2 0.19(0.968) 342.54(< 0.001) 6.28(0.002) 2.42(0.035) 0.40(0.946) 14.78(< 0.001) 0.77(0.655)
4 Chlorogenic acid der. 3 3.62(0.003) 0.05(0.826) 0.52(0.592) 2.98(0.011) 0.87(0.563) 10.21(< 0.001) 0.99(0.446)
5 Chlorogenic acid 2.17(0.056) 13.49(< 0.001) 39.49(< 0.001) 1.06(0.379) 1.54(0.120) 0.66(0.520) 0.61(0.803)
6 Chlorogenic acid der. 4 4.03(0.001) 133.93(< 0.001) 24.82(< 0.001) 1.51(0.184) 1.39(0.179) 32.06(< 0.001) 1.21(0.280)
7 Dihydroquercetin der. 1 6.06(< 0.001) 168.76(< 0.001) 0.25(0.777) 2.47(0.031) 0.56(0.845) 3.77(0.024) 0.47(0.907)
8 Quercetin 3-glycoside 1 6.49(< 0.001) 293.79(< 0.001) 6.87(0.001) 4.40(< 0.001) 1.55(0.120) 16.90(< 0.001) 1.47(0.147)
9 Quercetin 3-glycoside 2 3.56(0.004) 182.21(< 0.001) 5.82(0.003) 1.10(0.360) 0.90(0.532) 7.16(< 0.001) 0.96(0.476)
10 Quercetin 3-glycoside 3 4.30(< 0.001) 442.24(< 0.001) 14.15(< 0.001) 1.87(0.097) 1.33(0.210) 7.80(< 0.001) 1.39(0.182)
11 Chlorogenic acid der. 5 4.10(0.001) 516.61(< 0.001) 13.72(< 0.001) 2.90(0.013) 1.05(0.402) 4.04(0.018) 0.97(0.467)
12 Kaempferol 3-glycoside 1 2.56(0.026) 224.50(< 0.001) 7.04(< 0.001) 1.16(0.328) 0.60(0.812) 28.45(< 0.001) 0.63(0.791)
13 Kaempferol 3-glycoside 2 1.98(0.080) 474.44(< 0.001) 26.51(< 0.001) 2.22(0.050) 1.51(0.132) 3.50(0.031) 1.54(0.121)
14 Chlorogenic acid der. 6 7.24(< 0.001) 35.35(< 0.001) 18.10(< 0.001) 3.39(0.005) 1.62(0.096) 6.62(0.001) 1.78(0.060)
15 Kaempferol 3-glycoside 3 3.47(0.004) 34.31(< 0.001) 6.00(0.003) 7.72(< 0.001) 1.56(0.115) 29.25(< 0.001) 1.50(0.136)
16 Kaempferol 3-glycoside 4 1.98(0.080) 486.52(< 0.001) 31.67(< 0.001) 3.22(0.007) 1.60(0.103) 36.92(< 0.001) 0.93(0.501)
17 Monocoumaroylastragallin 8.02(< 0.001) 185.40(< 0.001) 10.96(< 0.001) 1.64(0.146) 0.86(0.574) 4.21(0.015) 0.94(0.494)
18 Dicoumaroylastragallin 1 2.23(0.05) 167.71(< 0.001) 0.62(0.540) 1.83(0.105) 1.05(0.397) 2.08(0.125) 1.22(0.272)
19 Dicoumaroylastragallin 2 5.66(< 0.001) 63.74(< 0.001) 1.72(0.180) 0.53(0.751) 0.32(0.977) 0.63(0.531) 0.63(0.788)
20 MeOH-soluble condensed 

tannins
1.51(0.185) 0.65(0.420) 12.15(< 0.001) 0.80(0.805) 0.66(0.655) 48.88(< 0.001) 2.61(0.004)

21 MeOH-insoluble con-
densed tannins

2.49(0.030) 39.13(< 0.001) 6.26(0.002) 1.85(0.101) 1.95(0.036) 10.23(< 0.001) 1.62(0.097)

Table 5  Permutational multivariate analyses of variance (PER-
MANOVA; using 999 permutations) testing for the effect of year, 
location and provenance on the composition of phenolic compounds 
in beech leaves

Df F (P)

Year 1, 675 145.9 (< 0.001)
Location 2, 675 19.7 (< 0.001)
Provenance 5, 675 3.4 (< 0.001)
Y * L 2, 675 17.8 (< 0.001)
Y * P 5, 675 2.2 (0.004)
L * P 10, 675 2.1 (0.004)
Y * L * P 10, 675 1.1 (0.394)
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has implications for how beech reacts to climate change. 
Traits which responds to changes in the environment with-
out a change in genotype, exhibit phenotypic plasticity, 
whereas local adaptation produces new genotypes which 
are better adapted to the site conditions through natural 
selection (Gárate‐Escamilla et al. 2019). Phenotypic plas-
ticity results in acclimation, which is a more rapid adjust-
ment to environmental change than genetic adaptation, 
especially in organisms with long generation times such as 
beech. Global warming will cause substantial changes in 
environmental factors in European forests such as higher 
mean temperatures, more uneven precipitation patterns, 
higher  CO2-concentration in the air and more frequent 
pathogen infections (IPCC 2014; La Porta et al. 2008). 
Beech at the edge of its range is more sensitive to climatic 
conditions than core populations, and it has become more 
sensitive over the last decades (Farahat and Linderholm 
2018). It remains to be seen if the acclimation can keep up 
with the speed at which the climate changes. Saltré et al. 
(2015) did not assume it will and predicted a decrease in 
the distribution area of European beech by 36–61% by 
2100. The future climate, with more frequent weather 
extremes might cause a threat to beech populations at the 
northernmost distribution limits in Europe.

Conclusions

This study adds to the understanding of how genes and envi-
ronment affect the chemical defense in beech seedlings. Our 
findings indicate that the concentration of phenolic com-
pounds in beech leaves depends more on the environment 
than on the genetic background of the seedlings. Hence, 
changes in the environmental conditions such as changed 
precipitation patterns and higher temperatures will cause 
changes in the concentration and composition of foliar phe-
nols in beech. However, it also indicates high phenotypic 
plasticity. We do not quantify the direction nor the magni-
tude of the change in phenols, as the experiment only went 
on for two years. This is also a highly complex process, 
which is influenced by a multitude of factors, which in part 
counteract each other. Furthermore, we observed a large 
decrease in phenolics between the first and the second year 
in the field, which may be attributed to decreased stress from 
planting and establishment on the site. This is an indication 
of acclimation to changes in the environment and hence phe-
notypic plasticity. There was also a difference in the phenolic 
composition between planting locations, provenances, and 
years, and it seems like the environment influences the phe-
nolic composition more than the genetic background.

Fig. 5  Ordination plot derived 
from a global non-metric mul-
tidimensional scaling (NMDS) 
of phenolic compounds in 
beech leaves from six different 
provenances planted at three 
common gardens and sampled 
in two different years. Crosses 
represent standard errors of the 
centroids for year (2016 and 
2017), provenance (Norway 
[N], Sweden [S], Denmark 
[D], Belgium [de Soignes, BS], 
Belgium [Ardennes, BA] and 
France [F]) and, in red, location 
of each common garden (Re, Ås 
and Munkrøstad). The colored 
dots represent individual 
phenolic compounds numbered 
according to Table 4 and their 
color denote phenolic group. 
Stress value indicate goodness 
of fit
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Our knowledge of how the phenolic composition and con-
centration of phenolic defense compounds in beech relate 
to genetic background and environment is still incomplete, 
particularly as existing results are contradictory. Several 
common garden provenance trials exist for beech, but few 
of these experiments include studies of chemical defense. 
Sampling leaves to quantify defense chemicals from existing 
common gardens will minimize stress due to planting and 
establishment, and cut costs compared to establishing new 
common garden experiments. Experiments where seedlings 
are subjected to controlled temperatures and precipitation 
are also needed to untangle the effects of different climatic 
aspects on chemical defense in beech. We have yet to see the 
full extent and speed of global change, and the knowledge 
of how beech reacts to rapid environmental change is still 
insufficient for making reliable forecasts about the future 
fitness of the species.
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