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  Summary
In Germany, planting of trees and shrubs in an 

open landscape is regulated by law (Federal Nature 
Conservation Act §40) because of supposed genetic 
differences and regional adaptations to habitat 
conditions (mainly climatic and soil). Therefore, 
for trees and shrubs to be planted in the open land-
scape, Germany is divided into six officially desig-
nated regions of origin, often referred to as prove-
nances. Propagation and use of plants must be car-
ried out according to these provenances. To evaluate 
whether plants from different populations differ in 
their physiological and biochemical reactions, two 
years old cuttings of Corylus avellana from four pop-
ulations with different climatic and soil conditions 
were evaluated in an early frost experiment under 
controlled conditions. Relative electrolyte leakage 
as a measure of damage due to frost increased with 
decreasing temperatures. Selected biomarkers (glu-
cose, fructose, sucrose, starch and proline) were 
used to assess biochemical reactions of these popu-
lations. Increases due to frost were small and in most 
cases reflected the ranking of the unstressed plants 
of the populations. Only few statistical differences 
were found. There were no clear, consistent trends 
in spite of varied climatic conditions and geograph-
ical distance between the populations. Plants from 
all populations survived frost until -27°C. Hence 
there are no severe risks in populations’ transfer 
within these latitude and altitude margins with re-
gards to early frost.
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Significance of this study
What is already known on this subject?
• The distribution and colonization of many temperate 

trees and shrubs species in nature are determined 
by their adaptive capacity to withstand and survive 
extreme weather conditions like early frosts in their 
place of origin. It is assumed, therefore, that trans-
ferring trees and shrubs from their places of origin 
to places with differing ecological conditions may 
jeopardize their adaptation and survival. Despite the 
fact that it is agreed not to import plants from out-
side but rather to use native trees and shrubs in free 
nature, Germany went further to restrict utilization 
of these plants in free nature to six officially defined 
areas of origin through a Federal Conservation Act 
§40. These defined areas of origin are independent 
on species. 

What are the new findings?
• Our results from four German populations of Corylus 

avellana L. exposed to early frost under controlled 
conditions showed that there is no risk involved in 
transferring these populations within their latitude 
(50°N – 52°N) and altitude (38–454 m a.s.l.) margins 
with respect to early frost. This is because of the rea-
son that these populations were physiologically and 
biochemically similar during the time we conducted 
an early frost experiment.

What is the expected impact on horticulture?
• Putatively, there are no physiological and or bio-

chemical reasons that could hinder utilization of 
these populations as negated by the act. With regard 
to early frost, nurseries collection of propagation 
materials and sale of such propagules, regardless 
of the defined area of origin in these margins, does 
not jeopardize their survival. Moreover, plants from 
different sources might enhance genetic biodiversity 
and thus their survival in the wake of rapid climate 
change.
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Introduction
Frost may perturb plants physiological and biochemical 

processes and may result in permanent injuries that finally 
bring about death (Inouye, 2000; Schreiber et al., 2013b). 
Even within a given species, differences in its sensitivity 
to chilling and freezing stress can occur particularly if it is 
distributed across broad geographic regions (Morin et al., 
2007). However the impacts of frost are dependent on the 
acclimation status of the plant as well as the season of oc-
currence (Morin et al., 2007). Often, plants in the temper-
ate climate exhibit deciduousness accompanied by winter 
dormancy as a strategy to survive frost.

Generally, bud set and dormancy correlate strongly 
with the place of origin. Plants from high altitude and or 

high elevation heritably set bud early. Thus, they may de-
velop better bud hardiness against early frost injuries 
than those of low altitude and or low elevation (Rohde et 
al., 2011). It is also reported in literature that they physi-
ologically synthesise more sugars (Hoch et al., 2002) and, 
although for herbs, more proline (Bano et al., 2009). These 
might enable them to cope and withstand low temper-
atures. This implies that plants are adapted to local pho-
toperiodicity and transferring them either to the north or 
to the south will alter their norm perception of long day or 
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short day and growth period relative to local population 
(Rohde et al., 2011). This might increase the risk of frost 
damage (Cavender-Bares, 2007; Morin et al., 2007). 

Consequently, nature conservationists advocate the use 
of native provenances in reforestation as well as in land-
scaping, with the argument that they are better adapted 
to the climate in the officially designated region of origin 
than non-native provenances (Jones et al., 2001; Caven-
der-Bares, 2007). Conversely, trees and shrubs have been 
demonstrated to possess greater variability to environ-
mental changes (Kramer, 1995; Vitasse et al., 2010). They 
exhibit huge plasticity to environmental changes even 
though they may be in non-native provenances. Moreover, 
they even might be better adapted than the native prov-
enance (Schreiber et al., 2013a). There is an ongoing de-
bate on the use of local ecotypes in landscapes restoration 
(Johnson et al., 2004). But so far there are no substantial 
agreements perhaps due to little biological evidence. Im-
peratively, only general guidelines and recommendations, 
like in the U.S.A., are given (Bower et al., 2014). Despite 
these unclarified non-conclusive arguments, Germany has 
enacted a law (Federal Nature Conservation Act §40) that 
confines use of native provenances of trees and shrubs 
within officially designated regions of origin; due to sup-
posed genetic differences between them as a consequence 
of adaptations. The act also aims at conserving biodiver-
sity even below species level (BMU, 2012). Furthermore, it 
is postulated that the officially designated regions native 
populations are more adequately adapted than non-na-
tive. Thus, the use of non-native provenances for trees and 
shrubs is not permitted even in landscaping. Historically 
most populations in Germany migrated from southern Eu-
rope (Willis, 1996). 

Aguinagalde et al. (2005) questioned if the chloroplast 
DNA (cpDNA) and genetic structure of the current popula-
tions reflect equilibrium between current patterns of gene 
flow and genetic drift but instead are still the result of the 
conditions of post-glacial colonisation. Therefore, the issue 
of adaptation to officially designated regions in Germany 
in regards to physiology is of concern. In order to gain an 
insight of adaptability in terms of physiological and bio-
chemical reactions, especially under stress conditions, an 
experiment was set up using hazelnut (Corylus avellana L.). 

Hazelnut is an important, deciduous, landscaping shrub 
in Germany. It is a multi-stemmed, wind pollinated plant 
whose seeds are dispersed by animals. Hazelnut has a com-
mon ancestry in the southern part of Europe during the ice 
age before spreading to other areas (Mehlenbacher, 1991; 
Persson et al., 2004). Genetically, European hazelnut pop-

ulations have been described to be similar using cpDNA as 
well as using iso-enzymes (Persson et al., 2004). Neverthe-
less, Leinemann et al. (2013) described some of the popu-
lations in Germany as genetically different using amplified 
fragment length polymorphism (AFLP). However, hazel-
nut is described to inhabit wide ecological areas (Mehlen-
bacher, 1991), therefore, they could proliferate over a wide 
range of climatic conditions. In this regard, an early frost 
experiment was conducted to evaluate different popula-
tions’ physiological and biochemical reactions. Late frost 
and drought were also investigated in further experiments. 

Materials and methods
Our study plant materials came from four German fed-

eral states. These were Brandenburg (BB), Niedersachsen 
(NDS), Nordrhein-Westfalen (NRW) and Rheinland-Pfalz 
(RPF). The plant cuttings were collected by Leinemann et 
al. (2013), assisted by local forest research centres which 
helped in identifying native (presumably autochthonous) 
populations. They were part of the populations analysed 
for genetic variation (Leinemann et al., 2013). Thus the 
four populations evaluated in this experiment are geneti-
cally different. The four federal states differ in soil, climate 
and topography. RPF is the most heterogeneous of all, in 
terms of topography and climate varying in few kilometres 
followed by NRW whereas BB and NDS are less heteroge-
neous. Thus especially for RPF and NRW specific climatic 
data from a single nearby station is not representative for 
the situation and therefore is not used but rather instead a 
range is provided (Table 1). To have a comparable database 
it is also done for BB and NDS. 

Cuttings from selected groups of plants were rooted 
and then potted in three-litre containers. After one year, 
they were potted into five-litre containers. Klasmann-Deil-
mann Peat TS 4® potting substrate was used and premixed 
with Osmocote® 8-9M (15% N: 9% P2O5: 11% K2O: 2% MgO 
+ trace elements) at a rate corresponding to 0.8 g N L-1. All 
plants were cultivated at Leibniz University, Hannover 
(52°23’34”N; 9°42’13”E; 53 m a.s.l.) under the same envi-
ronment and irrigation regimes. Our cultivation site was 
located in the federal state NDS hence population NDS was 
more or less experiencing nativity as to the temperature 
and photoperiod. During the two year cultivating period, 
we rated their bud setting. After full bud set, an early frost 
experiment was conducted. 

Frost experiment
In November 2011, four weeks after bud set [visually 

scored following a scheme developed by Rump et al. (2002)], 
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Table 1. Map coordinates of populations sampled and some ecological data. 

Abbr. Altitude 
(m a.s.l.) Latitude Longitude Precipitation (mm) Air temp. (°C)

Fall Annual Fall Annual
BB 38 52°38’07.2” 12°58’08.3” 100–120 475–550 9–10 8.5–9
NDS 63 52°23’27.1”   9°31’45.2” 100–120 600–700 9–10 8–9
NRW 115 51°45’20.5”   9°22’05.4” 100–240 700–900 8–10 7–9
RPF 464 50°17’22.5”   7°00’15.8” 100–240 700–1000 7–9 7–9

Abbreviations: BB = Brandenburg, NDS = Niedersachsen, NRW = Nordrhein-Westfalen, RPF = Rheinland-Pfalz). Air temperatures and rainfall data 
are 30 years averages (1961–1990) from Klimaatlas Bundesrepublik Deutschland: map 1.13 and 1.16 (annual and fall temperature); map 2.13 and 
2.16 (annual and fall rainfall).
http://www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop?_nfpb=true&_windowLabel=T38600134241169726338086&_urlType=action&_
pageLabel=_dwdwww_klima_umwelt_ueberwachung_deutschland.
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early frost experiments were conducted with four popu-
lations of Corylus avellana with six or eight replicates per 
treatment. Plants were randomly allocated to frost treat-
ments. Three shoots per plant were cut (≈30 cm long) and 
immediately placed in a plastic bag. These bags containing 
three shoots per plant were frozen for eight hours, either at 
-27°C and -17°C respectively. Branched roots (up to 7 mm in 
diameter) were carefully cleaned with soft brushes, placed 
in plastic bags (three roots per plant) and treated at -6°C. 
For both shoots and roots treated at 5°C served as control. 
Samples were frozen and thawed at a rate of 5°C h-1. This 
early frost experiment was repeated in November 2012 
with only two populations (BB and NRW) but with 13 and 
14 replicates respectively.

Relative electrolyte leakage (REL)
Frost affects cells membrane integrity therefore releas-

ing its content; which can then be determined electrically 
and calculated as relative electrolyte leakage (REL). Frost 
damage was considered as an increase in REL (Verslues et 
al., 2006).

Electrolyte leakage tests involve measurement of the 
electrical conductivity (EC) of double distilled water in 
which detached plant samples have been placed after 
a freeze-thaw cycle. Shoot tips and fine root tips (≈ 3 cm 
long) were cut and placed (one tip per vial) in 30 ml of dis-
tilled water. The samples infused at room temperature for 
24 h after which electrolyte leakage was measured as elec-
trical conductance (EC). The samples were incubated in the 
oven at 70°C for another 24 h and a second EC was taken. 
Relative electrolyte leakage was calculated as: 

18 

 

Relative	electrolyte	leakage = First	electric	conductance
Second	electric	conductance × 100	

 
 Carbohydrates determination

Treated shoots and roots (without 3 cm used for REL) 
were cut into small pieces and quickly microwaved for 2 
min to arrest enzymatic reactions (Hoch et al., 2002); then 
oven dried at 70°C for three days. Each sample was finely 
ground to pass through a 3 mm mesh. Glucose, fructose and 
sucrose (GFS) were determined as soluble sugars while 

starch was hydrolysed to glucose by amyloglucosidase en-
zyme before determination. For GFS and starch determina-
tion, 20–30 mg of ground material was weighed in Eppen-
dorf tubes and all other procedures followed that of Zhao et 
al. (2010) with minor changes (triethanolamine buffer (14 
g triethaloamine + 0.25 g MgSO4 dissolved in 100 ml wa-
ter, pH 7.6) and NaOH were used instead of TRIS buffer and 
KOH respectively).

Proline determination
Proline determination followed the protocol laid by 

Bates (1973). 200 mg of finely ground (as above) material 
was homogenized with 10% sulfosalicylic acid and incu-
bated on ice. After 30 min., the homogenates were vortexed 
and centrifuged (14462 × g) for 20 min. Precisely, 0.3 ml 
of the supernatant was treated with 100% acetic acid and 
acid-ninhydrin (6.25 g ninhydrin powder in 60% acetic acid 
+ 85% orthophosphoric acid at a volume ratio of 83.8 to 
16.2), then boiled for 45 min. The homogenate was cooled; 
3 ml toluene added then vortexed. 2 ml coloured phase 
absorbance was determined by a photometer at 520 nm. 
Proline concentration was calculated on the basis of dry 
weight.

Regeneration plants
To assess survival and regeneration capacity after the 

freezing treatment, five plants per treatment from each of 
the four populations were randomly selected and placed in 
a basin filled with peat to protect the root system. These 
plants served either as control or were treated at -27°C and 
-17°C. After treatment the plants were outplanted in the 
following year in the field to assess the impact of freezing 
temperature on the four populations.

Statistical analysis
The experiments were conducted using a completely 

randomized design with six (BB) and eight (NDS, NRW 
and RPF) replicates in 2011 and 13 (BB) and 14 (NRW) 
replicates in 2012. A logarithmic transformation of the 
data was performed to meet the requirement of a normal 
distribution of data for the model prior to analyses. All 
data collected were subjected to multiple analysis of vari-

Table 2. Shoots and roots relative electrolyte leakage (REL %) of four populations of Corylus avellana (BB, NDS, NRW, and 
RPF) in early frost experiments (November 2011, November 2012). 

Year/Population
Shoots (REL %)  Roots (REL %) 

Treatments
5°C -17°C -27°C 5°C -6°C

2011
    BB 11 ± 1.7 Aa 16 ± 3.6 Ba 28 ± 6.4 Ca   44 ± 11  Aa 58 ± 6.3 Ba
    NDS 14 ± 1.9 Aab 18 ± 3.6 Bab 29 ± 7.2 Ca 38 ± 5.3 Aa   56 ± 11  Ba
    NRW 13 ± 2.9 Aab 18 ± 2.9 Bab 30 ± 8.6 Ca 42 ± 8.9 Aa 60 ± 7    Ba
    RPF 14 ± 1.8 Ab 22 ± 4.0 Bb 32 ± 7.3 Ca 36 ± 7.4 Aa 55 ± 6.2 Ba
2012
    BB 11 ± 1.7 Aa 17 ± 2.7 Ba 26 ± 4.1 Ca 42 ± 8.7 Aa 54 ± 7.1 Ba
    NRW 11 ± 1.5 Aa 15 ± 2.3 Ba 27 ± 3.5 Ca 44 ± 9.8 Aa 56 ± 6.4 Ba

Abbreviations: BB = Brandenburg, NDS = Niedersachsen, NRW = Nordrhein-Westfalen, RPF = Rheinland-Pfalz). Different letters show significant 
differences: small letters between populations within a treatment; capital letters between treatments of each population. Means ± SD; n = 6 (BB), 
n = 8 (NDS, NRW, RPF) in 2011; n = 13 (BB), n = 14 (NRW) in 2012.
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ance (manova) using R 3.0.3 (2014) program according to  
Pipper et al. (2012). Since there were no interactions (i.e., 
treatment × population), treatments and population means 
at P≤0.05 were separated using the Tukey test. Results in 
Figures and Tables are presented as means ± standard de-
viation (SD). 

Results

Relative electrolyte leakage
Estimated damage by relative electrolyte leakage 

(REL) increased with decreasing temperatures (Table 2). 
REL varied greatly within populations tested as indicated 
by high standard deviations. In shoots (2011), there was 
a tendency of RPF having relatively higher REL than the 
other populations across all treatments, however being 
significant only to BB at control and at -17°C. Repetition 
in 2012 yielded similar results in shoots of BB and NRW. 
Roots REL was higher than in shoots in both years (Table 
2). Populations did not differ either in the control or in -6°C 
treatment.

Biomarkers (glucose, fructose, sucrose, starch and 
proline)

When unstressed (controls), in 2011 populations did 
not differ in either glucose (Figure 1), proline (Figure 2) or 
in starch (Table 3) concentration in their shoots. However, 
populations differed significantly in fructose and sucrose 
concentration (Figure 1). 

In 2011 BB, NRW and RPF populations had a tendency 

Figure 1. Glucose, fructose and sucrose (% dry matter) in 
shoots of four populations of Corylus avellana (BB, NDS, NRW, 
and RPF) in early frost experiments (November 2011). Dif-
ferent letters show significant differences: small letters 
between populations within a treatment; capital letters 
between treatments of each population. Means ± SD, n = 6 
(BB), n = 8 (NDS, NRW, RPF). Abbreviations: BB = Branden-
burg, NDS = Niedersachsen, NRW = Nordrhein-Westfalen, 
RPF = Rheinland-Pfalz).

Figure 2. Proline concentration (µg g-1) in shoots of four 
populations of Corylus avellana (BB, NDS, NRW, and RPF) in 
early frost experiments (November 2011, November 2012). 
Different letters show significant differences: small letters 
between populations within a treatment; capital letters 
between treatments of each population. Means ± SD, n = 6 
(BB), n = 8 (NDS, NRW, RPF) in 2011; n = 13 (BB), n = 14 
(NRW) in 2012. Abbreviations: BB = Brandenburg, NDS = 
Niedersachsen, NRW = Nordrhein-Westfalen, RPF = Rhein-
land-Pfalz).

to have accumulated significantly higher concentration of 
fructose and sucrose than NDS. On the contrary, NDS had 
a tendency to accumulate higher proline when untreated 
although not statistically different (Figure 2).

When stressed, glucose and fructose increased margin-
ally. Only RPF increased its glucose and fructose concentra-
tion upon frost. Fructose concentration increase followed a 
trend similar in amplitude to the basic level of the controls 
(Figure 1). BB and NDS sucrose concentration remained 
static while that of NRW and RPF declined with decreasing 
temperatures (Figure 1). Proline concentration in shoots 
increased marginally at -17°C but not at -27°C (Figure 2). At 
-17°C, NDS proline concentration was significantly higher 
than that of BB. However, neither of them differed with ei-
ther NRW or RPF. There were no significant changes in pro-
line due to the frost treatment and the marginal increase 
followed the order of the basic level of the respective con-
trols. Starch concentration did not react significantly with 
decreasing temperature and neither did it differ among the 
populations.

In roots, there were no significant differences among 
the populations studied in all the biomarkers analysed 
(data not shown). However, they had higher concentra-
tions of glucose, starch and proline compared to the shoot. 
Shoots on the other hand had higher concentration of fruc-
tose and sucrose than the roots. 
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A repetition of the early frost experiment in 2012 with 
BB and NRW populations yielded similar results for shoots 
in that the two populations did not differ in most of the 
biomarkers apart from fructose upon frost. In terms of 
absolute levels, in 2011 proline was remarkably high and 
starch low compared to 2012 (Figure 2 and Table 3). Unlike 
2011, in roots, BB and NRW differed in glucose, sucrose and 
starch concentrations (data not shown). BB was high in glu-
cose while NRW was high in both sucrose and starch.

Regeneration
In 2011 and 2012, all treated plants survived freezing 

temperatures and were able to regenerate. However, apical 
dominance was compromised in most frost treated plants 
shoots. This resulted to more shoots sprouting from either 
the base of the plant or from the lateral buds of the affected 
shoots. More shoots sprouted in the following order: -27°C 
˃ -17°C ˃  5°C. Reverse order was also true in terms of height 
(data not shown).

Discussion

Relative electrolyte leakage 
A decrease in photoperiod and cold temperature serve 

as environmental cues for initiating growth cessation, bud 
setting, dormancy and frost hardening (Mortazavi et al., 
2004; Rohde et al., 2011). At the time of our frost experi-
ments, all populations had set bud. Obviously the transfer 
of the more southern populations RPF and NRW to the ex-
perimental site in NDS did not influence bud setting. 

Ion leakage has often been correlated with frost har-
diness. A higher REL is assumed to indicate a higher dam-
age (Yildiz et al., 2014). Apart from RPF all populations had 
similar REL, which could have been expected because of 
the same stage of bud setting. Surprisingly, at control and 
at -17°C RPF showed higher REL, although originating from 
a higher altitude. Frost hardiness is expected to increase 
with increasing altitude (Gansert et al., 1999; Rumpf, 
2002). In the literature, phenology and cold hardiness of-
ten are closely linked, but it is a highly plastic trait (Vitasse 
et al., 2010). This implies that it may not always reflect the 
degree of frost hardiness as indicated by RPF population. 
There were no differences between RPF and the other pop-
ulations at -27°C. The results are in disparity with exam-
ples from the literature. For instance, Rumpf (2002) when 
comparing winter frost hardiness of two Corylus popula-
tions from the same provenance but different elevation, ob-
served that a population from high elevation (300 m a.s.l.) 
was more frost hardy than a population from low elevation 
(49 m a.s.l.). The reason for our diverging result is not ap-
parent as we expected the RPF population to be the most 
frost hardy. Since this population is from a high elevation 
site that is of heterogeneous environment and topography, 
it may be adapted to an environment where there is a flow 
of cold air current from up to down the slopes as argued 
by Larsen (1978). Thus, a local climate which is strongly 
related to topography can influence frost hardiness. None-
theless, even the REL level reached by the RPF is consid-
erably low compared to that obtained by Chozinski (1995) 
when investigating winter cold hardiness of Corylus culti-
vars. Hence, it may not be lethal. This was confirmed by the 
ability of the regeneration plants to sprout in the following 
spring similarly to those of the other populations. This im-
plies that the investigated populations coming from geo-
graphically different locations in Germany with different 

climates were adequately hardy to withstand early frost 
events up to -27°C.

The frost treatment had a significant effect on the roots 
from all populations. This indicates roots to be more prone 
to frost damage than shoots as it was reported in litera-
ture (Calmé et al., 1994; Bigras and Dumais, 2005). It could 
be possible that the roots were not hardened by the time 
we carried out our experiment and were still growing  
(Bigras and Dumais, 2005). Data reported here are in ac-
cordance with data in literature found for roots (i.e., Repo 
and Ryyppö, 2008; Yildiz et al., 2014). There were no sig-
nificant differences in the root relative electrolyte leakage 
between the four populations tested. 

Biomarkers 
When unstressed, at the end of the growing season, 

the four populations originating from different latitudes 
(50.2°N – 52.4°N) and altitudes (38–464 m) differed sig-
nificantly in the analyzed biomarkers fructose and sucrose 
despite hardening under the same climatic conditions at 
the experimental site. Concerning altitude, literature re-
ports increasing concentrations of soluble carbohydrates 
during the growing season for higher elevations (i.e., Hoch 
et al., 2002; Shi et al., 2006). However, Poirier et al. (2010) 
found no differences in starch, glucose, fructose, sucrose 
for two walnut varieties from two different altitudes. Yildiz 
et al. (2014) concluded from their experiments that the re-
lationship between altitude and soluble sugars was not 
consistent. Concerning latitude, for different populations 
of Pinus sylvestris between 49°N and 60°N, Oleksyn et al. 
(2000) found higher soluble carbohydrate concentrations 
in 1-year-old needles in low-latitude populations compared 
to high-latitude populations. Lei et al. (2013) stated no dif-
ferences in the concentration of soluble sugars in leaves of 
Quercus variabilis seedlings from latitudes between 25°N 
and 40°N, but higher concentrations in stems of plants 
from higher latitude. Interestingly, two years after trans-
planting the plants from different latitudes into a common 
garden (30.5°N), the differences in the concentration of 

Table 3. Shoots starch concentration (% dry matter) of four 
populations of Corylus avellana (BB, NDS, NRW, and RPF) in 
early frost experiments (November 2011, November 2012). 

Year/ 
Population

Starch (% dry matter)
Treatments

5°C -17°C -27°C
2011
    BB 1.63 ± 0.4 Aa 0.99 ± 0.4 Aa 0.92 ± 0.3 Aa
    NDS 1.63 ± 0.8 Aa 0.65 ± 0.3 Aa 0.78 ± 0.3 Aa
    NRW 1.90 ± 0.7 Aa 0.97 ± 0.4 Aa 1.0   ± 0.3 Aa
    RPF 1.98 ± 0.8 Aa 0.98 ± 0.3 Aa 0.82 ± 0.2 Aa
2012
    BB 2.65 ± 0.7 Aa 2.44 ± 0.6 Aa 2.33 ± 0.5 Aa
    NRW 2.28 ± 0.6 Aa 2.37 ± 0.7 Aa 2.44 ± 0.6 Aa

Abbreviations: BB = Brandenburg, NDS = Niedersachsen, NRW = 
Nordrhein-Westfalen, RPF = Rheinland-Pfalz). Different letters show 
significant differences: small letters between populations within a treat-
ment; capital letters between treatments of each population. Means ± 
SD, n = 6 (BB), n = 8 (NDS, NRW, RPF) in 2011; n = 13 (BB), n = 14 
(NRW) in 2012.
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soluble carbohydrates did not persist any more. The dif-
ferences of fructose and glucose found in our populations 
did not show a trend with regard to latitude and altitude. 
Populations from the same latitude (BB, NDS) showed sig-
nificant differences, while those from different latitudes 
(BB, RPF) did not differ. The concentration in the popula-
tions from the higher elevations (RPF, NRW) in most cases 
was not different from those of lower elevations (BB, NDS). 
One reason might be that the difference in latitudes was 
only small compared to examples quoted from literature. 
Furthermore, like in the experiment of Lei et al. (2013), 
the plants (apart from NDS) were not cultivated under the 
conditions of their geographical origin. Concerning alti-
tude our results are in line with Poirier et al. (2010) and 
Yildiz et al. (2014). For the amino acid proline only little in-
formation concerning latitudinal and altitudinal trends is 
available. For herbaceous plants, Bano et al. (2009) found 
increasing concentrations with increasing altitude. Our re-
sults showed a tendency of highest concentration for the 
NDS population, which is from a lower altitude compared 
to NRW and RPF. To conclude, differences in the concentra-
tion of selected biomarkers in the hardened state before 
the frost experiment could not be related to latitude and al-
titude, hence geographical origin. Similarly, they were not 
as a result of the dry matter of the plants, since the differ-
ences in dry matter were not significant (data not shown). 
The plants used in our experiments are a mixture of differ-
ent genotypes taken from natural stocks in the landscape. 
However, such mixtures of genotypes are the material used 
for cultivation in tree nurseries and thereafter for land-
scaping. Also for cultivars of hazel grown in the same re-
gion Okay et al. (2005) found different concentrations of 
soluble sugars in their bark tissues. 

Freezing treatment caused little or no effects on most 
of the biomarkers analyzed. However, the little changes in 
these biomarkers due to the frost treatment still reflected 
the order of the initial values of each population; thus re-
taining their high and low concentrations respectively. 
RPF was the only population that increased its glucose and 
fructose concentration. Surprisingly, following the frost 
treatment, sucrose concentration did not change (BB, NDS) 
or declined (NRW, RPF) but rather showed a similar order 
to that of the control of the respective population. The de-
cline of sucrose in NRW and RPF contrasts with much liter-
ature (e.g., Kasuga et al., 2007; Morin et al., 2007). We stip-
ulate that this sugar could have been converted to other 
more putative cryoprotective sugars like raffinose and or 
stachyose (Guy et al., 2008; Yuanyuan et al., 2009). It could 
also be possible that the failure of sucrose to increase may 
have been competitively hampered by other higher energy 
consuming processes. Proline increased only marginally at 
-17°C frost treatment and not at -27°C. Failure of proline to 
increase at -27°C may have been due to other energy over-
riding processes or possible denaturation of proteins (i.e., 
enzymes) necessary for proline biosynthesis due to low 
temperature (Guy et al., 1998). A repetition of the early 
frost experiment with BB and NRW in 2012 confirmed the 
results for REL from 2011 for these populations. However, 
fructose and starch concentrations in shoots were signifi-
cantly higher compared to the previous year (2011), while 
proline was lower. The differences between the two years 
can be explained by the heterogeneity of the populations 
used where mother plants might have been different ge-
netically hence the dissimilarity in constitutive proline 
biosynthesis as in the case of walnut genotypes (Aslamarz 

et al., 2011). Furthermore, variation in the biosynthesis of 
sugars and starch was also observed for poplar trees inves-
tigated in three years by Sauter and Van Cleve (1994) and 
attributed to the respective weather conditions in these 
years. 

The presence of biomarkers like soluble sugars and pro-
line often are reported to contribute to freezing tolerance 
(Généré et al., 2004; Morin et al., 2007; Sauter and Van Cleve, 
1994; Yuanyuan et al., 2009). In our experiments, neither 
the differences in biomarkers between the populations in 
2011 nor between 2011 and 2012 for the populations BB 
and NRW affected REL, hence early frost hardiness. Simi-
larly, Yildiz et al. (2014), working with provenances from 
different altitudes, only found trends between soluble 
carbohydrates and cold hardiness. In a semi-physiolog- 
ical model for the prediction of cold hardening Poirier et al. 
(2010) found that soluble sugars did not have the highest 
correlation with cold hardiness (LT50). These results indi-
cate that a clear relation between frost hardiness and solu-
ble sugars must not necessarily be expected. 

Conclusion
According to our findings, although populations’ ori-

gin had some statistical significant effects on most of the 
biomarkers investigated, the results were inconsistent 
within early frost treatments and in both years. For some 
set of the populations biomarkers investigated were phys-
iologically and biochemically different while in another 
set they were similar in spite of the geographical distance 
and climatic differences. In addition, we did not observe 
any clear altitudinal or latitudinal trend when comparing 
the various populations. Compared to results from liter-
ature where such trends have partly been observed, the 
geographical range of the investigated populations could 
have been too small. Moreover, concluding from RPF, orig-
inating from a high altitude and heterogeneous environ-
ment, micro-site conditions could have a big impact on the 
physiological and biochemical constitution of the plants. 
However, all populations investigated were able to survive 
early frost stress within the range tested. Genetical differ-
ences between the populations found by Leinemann et al. 
(2013) were not reflected in their early frost reaction. Most 
parameters showed high degree of variability (high stan-
dard deviations) indicating high heterogeneity among the 
populations. This implies that the populations are diverse 
and are probably able to initiate adaptation to other eco-
logical zones than the ones they are currently occupying 
and which is prescribed by §40 of the Federal Nature Con-
servation Act.
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