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Original article

For silvicultural purposes in Germany locally adapted 
tree populations are used for a long time. This is prescribed 
by law (FoVG, 2002). Therefore Germany is divided into 
different numbers of provenance zones depending on the 
species. Quercus robur and Tilia cordata are two important 
species for silviculture and also for landscaping. To extend 
the use of locally adapted populations to the free nature, the 
German government amended the Federal Nature Conserva-
tion Act (BNatschG) in 2010. “Free nature” in the BNatschG 
is a juristic term and is defined as all non-built-up areas with 
exception of forestry and street vegetation (e.g., alley trees) 
(BMU, 2012). In the BNatschG six “defined areas of origin” 
independent of the species were arranged according to a 
map of Schmidt and Krause (1997) based on ecological fun-
damental units (BMU, 2012). After a transition period until 
March 1st, 2020 for a number of species (BMU, 2012), it is 
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 Summary
The German government amended the Federal 

Nature Conservation Act (BNatschG) in 2010 and six 
defined areas of origin were assigned (BMU, 2012) for 
the use of plants in free nature. The transfer of prop-
agation material between them is forbidden from 
March 1st, 2020. This should protect locally adapted 
tree populations from losing their adapted traits by 
hybridization with non-local populations. However, 
the question of local adaptation in woody species in 
Germany is not clearly demonstrated. To get nearer 
to the answer of this question the current study was 
carried out to investigate differences in late frost re-
actions among German populations of Quercus robur 
and Tilia cordata by artificial freezing shoots at -6°C 
and -12°C in April/May 2012. Bud burst was rated pri-
or to the freezing experiments after transferring pop-
ulations from different origins to Hannover, and frost 
damage, sugar, starch and proline concentration were 
measured afterwards. To estimate long term surviv-
al, whole plants were frozen simultaneously and then 
cultivated to investigate their regeneration ability. 
We did not find differences in bud burst and late frost 
hardiness of shoots between German populations of 
the target species. Differences in these traits only oc-
curred in the Hungarian population of Quercus robur 
which exhibited a higher grade of bud burst but low-
er frost damage. With few exceptions, no biochemical 
differences occurred among populations of the target 
species and late frost hardiness was not affected. Re-
garding late frost reactions, local adaptation of Ger-
man tree populations seems not to be as distinctive as 
the defined areas of origin assume.
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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 responses 
to abiotic stress, such as late frost. These adaptive 
traits can be lost by hybridization with non-local 
populations. 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 
defined areas of origin in free nature.

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

and growth for one vegetation period, we did not find 
significant differences in bud burst between German 
populations of the target species. Also, after artificial 
freezing at -6°C and -12°C in April/May 2012, no 
interpopulation differences in frost damage occurred. 
Differences in sugar, starch and proline concentrations 
were marginal and did not affect late frost hardiness. 

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

local adaptation does not seem to be as distinctive 
as the defined areas of origin assume. 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 acquisition of seed for tree nurseries and 
improve the supply of planting stock.

Introduction
Locally adapted populations of plant species are suggest-

ed to show higher fitness at their site of origin than non-lo-
cally adapted populations (Kreyling et al., 2014; Biere and 
Verhoeven, 2008). Adaptation to local ecological conditions 
took place over many generations by selective pressure 
(Bennie et al., 2010; Körner and Basler, 2010). But locally 
adapted tree populations underlie the risk of losing their 
adaptive traits by hybridization with non-local populations 
of the same species.
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forbidden 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 propa-
gation material and documentation more difficult and expen-
sive. Furthermore, it could result in a lack of suitable plant 
material for tree nurseries and plantings in the landscape.

Local adaptation is a result of multiple traits (Aitken et 
al., 2008). Late frost tolerance is an important one. Kreyling 
et al. (2011) found differences in late frost sensitivity of Fa-
gus sylvatica populations with a positive correlation between 
minimum May temperature of origin and late frost damage. 

Late frost tolerance is, among other factors, related to 
the release of dormancy and timing of bud burst in spring 
(Vitasse et al., 2009a; Caffarra and Donnelly, 2011; Kreyling 
et al., 2014). Tree species in temperate climates synchro-
nize their growth cycle to favorable climatic conditions. The 
timing of dormancy release and bud burst in spring is de-
pending on factors like chilling requirement, heat require-
ment (forcing temperatures in ecodormancy phase) and, de-
pending on successional status of tree species, photoperiod 
(Basler and Körner, 2012; Laube et al., 2014; Schueler and 
Liesebach, 2014; Way and Montgomery, 2014). However, it 
is species-specific to what extent these factors have an effect, 
furthermore they can also differ on population level (Dantec 
et al., 2014).

Phenological and physiological traits are linked especial-
ly in autumnal cold acclimation and spring deacclimation. 
A clear metabolic dynamic with increasing concentrations 
of cryoprotective compounds (e.g., soluble sugars, proline) 
during hardening in autumn and decreasing concentrations 
during dormancy release in spring, is known for many de-
ciduous tree species (Kasuga et al., 2007; Morin et al., 2007; 
Sivaci, 2006; Ashworth et al., 1993). Because of the linkage 
between phenology and physiology it seems likely that in-
terpopulation differences also exist for degradation of cryo-
protective compounds during dormancy release in spring, 
but literature dealing with this question is rare. Morin et al. 
(2007) pointed out differences in soluble carbohydrate con-
centration during dehardening in spring among populations 
of Quercus robur and Quercus pubescens. These differences 
were related to the mean monthly temperature at the loca-
tion of the sampled population. But Morin et al. (2007) took 
shoot samples at the population sites of origin. So the results 
did not answer the question of interpopulation differences 
after transfer to and growth at non-local sites.

The use of local plant populations in free nature to con-
serve biological diversity and to avoid loss of local adapta-
tion by hybridization with non-local populations is discussed 
in many countries. However, to our knowledge, Germany is 
the only one which regulated this by law for free nature. Re-
garding the defined areas of origin in Germany the question 
arises whether the ecological differences are strong and con-
sistent enough to generate locally adapted populations with 
respect to late frost reactions. By enlarging the data base, the 
results 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 late frost events after 
transfer to and cultivation at the non-local site in Hannover. 
To cover a larger geographic range one Hungarian popula-
tion of Quercus robur was included.

Materials and methods

Plant material
In April 2011, three German populations of Tilia cor-

data and Quercus robur and one Hungarian population of 
Quercus robur were purchased from nurseries (Figure 1; Ta-
ble 1). A certificate (prescription of FoVG) was provided to 
verify the local area of origin of the populations. Referring 
to § 40 BNatschG (BMU, 2012) three defined areas of origin 
were included in the investigations. The populations of Quer-
cus robur originated from the west (Nordrhein-Westfalen 
[NW]), east (Brandenburg [BB]), and south (Bayern [BY]) 
of Germany and from northwest of Hungary (near Tisza-
dob [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 (one plant per container) with peat as growing me-
dium (Klasmann Deilmann), containing 0.8 g N L-1 substrate 
(Osmocote 8-9 M exact standard; 15% N, 9% P2O5, 11% K2O, 
2% MgO [Everris GmbH]) and arranged in a randomized 
complete block design with two blocks per population out-
side on the container area at the experimental site in Ruthe 
(52°14’N, 9°49’E). In sum, 54 containers with one plant per 
container, placed in a distance of 45 × 45 cm, were cultivated 
per population. The irrigation took place automatically with 
a drip irrigation system. 
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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/). 
 
  

Figure 1.  Geographical distribution (dark grey) of Quercus robur (A) and Tilia cordata (B) and locations of the tested popu-
lations. Modified map of EUFORGEN (http://www.euforgen.org/ distribution-maps/).
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Climate chamber conditions
At each date (24 April, 2 and 8 May 2012), three shoots 

(length approximately 30 cm) per plant were cut from nine 
randomly selected plants of each population. The resulting 
27 shoots per population were randomly divided into three 
groups (nine shoots per group) and placed into plastic bags. 
Afterwards, each group was arranged randomly in one of the 
three climate chambers (Vötsch Industrietechnik, Modell 
VTZ 3008/S). Freezing temperatures in the climate cham-
bers were -6°C and -12°C; the control was kept at 5°C. The 
temperature was decreased by 5°C per hour starting at 5°C, 
the minimum temperature was held for 8 hours and then 
was increased by 5°C per hour to 5°C. On each day, the three 
target temperatures were assigned randomly to the three cli-
mate chambers.

In addition to the excised shoots at each date, three whole 
plants per population and temperature were treated analog to 
the shoots at the same time to determine their regeneration 
ability after the frost treatments. To protect the roots of these 
so-called “regeneration plants” their root ball was embedded 
with peat substrate in big tubs prior to their exposure to the 
assigned temperature. 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 recorded.

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 ma-
terial was dried for nutrient and biomarker analyses 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 electrical 
conductivity (L1t) of the solution was measured by a conduct-
ing meter (WTW, LF 197-S). To degrade the membranes to-
tally 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 (Rt) for a given 
temperature was calculated by:
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Index	of	injury	(It)	at	temperature	t	was	calculated	according	to	Flint	et	al.	(1967):	
It	=	100		(Rt	-	R0)/(1	-	R0)	 (2)	

where:	
R0	:	relative	electrolyte	leakage	of	unfrozen	control	sample;	
Rt	:	relative	electrolyte	leakage	of	sample	frozen	at	temperature	t.	
	
Proline	analyses	

Free	proline	was	analyzed	spectrophotometrically	using	a	modified	ninhydrin	method	
of	Bates	et	al.	(1973).	50	mg	of	plant	material	of	shoots	were	extracted	with	1.8	mL	sulfosal-
icylic	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	VersaMax	Microplate	reader	(Molecu-
lar	Devices,	VersMax	ELISA).	Proline	concentration	was	determined	from	a	standard	curve	
and	calculated	on	dry	weight	(DW)	basis	(mg	g-1	DW).	

	
Carbohydrate	analyses	

Analyses	of	carbohydrates	were	carried	out	following	a	modified	method	of	Zhao	et	al.	
(2010).	Initially,	30	mg	of	plant	material	was	extracted	three	times	with	hot	(80°C)	ethanol	
and	water	mixture	(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-extract	was	combined	with	200	µL	of	tri-acetate-buffer	including	
1	mg	mL-1	NADP,	 5	mg	mL-1	ATP	 and	 5	mg	mL-1	NaHCO3.	 After	 adding	 10	 µL	 of	 hexoki-
nase/glucose-6-phosphate-dehydrogenase	and	15	minutes	of	 incubation	at	30°C	absorb-
ance	was	read	at	340	nm	(E1).	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,	at	340	nm)	was	done	after	adding	20	µL	of	ß-fructosidase	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	
The	remaining	pellet	after	extraction	was	used	for	starch	analysis.	
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	centrifugation	at	5,460	x	g	for	5	
minutes	supernatant	(10	µL)	was	pipetted	to	a	microplate	and	combined	with	amylogluco-
sidase.	Extinction	(E1)	was	read	at	340	nm	after	adding	tri-acetate-buffer	and	incubation	
for	60	minutes	at	30°C.	Extinction	(E2)	was	read	at	340	nm	after	adding	hexokinase/glu-
cose-6-phosphate-dehydrogenase	and	incubation	at	30°C	for	15	minutes.	Starch	concentra-
tion	was	determined	by	glucose	based	standard	curve	calculated	on	dry	weight	basis	(mg	
g-1	DW).	

	
Bud	burst	assessment	

To	asses	bud	burst	54	plants	of	each	population	were	evaluated	from	23	March	to	4	May.	
Bud	burst	was	divided	into	5	classes	(NW-FVA,	without	year).	For	Quercus	robur	and	Tilia	
cordata:	(1)	terminal	bud	swollen;	(2)	terminal	bud	just	opening;	(3)	leaf	apexes	visible;	(4)	
leaf	unfolding;	(5)	leaf	fully	expanded.	

Phenological	score	is	calculated	as	mean	of	bud	burst	classes	of	each	population	and	
evaluation.	

	
Statistics	

Statistical	analyses	were	performed	with	statistic	software	R	3.0.3	(R	Core	Team,	2014)	
with	additional	package	‘multcomp’	(Hothorn	et	al.,	2008).	Bud	set	assessment	data	were	
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where:
R0 : relative electrolyte leakage of unfrozen control sample;
Rt : relative electrolyte leakage of sample frozen at tempera-
ture t.

Proline analyses
Free proline was analyzed spectrophotometrically using 

a modified ninhydrin method of Bates et al. (1973). 50 mg of 
plant material of shoots were extracted with 1.8 mL sulfos-
alicylic 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 VersaMax Microplate reader (Mo-
lecular Devices, VersMax ELISA). Proline concentration was 
determined from a standard curve and calculated on dry 
weight (DW) basis (mg g-1 DW).

Carbohydrate analyses
Analyses of carbohydrates were carried out following 

a modified method of Zhao et al. (2010). Initially, 30 mg of 
plant material was extracted three times with hot (80°C) eth-
anol and water mixture (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-extract was combined with 200 
µL of tri-acetate-buffer including 1 mg mL-1 NADP, 5 mg mL-1 

ATP and 5 mg mL-1 NaHCO3. After adding 10 µL of hexoki-
nase/glucose-6-phosphate-dehydrogenase and 15 minutes 
of incubation at 30°C absorbance was read at 340 nm (E1). 
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, at 340 nm) was done 
after adding 20 µL of β-fructosidase 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: 
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Table 1.  Species, county, population code, latitude (Lat.), longitude(Long.), altitude (Alt.), mean spring (March–May) tem-
perature (Tspr) and mean April temperature (TApril) of population sites of origin. Climatic data are means from 1965–1990.

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

Tspr

(°C)
TApril 
(°C) 

Quercus robur Nordrhein-Westfalen NW 51°55’ N 07°58’ E   60   8.7   8.1
Brandenburg BB 52°21’ N 14°06’ E   50   7.9   7.3
Bayern BY 48°45’ N 12°59’ E 350   7.9   7.7
Hungary HU 47°59’ N 21°10’ E 100 10.5 10.3

Tilia cordata Nordrhein-Westfalen NW 50°40’ N 07°03’ E 160   8.9   8.2
Sachsen SN 51°21’ N 12°20’ E 110   8.4   7.9
Baden-Württemberg BW 47°51’ N 09°38’ E 450   7.3   6.9
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Glucose (mg mL-1): E1
Fructose (mg mL-1):  E2-E1
Sucrose (mg mL-1):  (E3-E2)*0.96
The remaining pellet after extraction was used for starch 

analysis.
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 5,460 x g 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 burst assessment
To assess bud burst 54 plants of each population were 

evaluated from 23 March to 4 May. Bud burst was divided 
into 5 classes (NW-FVA, without year). For Quercus robur and 
Tilia cordata: (1) terminal bud swollen; (2) terminal bud just 
opening; (3) leaf apexes visible; (4) leaf unfolding; (5) leaf 
fully expanded.

Phenological score is calculated as mean of bud burst 
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 analyzed 
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
At the time of late frost experiment (end of April), bud-

burst was almost completed for all populations of Quercus 
robur with a phenological score from 4.5 to 5 for the four 
populations (Figure 2) and German populations did not dif-
fer significantly among each other in phenology. The Hun-
garian population showed an advanced bud burst compared 
with the German ones but this was only significant between 
HU and BB. 

Populations of Tilia cordata showed almost completed 
flushing but did not differ significantly among each other in 
phenological score (Figure 2).

Physiology
For Quercus robur higher glucose and fructose concen-

trations occurred at frost treatments (Table 2), except for 
glucose concentration of population BY and HU at -6°C treat-
ment. NW and HU showed lower sucrose concentrations at 
-12°C compared with the 5°C treatment. Starch concentra-
tions did not differ between the treatments for German pop-
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FIGURE 2.  Phenological score for different populations of Quercus	robur and Tilia	cordata at 
end of April 2012. Different lower case letters indicate significant differences between pop-
ulations (α=0.05, n=54). 
 
 
  

Figure 2.  Phenological score for different populations of 
Quercus robur and Tilia cordata at end of April 2012. Dif-
ferent lower case letters indicate significant differences be-
tween populations (α = 0.05, n = 54).

Table 2.  Mean concentrations of glucose, fructose, sucrose, 
starch and proline (± standard error) in shoot tips of four 
populations of Quercus robur after treatment at different 
temperatures in April 2012. Different lower case letters indi-
cate significant differences between populations. Significant 
differences between temperatures for the same population 
are indicated by capital letters (α = 0.05, n = 8).

Temperature
5°C -6°C -12°C

Glucose (mg g-1 DW)
NW 7.95 ± 3.1 a,A 16.65 ± 3.7 a,B 15.73 ± 3.2 a,B

BB 4.41 ± 1.4 a,A 10.62 ± 1.1 a,B 14.08 ± 3.7 a,B

BY 7.79 ± 1.8 a,A 13.65 ± 2.4 a,A 11.85 ± 1.9 a,A

HU 6.68 ± 1.5 a,A 9.42 ± 1.7 a,AB 11.31 ± 1.3 a,B

Fructose (mg g-1 DW)
NW 5.87 ± 1.7 a,A 17.92 ± 3.8 a,B 16.31 ± 3.1 a,B

BB 3.00 ± 0.7 a,A 11.16 ± 1.7 a,B 13.11 ± 3.1 a,B

BY 4.51 ± 0.8 a,A 13.36 ± 2.8 a,B 11.46 ± 2.5 a,B

HU 6.01 ± 1.4 a,A 15.60 ± 2.9 a,B 16.03 ± 1.9 a,B

Sucrose (mg g-1 DW)
NW 36.36 ± 8.5 a,A 14.54 ± 6.0 a,AB 18.83 ± 7.9 a,B

BB 23.28 ± 6.8 a,A 10.48 ± 4.8 a,A 11.44 ± 4.9 a,A

BY 29.94 ± 8.1 a,A 11.40 ± 3.6 a,A 12.32 ± 4.5 a,A

HU 37.62 ± 6.2 a,A 27.21 ± 8.8 a,AB 14.08 ± 3.8 a,B

Starch (mg g-1 DW)
NW 2.79 ± 0.5 a,A 4.25 ± 1.8 a,A 5.53 ± 1.3 a,A

BB 3.04 ± 0.6 a,A 4.25 ± 1.5 a,A 4.30 ± 1.0 a,A

BY 6.60 ± 3.3 a,A 5.99 ± 2.0 a,A 3.92 ± 1.0 a,A

HU 3.06 ± 0.8 a,A 7.86 ± 2.1 a,B 3.35 ± 0.4 a,AB

Proline (mg g-1 DW)
NW 0.44 ± 0.1 a,A 0.48 ± 0.2 a,A 0.35 ± 0.1 a,A

BB 0.74 ± 0.1 a,A 1.25 ± 0.2 ab,A 0.94 ± 0.2 a,A

BY 0.82 ± 0.3 a,A 1.00 ± 0.3 ab,A 0.91 ± 0.2 a,A

HU 0.86 ± 0.3 a,A 1.32 ± 0.8 b,A 0.99 ± 0.5 a,A
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ulations. Only HU had higher starch concentrations at -6°C 
treatment compared to the control treatment. Interpopula-
tion differences only occurred for proline at -6°C with lower 
concentration of NW compared with population HU. 

For Tilia cordata, BW showed higher glucose and fruc-
tose concentration at 5°C treatment compared to NW (Table 
3). Apart from that no significant interpopulation differences 
occurred. Temperature effects only occurred for glucose and 
fructose concentrations. NW had higher glucose concentra-
tions at -6°C compared to the other treatments. For fructose 
concentration this was true for both frost treatments com-
pared with the 5°C treatment. Also, BW showed higher fruc-
tose concentration at -12°C.

Index of injury
Values of It for Quercus robur populations ranged from 

36.4%– 54.1% at -6°C and 46.8%– 58.5% at -12°C. German 
populations did not differ significantly at any of the frost 
treatments even though BY showed by trend the highest 
It. However, BY had significant higher It compared with the 
Hungarian population at -6°C (Figure 3). 

For Tilia cordata It ranged from 54.9 – 56.9% at -6°C and 
56.1 – 62.2% at -12°C; but no significant interpopulation dif-
ferences occurred at any of the frost treatments (Figure 3).

Visual long-term assessment of regeneration plants 
showed die back of open buds and young leaves after -12°C 
treatment and partially after -6°C treatment. But no differ-

ences among populations neither for Tilia cordata nor for 
Quercus robur occurred (data not shown). Buds that still 
were closed during the late frost experiment, burst during 
cultivation after the frost treatment, and all plants survived 
temperatures as low as -12°C. No interpopulation differen- 
ces occurred in length and diameter increment after regrowth 
(data not shown).

Discussion

Phenology of Quercus robur and Tilia cordata 
populations in spring

Flushing for all populations of the target species was 
almost completed when the late frost experiment started. 
German populations of Quercus robur did not differ signifi-
cantly in their spring phenology. However, population HU, 
originating from the site with the warmest climate in April 
(TApril = 10.3°C), showed significantly higher phenological 
score (advanced bud burst) than BB, originating from the 
coldest climate in April (TApril = 7.3°C). This behavior is also 
pointed out by Vitasse et al. (2009b) for Quercus petraea and 
Fraxinus excelsior. A reason for this might be the adaptation 
to later flushing in colder regions to avoid late frost damage 
to young leaves in spring. This later flushing is a result of 
higher heat requirement (warm temperatures during eco-
dormancy phase) rather than chilling requirement of popu-
lations from colder climate as pointed out by Dantec et al. 
(2014) for high (colder climate) and low (warmer climate) 
elevation populations of Quercus petraea. However, varia-
tion of Tspr for German populations of Quercus robur in our 
study (7.3 – 8.1°C) is lower than that described by Dantec et 
al. (2014) (2.5 – 12°C), resulting in only marginal differences 
in phenology among our populations.

For Tilia cordata no interpopulation differences occurred 
and no phenological cline regarding the population climate 
of origin could be pointed out. The absence of a phenological 
cline is also reported for Acer pseudoplatanus by Vitasse et 
al. (2009b), due to high intrapopulation variance in pheno-
logical traits. This high intrapopulation variance in bud burst 
also existed in our experiment, albeit for both target species. 

In general, late-successional tree species like Quercus ro-
bur and Tilia cordata are known as photoperiodic sensitive 
(Basler and Körner, 2012). Spring phenology of these species 
is, in addition to temperature, depending on day length be-
cause photoperiod is a more consistent factor for seasonality 
than temperature alone. But an adaptation to different day 
length (latitudinal cline) for bud burst among populations in 
the current study could not be found. Way and Montgomery 
(2014) reviewed photoperiodic sensitivity of different tem-
perate tree species and concluded that different results in 
literature for a given species could be due to different ful-
fillment of chilling requirements. Laube et al. (2014) found 
out that photoperiodic sensitivity decreases with increasing 
fulfillment of chilling requirement. Also, Schueler and Liese-
bach (2014) concluded for Fagus sylvatica that adaptations 
to local temperature regimes are much higher than adapta-
tions to local light conditions, what is in consistence with our 
results.

Late frost hardiness of Quercus robur and Tilia cordata 
populations

The investigated German populations of Quercus robur 
did not differ significantly among each other in It at neither 
-6°C nor -12°C. This could have been expected because phe-
nology and cold hardiness are tightly linked (Morin et al., 

Table 3.  Mean concentrations of glucose, fructose, sucrose, 
starch and proline (± standard error) in shoot tips of three 
populations of Tilia cordata after treatment at different tem-
peratures in April 2012. Different lower case letters indicate 
significant differences between populations. Significant dif-
ferences between temperatures for the same population are 
indicated by capitals (α = 0.05, n = 8).

 Temperature
5°C -6°C -12°C

Glucose (mg g-1 DW)
NW   5.71 ± 1.1 a,A 11.41 ± 2.0 a,B 8.43 ± 1.2 a,AB

SN   9.72 ± 1.6 ab,A 11.92 ± 2.1 a,A 12.35 ± 1.8 a,A

BW 12.01 ± 1.9 b,A 15.90 ± 2.7 a,A 16.37 ± 3.2 a,A

Fructose (mg g-1 DW)
NW 4.22 ± 0.8 a,A 10.35 ± 1.1 a,B 9.18 ± 0.9 a,B

SN 6.31 ± 0.7 ab,A 11.02 ± 1.6 a,A 10.34 ± 1.1 a,A

BW 8.28 ± 1.1 b,A 13.97 ± 2.0 a,AB 15.02 ± 2.2 a,B

Sucrose (mg g-1 DW)
NW 27.03 ± 7.6 a,A 21.99 ± 4.7 a,A 21.10 ± 4.9 a,A

SN 42.44 ± 7.9 a,A 29.54 ± 5.6 a,A 21.22 ± 5.2 a,A

BW 43.83 ± 8.2 a,A 25.39 ± 6.6 a,A 21.09 ± 3.1 a,A

Starch (mg g-1 DW)
NW 4.80 ± 2.5 a,A 5.99 ± 2.1 a,A 5.30 ± 1.2 a,A

SN 3.43 ± 0.7 a,A 6.05 ± 1.2 a,A 4.68 ± 1.5 a,A

BW 2.90 ± 0.8 a,A 8.08 ± 2.4 a,A 5.02 ± 0.8 a,A

Proline (mg g-1 DW)
NW 0.77 ± 0.2 a,A 1.16 ± 0.3 a,A 0.83 ± 0.2 a,A

SN 0.99 ± 0.2 a,A 1.38 ± 0.5 a,A 0.88 ± 0.2 a,A

BW 0.98 ± 0.4 a,A 1.24 ± 0.5 a,A 1.21 ± 0.5 a,A
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2007; Kreyling et al., 2014) and differences among German 
populations of Quercus robur in bud burst in the current 
study were marginal. 

Surprisingly, population HU showed the lowest It at -6°C, 
while having the highest phenological score (advanced bud 
burst). Further advanced leaf development after expansion 
and associated increase in frost tolerance of leaves could be 
a reason (Taschler et al., 2004; Kreyling et al., 2011). This in-
dicates an important role of the timing of frost events during 
bud burst.

Tilia cordata populations neither differed in the timing of 
bud burst nor showed interpopulation differences in It. Our 
results are in contrast to findings of Kreyling et al. (2011) for 
Fagus sylvatica, showing differences in late frost tolerance in 
populations from Germany and Bulgaria, although they did 
not differ in phenology. These differences were related with 
minimum temperatures in May at geographic origin of pop-
ulations. 

Surprisingly, in spite of complete die back of opened buds 
and young leaves all regeneration plants of Quercus robur and 
Tilia cordata survived frost treatment in April/May down to 
-12°C. This temperature normally is unusual in all of the pop-
ulation sites of origin as well as in most parts of Germany in 
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FIGURE 3.  Mean index of injury (%) (± standard error) for different populations of Quercus	
robur	(A) and Tilia	cordata (B) and two different frost treatments (average of 24 April, 2 
and 8 May 2012). Different lower case letters indicate significant differences between pop-
ulations (α=0.05, n=8). 
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Figure 3.  Mean index of injury (%) (± standard error) for 
different populations of Quercus robur (A) and Tilia cordata 
(B) and two different frost treatments (average of 24 April, 2 
and 8 May 2012). Different lower case letters indicate signifi-
cant differences between populations (α = 0.05, n = 8).

this time of the year (mean minimum temperature in April 
[1965–1990] for Quercus populations: -3°C [NW], -3.3°C 
[BB], -2.6°C [BY] and -0.9°C [HU]; for Tilia populations: -2°C 
[NW], -2.7°C [SN], -3.5°C [BW]). Furthermore, two year old 
seedlings are known to be more frost sensitive than adult 
trees (Ningre and Collin, 2007). In general this indicates a 
survival of our Quercus robur and Tilia cordata populations 
even at late frost temperatures (April/May) lower than those 
usually occurring in most parts of Germany.

Physiology of Quercus robur and Tilia cordata  
populations in spring

For Quercus robur average glucose, fructose, sucrose 
and starch concentrations of the unfrozen control differed 
from those reported by other authors (Morin et al., 2007) 
for April/May, with higher sugar and lower starch concen-
trations in our study. These differences might be a result of 
already flushed plant material in our study. For Tilia cordata 
similar results to ours are shown for soluble sugar and starch 
concentrations in April/May (Abod and Webster, 1991).

Because of the cryoprotective traits of soluble sugars 
(Santarius, 1992; Pearce, 1999), higher concentrations of 
these substances for populations from colder spring cli-
mate as an adaptation to higher risk of late frost events at 
origin were expected. For Tilia cordata this was the case in 
the unfrozen control. Population BW (Tspr = 8°C) showed 
higher soluble sugar concentrations than NW (Tspr = 10.3°C), 
being significant for glucose and fructose. This might be in-
terpreted as a physiological adaptation to late frost events 
of our populations from colder spring climate. However, for 
Quercus robur populations this relation to climatic regime in 
spring did not exist. Morin et al. (2007) found interpopula-
tion differences for Quercus robur with higher soluble sugar 
concentrations for populations from colder climate. But they 
investigated trees grown at their geographic origin and did 
not transfer them to a non-local site with equal climatic condi-
tions for the populations. Also, Lei et al. (2013) found differ-
ences in physiology among populations of Quercus variabilis 
grown in their geographic origin. Interestingly, these physi-
ological differences disappeared when the populations from 
different locations were grown in the same environment. 
This indicates a high adaptability of Quercus variabilis when 
transferred to non-local conditions which could be speculat-
ed to be true in general for Quercus species. 

During the stress treatments an increase in glucose and 
fructose concentration and a decrease of sucrose concentra-
tion was found. Such changes in carbohydrate metabolism 
are also known for other abiotic stresses like salt (Kempa et 
al., 2008) and drought stress (Sánchez et al., 1998). This in-
dicates a short-term biochemical adaptability of the investi-
gated populations during late frost events, however, without 
interpopulation differences.

Biochemical parameters were not related to late frost 
damage. This is in agreement with other studies. Morin et al. 
(2007) pointed out that total carbohydrate concentration of 
Quercus robur populations is related to maximum cold har-
diness (January), but not necessarily to autumn and spring 
hardiness. In their point of view, soluble carbohydrates in 
spring are rather allocated to processes such as cell growth 
or converted to starch. They also conclude, and this is in ac-
cordance with our results, that phenology rather than physi-
ology is related to late frost hardiness.

Proline concentration was not related to late frost hardi-
ness of the investigated Quercus robur populations. Although 
NW has lower proline concentration than HU at -6°C treat-
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ment, these populations did not differ in frost damage. A 
cryoprotective effect of higher proline concentration as men-
tioned by Aslamarz et al. (2011) for Juglans regia L. cultivars 
in April could not be pointed out. For Juglans regia L. the 
average concentration of proline in April was 8-fold higher 
than in our experiment and also differences between culti-
vars were more distinct. In our study the low concentration 
could be a reason for an absence of a cryoprotective effect of 
proline.

General discussion
Significant differences in biochemical parameters partly 

occurred between populations from different defined areas 
of origin, but were not related to late frost damage indicat-
ing phenology as the main factor for late frost hardiness, as 
mentioned in other studies (Morin et al., 2007; Kreyling et 
al., 2014) as well. 

We did not find significant differences in late frost dam-
age and spring phenology among German populations of 
Quercus robur and Tilia cordata. However, some trends 
mainly for oak populations could be pointed out as well as 
a relation of these trends to climate of population origins. 
However, these relations were marginal and not significant, 
indicating only low level of local adaptation, regarding late 
frost reactions. 

Therefore we only can speculate on different reasons 
coming into consideration. (1) Relative small climatic dif-
ferences among population sites of origin exerted only low 
selective pressure. (2) High intrapopulation diversity for tree 
species in general (see review of Hamrick, 1992) overrules 
local adaptation. (3) High phenotypic plasticity for tree spe-
cies in general (Hamrick, 2004; Vitasse et al., 2010) enables 
populations to cope with a wide range of climatic conditions. 

Comparing literature dealing with late frost hardiness of 
different populations of the same tree species and our study, 
it seems that the magnitude of differences among popula-
tions is strongly related to the magnitude of climatic differ-
ences (primarily spring temperature) between geographic 
origins of populations. 

Conclusion
As one part of a research project about abiotic stress re-

actions (early frost, late frost and drought) of populations 
of Quercus robur and Tilia cordata in Germany, the current 
study indicates that local adaptation of the investigated pop-
ulations of these species in Germany is not as strong and 
clear as the defined areas of origin assume. Taking this into 
account, and considering also the survival of very severe late 
frost temperatures (regeneration plants) unusual for most 
parts of Germany, we conclude that Quercus robur and Tilia 
cordata can cope with a wide range of ecological conditions 
related to late frost. The strong restrictions by BNatschG 
(2010) and the arrangement of the defined areas of origin 
should be reconsidered. Especially when suitable plant ma-
terial is lacking, this would alleviate the expenditure for the 
acquisition of seed for tree nurseries and improve the supply 
of planting stock. 

However, to fully answer the question of local adaptation 
in German tree populations, further investigations are need-
ed including more tree species, populations, adaptive traits 
(e.g., pathology sensibility, soil adaptation) and also genetic 
analyses.
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