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provenances are used for a long time in Germany due to the 
assumption of higher adaptation to local environmental con-
ditions. It is supposed that local adaptation results in high-
er fitness of the plants of a population at their site of origin 
compared with non-local plants of the same species (Biere 
and Verhoeven, 2008). Outplanting of non-local populations 
of a plant species bears the risk of higher susceptibility to 
stress events because of maladaptation to the new environ-
mental conditions and the loss of adaptive traits of the lo-
cal population by hybridization (Hufford and Mazer, 2003). 
The use of provenances shall prevent local populations from 
hybridization with non-local populations. For silvicultur-
al purposes Germany is divided into different numbers of 
provenance zones, depending on the species. This is regu-
lated by law (FoVG, 2002). In 2010, the amendment to the 
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 Summary
Local adapted tree populations underlie the 

risk of losing their adaptive traits by hybridization 
with trees of non-local populations. To prevent this 
hybridization the German government amended 
the Federal Nature Conservation Act (BNatschG) in 
2010 and six defined areas of origin were arranged 
(BMU, 2012) for the use of plants in free nature. The 
transfer of propagation material between them is 
forbidden from  March 1st, 2020. However, the grade 
of local adaptation in populations of woody species 
in Germany is not clearly demonstrated. The aim of 
this study was to investigate differences in early frost 
reactions among German populations of Quercus 
robur and Tilia cordata by artificial freezing of shoots 
at -15°C and -25°C in November 2011. The process 
of bud set was rated prior and frost damage, sugar, 
starch and proline concentration were measured 
after the freezing experiments. To estimate long term 
survival whole plants were frozen simultaneously 
and then cultivated to investigate their regeneration. 
We did not find differences in bud set and early frost 
hardiness of shoots between German populations 
of the target species. Differences in these traits only 
occurred for the included Hungarian population 
of Quercus robur with lower grade of bud set and 
higher frost damage while having the highest proline 
concentration. Physiological differences occurred 
among German populations of Tilia cordata with 
higher soluble sugar concentration of the most 
southern population (47.51°N). However, these 
physiological differences did not improve frost 
hardiness indicating phenology as the main factor for 
early frost hardiness in the current experiment. The 
ecological differences at the sites of origin of the used 
populations do not seem to be big enough to generate 
different early frost reactions in our experiment, 
counteracting ecological factors affecting the same 
biological parameter substitute each other or high 
phenotypic plasticity covers local adaptation.
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Significance of this study
What is already known on this subject?
• The adaptation of woody plant populations to local 

ecological conditions can lead to different abiotic 
stress reactions, e.g., early frost. These adaptive traits 
can be lost by hybridization with non-local popula-
tions. However, the magnitude of local adaptation 
in German populations of Quercus robur and Tilia 
cordata is not fully clear. Nevertheless from March 1st, 
2020 the Federal Nature Conservation Act forbids the 
planting of populations outside their newly arranged 
defined areas of origin in free nature.

What are the new findings?
• After transfer to the experimental site in Hannover 

and growth for seven months, we did not find differ-
ences in bud set between German populations of the 
target species. Also after artificial freezing at -15°C 
and -25°C in November 2011 no interpopulation dif-
ferences in frost damage occurred. Differences in 
sugar, starch and proline concentration were marginal. 

What is the expected impact on horticulture?
• Based on the results for possible risks due to early 

frost, the partitioning of six defined areas of origin 
for the use of woody plants in free nature of Germany 
has to be reconsidered. An exchange of plant material 
between adjacent defined areas of origin should be 
possible in case of a lack of suitable plant material. 
This would alleviate the expenditure for the acquisi-
tion of seed for tree nurseries and improve the supply 
of planting stock.

Introduction
Quercus robur and Tilia cordata are important silvicul-

tural plant species but are often used for renaturation proj-
ects outside the forests in Germany as well. In silviculture, 
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Federal Nature Conservation Act (BNatschG) also regulated 
the use of woody plants in the free nature. Free nature in the 
BNatschG (BMU, 2012) is a juristic term and is defined as all 
non-built-up areas with exception of forestry and street veg-
etation (e.g., alley trees). Here six “defined areas of origin” in-
dependent on species were established according to a map of 
Schmidt and Krause (1997) based on ecological fundamental 
units (BMU, 2012). After a transition period until March 1st, 
2020 it is forbidden for a number of species (BMU, 2012) to 
use populations outside their defined area of origin in the 
free nature without permission. This makes the production 
of woody plants due to the acquisition of propagation ma-
terial and documentation more difficult and expensive. Fur-
thermore it could result in a lack of suitable plant material.

Adaptive traits of plants to local climatic and geographic 
conditions are manifold. Early frost tolerance is an important 
one. It is related, among others, to the timing of phenological 
events and initiation of frost hardiness of a plant (Campbell 
and Sorensen, 1973; Jensen and Deans, 2004; Vitasse et al., 
2009a; Kreyling et al., 2014). 

In the case of phenological events perennial plants syn-
chronize their timing of growth cessation and bud set in au-
tumn and flushing in spring to favorable local climatic con-
ditions with the aim to maximize the benefit from growth 
during the vegetation period without running into the risk of 
being damaged by frost events (Howe et al., 2003). The driv-
ing force for growth cessation and bud set of many broad-
leaved tree species in autumn is short day photoperiod and/
or decreasing temperatures. The specific photoperiod trig-
gering these phenological events is called critical day length 
(CDL) and is under strong genetic control (Christersson, 
1978; Junttila, 1980; Rohde, 2011). It is well documented 
that CDL of many tree species is related to the latitudinal and 
altitudinal origin of a population. Populations from lower lat-
itudes and altitudes set buds at shorter CDL than populations 
from higher latitudes and altitudes (Heide, 1974; Junttila, 
1980; Viherä-Aarnio et al., 2006; Vitasse et al., 2009b). These 
photoperiodic adapted populations are called photoperiod-
ic ecotypes (Vartaja, 1954; Heide, 1974). In general, after a 
transfer from lower to higher latitudes non-local populations 
cease growth and set buds later than the locally adapted ones 
(Hurme et al., 1997; Li et al., 2005) which comes along with a 
higher risk of early frost damage.

Also physiological traits are affecting the susceptibility 
of a plant to frost. For cryoprotection many woody plants 
accumulate compatible solutes like soluble carbohydrates 

and proline during cold acclimation (Kozlowski and Pallardy, 
2002; Kosová et al., 2007). This accumulation is supposed to 
correlate with the place of origin (Oleksyn et al., 2000; Morin 
et al., 2007).

Examples from literature show that the occurrence of dif-
ferences among populations and their relation to local con-
ditions seems to be strongly dependent on factors like plant 
species, magnitude of ecological differences between popu-
lation sites of origin, examined parameters and interactions 
between these factors (Oleksyn et al., 2000; Whiteleyl et al., 
2003; Li et al., 2005; Ingvarsson et al., 2006; Viherä-Aarnio 
et al., 2006).

The use of local plant populations in free nature with the 
goal of conserving biological diversity and avoiding loss of 
local adaptation by hybridization with non-local populations 
is discussed in many countries. However, by our knowledge, 
Germany is the only one which regulated this by law. Regard-
ing the defined areas of origin in Germany the question arises 
whether the ecological differences are strong and consistent 
enough to generate locally adapted populations with respect 
to early frost reactions. By enlarging the data base, the re-
sults support careful consideration of this topic not only for 
the German situation.

In this study it was investigated if populations of Quercus 
robur and Tilia cordata from three of the German defined ar-
eas of origin differ in their reaction to early frost events after 
transfer and cultivation at the same non-local site. To cover a 
bigger geographic range one Hungarian population of Quer-
cus robur was included.

Materials and methods

Plant material
In April 2011 three German populations of Tilia cordata 

and Quercus robur and one Hungarian population of Quercus 
robur were bought from nurseries (Figure 1, Table 1). Refer-
ring to § 40 BNatschG (BMU, 2012), three defined areas of 
origin were included in the investigations. The populations 
of Quercus robur originated from the west (Nordrhein-West-
falen [NW]), east (Brandenburg [BB]) and south (Bayern 
[BY]) of Germany and from northwest of Hungary (near 
Tiszadob [HU]). Tilia cordata populations originated from 
west (Nordrhein-Westfalen [NW]), east (Sachsen [SN]) and 
south (Baden-Württemberg [BW]) of Germany. 

The two years old seedlings were potted into 3-L con-
tainers with peat as growing medium (Klasmann Deilmann) 
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Figure 1.  Geographical distribution (dark grey) of Quercus robur (A) and Tilia cordata (B) and locations of the tested 
populations. Modified map of Euforgen (http://www.euforgen.org/ distribution-maps/).
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containing 0.8 g nitrogen L-1 substrate (Osmocote 8-9 M ex-
act standard; 15% N, 9% P2O5, 11% K2O, 2% MgO [Everris 
GmbH]) and arranged in a randomized complete block de-
sign with two blocks per population outside on the container 
area at the experimental site in Ruthe (52°14’N, 9°49’E). In 
sum 54 seedlings with a plant density of 45 x 45 cm were 
cultivated per population. The irrigation took place automat-
ically with a drip irrigation system. 

Climate chamber conditions
Three shoots approximately 30 cm in length were cut 

from each of 24 randomly selected plants per population and 
placed into plastic bags. 24 shoots of each population were 
arranged randomly in one of three climate chambers (Vötsch 
Industrietechnik, Modell VTZ 3008/S). The minimum tem-
peratures of the climate chambers were 5°C, -15°C and -25°C. 
The temperature was decreased by 5°C per hour, the mini-
mum temperature was held for 8 hours and then increased 
by 5°C per hour. The shoots were frosted at 9th, 10th and 11th 
of November. On each day the three target temperatures 
were assigned randomly to the three climate chambers. 

In addition to the excised shoots eight whole plants per 
population and temperature were treated analog to the 
shoots at the same time to determine the long term behavior 
after the experiment. To protect the roots of these so called 
“regeneration plants” their root ball was embedded with 
peat substrate in big tubs. Air and root ball temperature were 
measured with temperature loggers (iButton DS1922L-F5, 
Maxim Integrated). After frost treatment the plants were 
planted out in the field and survival was observed.

Sampling
After exposure to the different temperatures, a 3 cm-long 

segment of each shoot tip was taken to measure relative elec-
trolyte leakage (REL). The rest of each shoot was used for 
analysis of biomarkers (proline, glucose, fructose, sucrose 
and starch) and N-, P- and K- content. To stop enzymatic ac-
tivity each shoot was cut into small pieces and treated in a 
microwave for 2.5 minutes at 700 watt. Then the plant mate-
rial was dried for nutrient and carbohydrate/proline analy-
ses at 70°C and 60°C, respectively and milled by a planetary 
ball mill (PM 100, Retsch).

Frost damage
Frost damage was measured by relative electrolyte leak-

age (REL) according to the method of McKay (1992). Tips of 
shoots were rinsed with distilled water to remove surface 
ions and inserted into glass vessels (one shoot tip per glass) 
containing 30 mL distilled water of a known conductivity. 

The vessels were capped and stored at room temperature. 
After 24 h they were shaken by hand and the initial electri-
cal conductivity (L1t) of the solution was measured by a con-
ducting meter (WTW, LF 197-S). To degrade the membranes 
totally capped vessels were stored in an oven at 70°C for 24 
h. After cooling the solution to room temperature the final 
electric conductivity (L2t) was measured. REL for a given 
temperature (Rt) was calculated by:

Rt = L1t / L2t (1)

To adjust REL of the frozen samples to REL of the unfro-
zen samples of each population index of injury (It) at tem-
perature t was calculated according to Flint et al. (1967):

It = 100 (Rt - R0) / (1 - R0) (2)

where:
R0 : Mean relative electrolyte leakage of unfrozen control 
samples of respective population.
Rt : Relative electrolyte leakage of sample frozen at tempera-
ture t.

Proline analyses
Free proline was analysed spectro-photometrically using 

a modified ninhydrin method of Bates et al. (1973). 50 mg of 
plant material of shoots were extracted with 1.8 mL sulfo- 
salicylic acid (3%). After centrifugation (14,800 rpm) for 15 
minutes, 150 µL of supernatant, 90 µL glacial acid and 90 µL 
of acid ninhydrin were cooked for 45 minutes and extracted 
with 1.5 mL toluol by mixing and shaking. 200 µL of toluol 
phase was pipetted in a quartz-microplate and absorbance 
was read at 520 nm with a microplate spectrophotometer 
(Molecular Devices, VersMax ELISA). Proline concentration 
was determined from a standard curve and calculated on dry 
weight (DW) basis (mg g-1 DW).

Carbohydrate analysis
Analyses of carbohydrates were carried out after a modi-

fied method of Zhao et al. (2010). 30 mg of plant material was 
extracted three times with hot (80°C) ethanol:water (80:20 
[v/v]). After centrifugation the supernatants were combined 
and analyzed enzymatically for glucose, fructose and sucrose 
in a microplate with glucose as standard. 20 µL of sample-ex-
tract was combined with 200 µL of tri-acetate-buffer includ-
ing 1 mg mL-1 NADP, 5 mg mL-1 ATP and 5 mg mL-1 NaHCO3. Af-
ter adding 10 µL of hexokinase/glucose-6-phosphate-dehy-
drogenase and 15 minutes of incubation at 30°C absorbance 
was read at 340 nm (E1) by a microplate spectrophotometer 

Table 1.  County, population code, latitude (Lat.), longitude (Long.), altitude (Alt.), mean annual temperature (Ta) and mean 
autumn (September, October, November) temperature (Taut) of populations’ sites of origin. Climatic data are means from 
1965–1990.

Species County/Country Code Lat. Long. Alt.
(m.a.s.l)

Ta 
(°C)

Taut 
(°C) 

Quercus robur Nordrhein-Westfalen NW 51°55’ N 07°58’ E   60 9.4   9.6
Brandenburg BB 52°21’ N 14°06’ E   50 8.6   8.8
Bayern BY 48°45’ N 12°59’ E 350 7.8   7.9
Hungary HU 47°59’ N 21°10’ E 100 9.2 10.2

Tilia cordata Nordrhein-Westfalen NW 50°40’ N 07°03’ E 160 9,8 10.3
Sachsen SN 51°21’ N 12°20’ E 110 9.1   9.7
Baden-Württemberg BW 47°51’ N 09°38’ E 450 7.7   8.0
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(Molecular Devices, VersMax ELISA). Afterwards 10 µL of 
phosphoglucose isomerase was added and after incubation 
for 15 minutes at 30°C absorbance was read at 340 nm (E2). 
The last read (E3) was done after adding 20 µL of ß-fructo-
sidase and incubating for 60 minutes at 30°C. Calculation of 
the glucose equivalents was done with the glucose standard 
curve and respective sugar was calculated as follows: 

Glucose (mg mL-1): E1
Fructose (mg mL-1): E2-E1
Sucrose (mg mL-1): (E3-E2)*0.96

Results were calculated on dry weight basis (mg g-1 DW).
After extraction the remaining pellet was used for starch 

analysis (Boehringer, 1984). For this the pellet was solved 
in NaOH (0.5 M) and incubated at 60°C for 30 minutes. To 
adjust pH-value to 4.6–4.8 glacial acid was added. After cen-
trifugation at 5,000 rpm for 5 minutes supernatant (10 µL) 
was pipetted to a microplate and combined with amyloglu-
cosidase. Extinction (E1) was read at 340 nm after adding 
tri-acetate-buffer and incubation for 60 minutes at 30°C. Ex-
tinction (E2) was read at 340 nm after adding hexokinase/
glucose-6-phosphate-dehydrogenase and incubation at 30°C 
for 15 minutes. Starch concentration was determined by glu-
cose based standard curve calculated on dry weight basis 
(mg g-1 DW).

Bud set assessment
To assess bud set 54 plants of each population were eval-

uated from October10th to December 9th. Bud set was divided 
into five classes by shape, length and color of terminal and 
axillary buds (NW-FVA). For Quercus robur: (1) terminal bud 
2 mm in length and obtuse coned, axillary buds initiated; (2) 
terminal bud unchanged, axillary buds 1 mm in length and 
round; (3) terminal bud 3 mm in length and triangular, ax-
illary buds 2 mm in length and acuminate; (4) terminal bud 
5 mm in length and acute coned; axillary buds 3–4 mm in 
length; (5) terminal bud 9 mm in length and acute coned, ax-
illary buds 5–7 mm in length.

For Tilia cordata: (1) Active growth, no terminal bud; (2) 
little acuminate terminal bud, bright green; (3) little acumi-

nate-shaped terminal bud, bright green, one bud-scale visi-
ble; (4) terminal bud starts to round up and coloring brown-
ish, two bud-scales visible; (5) terminal bud round, colored 
red, three bud-scales visible. Bud setting stage is calculated 
as mean of bud set classes of each population and evaluation.

Statistics
Statistical analyses were performed with statistic soft-

ware R 3.0.3 (R Core Team, 2014) with additional package 
‘multcomp’ (Hothorn et al., 2008). Bud set assessment data 
were analysed using a one-way analysis of variance (ANOVA) 
and Tukey all-pair comparison with provenance as factor. 
Index of injury and biochemical parameters were analysed 
by two-way ANOVA and Tukey all-pair comparison with 
provenance and treatment as factors. Data were checked 
for heterogeneity of variance and normal distribution and if 
necessary logarithmic transformed to satisfy requirements 
of ANOVA.

Results

Phenology
For none of the populations of Quercus robur bud set was 

complete (all plants with bud set class 5) until the end of as-
sessment at December 9th, 2011 (data not shown). However, 
HU showed a delayed formation of buds compared with the 
German populations, which did not differ among each other. 
Averaged, bud setting stage at the time of early frost experi-
ment (November 9th – 11th) was higher for the German pop-
ulations of Quercus robur (3.9) compared to the Hungarian 
(2.8) one (data not shown). 

All populations of Tilia cordata showed complete bud 
setting (all plants with bud set class 5) at the end of assess-
ment at December 9th, 2011 (data not shown). Already at the 
time of early frost experiment the populations NW, SN and 
BW almost set buds completely with 4.9 of bud setting stage 
(data not shown). For Tilia cordata there were no interpopu-
lation differences in the course of bud setting and bud setting 
stage at the date of early frost experiment.
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FIGURE	2.  Mean index of injury [%] (± standard error) for different populations of Quercus	robur (A) and Tilia	
cordata (B) at two different frost treatments in early November 2011. Different lower case letters indicate 
significant differences between populations (α=0.05, n=8). 
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Figure 2.  Mean index of injury [%] (± standard error) for different populations of Quercus robur (A) and Tilia cordata (B) at 
two different frost treatments in early November 2011. Different lower case letters indicate significant differences between 
populations (α = 0.05, n = 8).
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Frost damage
In our frost experiment, It of shoot tips in November 

2011 was relatively low (Figure 2). For Quercus robur values 
of only 8.9–10.4% were reached at -15°C and 18.4–30% at 
-25°C. The German populations did not differ among each, 
neither at -15°C nor at -25°C. Only at -25°C the Hungarian 
population significantly differed from the German ones 
showing higher It. For Tilia cordata It was even lower with 
7.1–8.9% at -15°C and 12.9–19.1% at -25°C (Figure 2). Com-
parison of Tilia cordata populations showed higher It for BW 
(8.9%) than SN (7.3%) and NW (7.1%) at -15°C and also at 
-25°C with 19.1%, 13.7% and 12.9%, respectively. Neverthe-
less these differences are marginal and not significant.

Long term assessment of regeneration plants showed die 
back of the upper shoot tips but no differences among pop-
ulations neither for Tilia cordata nor for Quercus robur oc-
curred (data not shown). All plants survived frost treatment 
down to -25°C and flushed in spring 2012. 

Biochemical parameters
Temperature partially affected biochemical parameters 

of Quercus robur populations (Table 2). Following frost of 
-25°C, all populations showed a tendency to have higher 

glucose and fructose concentrations compared to 5°C-treat-
ment. However, this was only significant for population BY. 
In contrast, at -15°C treatment compared to 5°C, glucose and 
fructose concentrations decreased except for population 
BY. By trend all populations showed a decrease in sucrose 
concentration with decreasing temperature. But this was 
only significant for population BB. Starch and proline con-
centration was not affected by temperature. In none of the 
treatments a significant difference in glucose, fructose and 
sucrose between the populations occurred. However, such 
differences partially could be detected for starch and proline 
concentrations. BB had higher starch concentration than NW 
at -25°C. At -25°C HU had significantly higher proline concen-
tration compared to all other populations, while at -15°C this 
was significant only compared to NW and BB.

For Tilia cordata the biochemical parameters (glucose, 
fructose, sucrose, starch and proline concentration) were 
not significantly affected by the frost treatments (Table 3). 
However, differences between populations within one treat-
ment existed. There was a trend of higher soluble sugar con-
centration of BW compared with the other populations, but 
without being significant consistently. While BW differed sig-
nificantly from NW in fructose at -15°C and -25°C, significant 
differences for glucose and sucrose were found only at -25°C 
with SN. In contrast to soluble sugars, the starch and proline 
concentrations did not differ between populations.

Table 2.  Mean concentration of glucose, fructose, sucrose, 
starch and proline (± standard error) in shoot tips of four 
populations of Quercus robur after treatment at different 
temperatures. Different lower case letters indicate significant 
differences between populations. Significant differences 
between temperatures for the same population are indicated 
by capitals. (α = 0.05, n = 8).

Temperature
5°C -15°C -25°C

Glucose (mg g-1 DW)
NW 6.0 ± 1.1 a,A 4.3 ± 0.7 a,A 6.7 ± 0.8 a,A

BB 5.0 ± 0.9 a,A 4.6 ± 0.6 a,A 6.9 ± 0.9 a,A

BY 3.0 ± 0.6 a,A 4.4 ± 0.7 a,AB 5.2 ± 0.7 a,B

HU 5.3 ± 1.1 a,A 4.8 ± 0.7 a,A 7.8 ± 1.1 a,A

Fructose (mg g-1 DW)
NW 6.7 ± 1.1 a,A 5.4 ± 0.8 a,A 8.4 ± 0.8 a,A

BB 6.8 ± 1.0 a,A 6.6 ± 0.6 a,A 8.8 ± 1.1 a,A

BY 4.5 ± 0.6 a,A 6.2 ± 0.8 a,AB 7.5 ± 0.8 a,B

HU 7.0 ± 1.3 a,A 5.8 ± 0.7 a,A 9.1 ± 1.3 a,A

Sucrose (mg g-1 DW)
NW 23.4 ± 2.7 a,A 22.0 ± 1.9 a,A 21.6 ± 1.2 a,A

BB 27.1 ± 3.0 a,A 23.7 ± 2.2 a,AB 18.0 ± 1.4 a,B

BY 25.9 ± 1.8 a,A 23.9 ± 2.2 a,A 21.5 ± 1.4 a,A

HU 25.2 ± 1.1 a,A 20.4 ± 2.6 a,A 22.0 ± 2.6 a,A

Starch (mg g-1 DW)
NW 47.6 ± 2.5 a,A 47.5 ± 2.0 a,A 42.5 ± 1.8 a,A

BB 47.9 ± 3.2 a,A 47.9 ± 4.1 a,A 54.1 ± 2.8 b,A

BY 50.8 ± 2.4 a,A 46.6 ± 3.0 a,A 50.8 ± 2.4 ab,A

HU 46.2 ± 3.1 a,A 47.3 ± 2.6 a,A 44.1 ± 3.3 ab,A

Proline (mg g-1 DW)
NW 2.3 ± 0.6 a,A 2.1 ± 0.6 a,A 2.2 ± 0.2 a,A

BB 2.7 ± 0.6 a,A 1.9 ± 0.6 a,A 2.4 ± 0.5 a,A

BY 2.5 ± 0.5 a,A 3.1 ± 0.6 ab,A 2.6 ± 0.5 a,A

HU 4.3 ± 0.9 a,A 6.1 ± 1.2 b,A 5.7 ± 0.9 b,A

Table 3.  Mean concentration of glucose, fructose, sucrose, 
starch and proline (± standard error) in shoot tips of three 
populations of Tilia cordata after treatment at different 
temperatures. Different lower case letters indicate significant 
differences between populations. Significant differences 
between temperatures for the same population are indicated 
by capitals. (α = 0.05, n = 8).

Temperature
5°C -15°C -25°C

Glucose (mg g-1 DW)
NW 2.4 ± 0.4 a,A 2.2 ± 0.3 a,A 2.3 ± 0.3 ab,A

SN 2.1 ± 0.3 a,A 1.8 ± 0.3 a,A 1.7 ± 0.2 a,A

BW 2.8 ± 0.6 a,A 2.4 ± 0.4 a,A 3.2 ± 0.5 b,A

Fructose (mg g-1 DW)
NW 1.8 ± 0.3 a,A 1.6 ± 0.2 a,A 2.0 ± 0.2 a,A

SN 2.9 ± 0.4 a,A 2.7 ± 0.3 b,A 2.7 ± 0.2 ab,A

BW 3.1 ± 0.6 a,A 3.1 ± 0.6 b,A 3.8 ± 0.5 b,A

Sucrose (mg g-1 DW)
NW 47.6 ± 1.2 a,A 47.6 ± 2.8 a,A 44.1 ± 1.5 ab,A

SN 47.7 ± 2.4 a,A 44.8 ± 2.8 a,A 43.9 ± 2.7 a,A

BW 54.4 ± 3.8 a,A 52.4 ± 1.4 a,A 52.8 ± 2.8 b,A

Starch (mg g-1 DW)
NW 12.6 ± 4.1 a,A 15.1 ± 1.4 a,A 9.7 ± 1.6 a,A

SN 7.6 ± 1.0 a,A 10.6 ± 1.9 a,A 8.9 ± 1.7 a,A

BW 11.5 ± 1.9 a,A 19.0 ± 6.1 a,A 18.9 ± 4.6 a,A

Proline (mg g-1 DW)
NW 0.40 ± 0.14 a,A 0.47 ± 0.16 a,A 0.20 ± 0.03 a,A

SN 0.22 ± 0.06 a,A 0.22 ± 0.05 a,A 0.39 ± 0.12 a,A

BW 0.57 ± 0.19 a,A 0.44 ± 0.12 a,A 0.19 ± 0.06 a,A
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Discussion

Phenology
German populations of Quercus robur did not differ sig-

nificantly in their bud set behavior. However, the most south-
ern population of Quercus robur, HU, showed a delayed bud 
set compared with the German populations after transfer 
to the northern experimental site of Hannover. In this case 
our results are consistent with findings of many other plant 
species, i.e., Betula pendula (Li et al., 2005; Viherä-Aarnio 
et al., 2006), Populus tremula (Ingvarsson et al., 2006) and 
Ulmus laevis (Whiteleyl et al., 2003) showing a shorter CDL 
for bud set for southern populations. Also population BY was 
expected to show later bud set than the other German pop-
ulations. Maybe this was not the case because the effect of 
southern latitude was substituted by the effect of higher alti-
tude (350 m) at population origin. A shorter growing season 
at higher altitude resulting in earlier bud set in autumn is 
also described by Vitasse et al. (2009b) for Fagus sylvatica 
and Quercus petraea. Populations of Tilia cordata did not dif-
fer significantly in the timing of bud set. Basler and Körner 
(2012) only found a marginal significant (p = 0.064) effect 
of photoperiod for bud burst of Tilia cordata. Maybe this is 
true in general for photoperiodic responses of Tilia cordata 
including bud set in autumn. In addition, also for population 
BW the interaction between altitude and latitude might be 
the reason for no differences in timing of bud set among the 
populations in our study. 

The literature cited above, finding a latitudinal cline for 
bud set, were carried out in Scandinavia and covered a huge 
geographic range of 7–13 latitudinal degrees. German pop-
ulations in our study covered a smaller geographic range of 
approximately 3 latitudinal degrees for Quercus robur as well 
as Tilia cordata. The relative small geographic magnitude be-
tween the populations in the current study might also be a 
reason for no phenological differentiation. 

Frost damage
For Quercus robur as well as for Tilia cordata no signif-

icant differences among German populations in It occurred. 
Significant differences in It were only found for the Hungar-
ian population of Quercus robur at -25°C compared with the 
German ones. Regarding the bud set assessment this could 
have been expected because phenology and frost hardiness 
are intimately linked (Morin et al., 2007). A relation between 
bud set and early frost hardiness existing in our study was 
also indicated by Jensen and Deans (2004) for Quercus robur, 
Deans and Harvey (1995) for Quercus petraea and Whiteleyl 
et al. (2003) for Ulmus laevis.

It of both target species was relatively low in the current 
study. This was surprising because of the young plant mate-
rial and because -25°C is a very uncommon temperature in 
Germany especially in November. Nevertheless, the low val-
ues of It lead to die back symptoms of the upper shoot tips at 
the regeneration plants. However, all regeneration plants of 
Tilia cordata as well as of Quercus robur survived frost treat-
ment down to -25°C in November and flushed in spring 2012. 
These results indicate a high early frost hardiness of German 
populations of the target species already at seedling stage.

Biochemical parameters
For Quercus robur average glucose, fructose, sucrose and 

starch concentrations of the unfrozen control are similar 
with findings of other authors (e.g., Morin et al., 2007) in No-
vember. Abod and Webster (1991) measured seasonal vari-

ations in stem soluble sugar (glucose, fructose, sucrose) and 
starch concentration of young Tilia cordata seedlings. Their 
results of soluble sugars in November are very similar to our 
findings in unfrozen control. However, starch concentration 
in our study is a little bit lower than findings of Abod and 
Webster (1991). In general, this indicates a normal harden-
ing process of Quercus robur and Tilia cordata seedlings in 
our study. 

We expected higher concentration of soluble carbo- 
hydrates and lower starch concentrations in northern pop-
ulations because of earlier initiation of cold acclimation 
(Li et al., 2002; Savolainen et al., 2007; Aitken et al., 2008; 
Dauwe et al., 2012). However, this was not the case in our 
study. Morin et al. (2007) found interpopulation differ- 
ences for Quercus robur populations in cold hardiness, sol-
uble carbohydrates and starch concentrations during early 
hardiness due to differences in phenology of the populations. 
In our study no differences in phenology occurred between 
German populations of Quercus robur and Tilia cordata and 
no differences in soluble sugar and starch concentrations for 
the unfrozen control was found. Also HU, while showing a 
delayed bud set, did not differ significantly in any measured 
biochemical compound compared to the other populations 
in the unfrozen control. Regarding the measured biochemi-
cal parameters these results indicate that prior to the stress 
treatments the German populations of Quercus robur as well 
as Tilia cordata showed the same level of physiological cold 
acclimation even though originating from different geo-
graphic and climatic conditions. 

During the stress treatments, with exception of popula-
tion BB and BY of Quercus robur, no changes in soluble car-
bohydrate, starch and proline concentration occurred. In the 
literature an increase of soluble carbohydrate and proline 
concentrations and a decrease of starch concentration due 
to freezing stress is described for many plant species (e.g., 
Palonen, 1999; Strimbeck et al., 2008). Only BB, having the 
lowest initial concentration for fructose and glucose, reacted 
with an increase in these sugar concentrations to the frost 
treatments. It might be that the higher initial concentrations 
of the other populations were sufficient to survive our stress 
conditions without an energy consuming production of cryo-
protective solutes.

Interestingly, after stress treatment the Hungarian pop-
ulation of Quercus robur showed significant higher proline 
concentration than the German ones. But HU also showed by 
trend higher proline concentrations in the unfrozen control 
even though it showed a delayed bud set. In contrast to find-
ings of other studies (e.g., Aslamarz et al., 2011) higher pro-
line concentration of HU in November did not lead to higher 
frost tolerance. However, in studies with Arabidopsis thaliana 
(Murelli et al., 1995) and barley (Wanner and Juntilla, 1999) 
also no direct correlation between proline concentration and 
cold acclimation could be pointed out. 

Concerning Tilia cordata, the populations partly showed 
significant differences for soluble carbohydrate concentra-
tions after stress exposure. By trend BW showed the high-
est concentration of all soluble carbohydrates measured 
in the current study compared with the other populations, 
even though they did not differ in bud set. However, this did 
not lead to higher frost tolerance of BW. Morin et al. (2007) 
pointed out that total carbohydrate concentration of Quer-
cus robur populations is related to maximum cold hardiness 
(January) but not necessarily to autumn and spring hardi-
ness when the risk of freezing injury is lower. In their point 
of view cryoprotective active soluble carbohydrates at this 
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time are rather allocated to processes such as cell growth or 
converted to starch. Our results indicate that for Quercus ro-
bur as well as for Tilia cordata populations, phenology rather 
than physiology was related to early frost hardiness. 

General discussion
We did not find differences in bud set and early frost 

damage between German populations of the target species. 
Also no relation between climatic and geographic conditions 
at populations site of origin and measured parameters oc-
curred. This could be due to different reasons: 
1. Relatively small differences of climatic and geographic 

conditions at populations site of origin.
2. Interaction between counteracting factors (e.g., lower 

latitude vs. higher altitude) at population site of origin 
level off the resulting effect on the respective biological 
parameter (e.g., critical day length).

3. High adaptability of populations of Quercus robur and  
Tilia cordata to changing ecological conditions.
Other investigations, finding differences in phenology 

and early frost reactions between populations of a woody 
plant species, used populations originating from sites with 
bigger geographic and climatic differences (e.g., Li et al., 
2005) or from sites varying in only one ecological factor 
(Vitasse, 2009a). Furthermore, trees have a high potential 
of phenotypic plasticity to withstand rapid environmental 
changes (Hamrick, 2004). Vitasse et al. (2010) describes this 
with respect to temperature changes for Fagus sylvatica and 
Quercus petraea.

However, the question if the small magnitude of ecologi-
cal differences between population sites of origin, a substitu-
tion of counteracting ecological factors or a high phenotypic 
plasticity of our target species is the reason for the lack of 
essential differences in early frost reactions cannot clearly be 
answered in this investigation. There was a very high stan-
dard deviation for almost all measured parameters within 
each population, sometimes higher than among populations. 
This indicates a high intrapopulation diversity and less in-
terpopulation diversity of the target species which is also re-
viewed for woody plants in general by Hamrick (1992). 

Conclusion
The current study is one part of a research project about 

abiotic stress reactions (early frost, late frost and drought) of 
populations of Quercus robur and Tilia cordata in Germany. 
It indicates that local adaptation of the investigated popula-
tions of these species in Germany is not as strong and clear as 
the defined areas of origin assume.

Therefore, the partitioning of the six defined areas of ori-
gin for the use of woody plants in free nature of Germany has 
to be reconsidered. Also an exchange of plant material be-
tween adjacent defined areas of origin should be possible in 
case of a lack of suitable plant material. This would alleviate 
the expenditure for the acquisition of seed and improve the 
supply of planting stock. 

To fully answer the question of local adaptation in Ger-
man tree populations, further investigations are needed in-
cluding more tree species, populations, adaptive traits and 
also genetic analyses. 
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