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Introduction
Recent widespread anthropogenic global warming 

events have potentially increased the prevalence of erratic 
and sporadic frost events (Hänninen, 2006; Gu et al., 2008; 
Kim et al., 2014). Consequently, inevitable and irreversible 
earlier bud break events have often been reported in many 
temperate climates (Hänninen, 2006; Kim et al., 2014). Ear-
ly sprouting increases the risk of frost damage to sprouting 
leaves (Taschler et al., 2004). 

Consequently timing of bud break is essential for adap-
tations of deciduous trees and shrubs to avoid or minimize 
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late frost damage (Gu et al., 2008; Kim et al., 2014). Native 
populations’ bud breaks are generally better adapted to their 
natural habitats and are thus reported to synchronize with 
the local temperatures (De Frenne et al., 2011; Kreyling et al., 
2012). It has been predicted that transferring a population ei-
ther to the north or to the south or to a different altitude will 
alter their norm perception of their natural habitat, especial-
ly air temperatures relative to native population (Rohde et al., 
2011). This might increase the risk of frost damage especially 
if the non-native population originated from a more southern 
or from a lower altitude area of origin (Morin et al., 2007). It 

 Summary
In Germany, Federal Nature Conservation Act § 40 

was enacted in 2010 to regulate trees and shrubs in an 
open landscape due to postulated genetic differences 
and regional adaptations to soil and climate. 
Propagation and utilization of plants must therefore 
be in accordance to the Act. However, trees and shrubs 
are reported to possess considerable adaptation 
plasticity and can inherently perform over wide 
ecological units. In this study we evaluated plasticity 
of four populations of Corylus avellana from different 
places of origin to late frost stress. After cultivation on 
the container area of Leibniz University of Hannover, 
plants were treated with temperatures of -12°C and 
-6°C under controlled conditions. Relative electrolyte 
leakage as a measure of damage due to frost increased 
with decreasing temperatures and sprouting stage. 
Glucose, fructose, sucrose (GFS), and starch declined 
with sprouting while proline increased. Starch and 
proline did not react to late frost treatment while GFS 
were variable between treatments, years and time 
of the year. Populations differed consistently only in 
their proline concentrations. Sprouting stage was the 
most significant factor influencing both frost-induced 
electrolyte leakage and biomarkers. In conclusion, 
there were no clear, consistent differences between 
the tested populations in spite of varied climatic 
conditions and geographical distance between their 
places of origin. Hence no late frost consequences 
in populations’ transfer with regards to latitude and 
altitude will be expected within the range investigated 
here. 
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Significance of this study
What is already known on this subject?
• Trees and shrubs are reported to have enormous 

adaptive capacity to endure and proliferate in extreme 
climatic conditions in nature. However, it is agreed not 
to source plants from extreme climatic differences, 
but rather to use native trees and shrubs. In Germany 
use of trees and shrubs in free nature has been further 
restricted to six officially defined areas of origin 
through Federal Nature Conservation Act §40. These 
defined areas of origin are independent of species.

What are the new findings?
• Phenological monitoring during bud sprouting as well 

as physiological and biochemical results from four 
German populations of Corylus avellana L. exposed to 
late frost under controlled conditions demonstrated 
them to be similar despite climatic differences in 
their place of origin and also genetic differences. 
Deductively, there is no risk involved in transferring 
these populations within the latitude (50°N – 52°N) 
and altitude (38 m – 454 m a.s.l.) margins tested with 
respect to late frost. 

What is the expected impact on horticulture?
• Related to late frost, genetic differences, which are 

the base of the German Federal Nature Conservation 
Act, could not be translated to physiological and 
biochemical reactions. Accordingly, with regard to 
late and early frost (reported earlier), collection of 
propagation materials and trade of propagates by 
nurseries could be done without compromising their 
survival within the margins given above. Moreover, 
plants from different sources enhance genetic 
biodiversity and thus their adaptability, especially due 
to rapid climate change.
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is also presumed that plants synthesize adequate carbohy-
drates (Hoch et al., 2002) and, although for herbs and semi 
shrubs, proline (Bano et al., 2009; Unal et al., 2013) inherent-
ly to their native habitat. These serve as energy reserves and 
cryoprotectant. This implies that transferring them to their 
non-native habitat might endanger them to extinction due to 
frequent late frost damage.

To protect native plants and to conserve genetic, species 
and ecosystem biodiversity, various national and interna-
tional efforts have been made. Following Rio de Janeiro Con-
vention in 1992, the Federal Republic of Germany decreed a 
conservation law: Federal Nature Conservation Act § 40. This 
law came to effect in 2010, confining utilization of native spe-
cies within officially designated areas of origin (BMU, 2012). 
This law is however hypothetical as most species found in 
Germany came from southern Europe and are therefore al-
leged to be polyphyletic (Willis, 1996).

Furthermore, based on the pattern of local adaptation 
manifested over the course of postglacial recolonisation, 
trees and shrubs have been depicted to have wide ecologi-
cal adaptation and enormous plasticity that enhances their 
performance in varying environmental conditions (Kramer, 
1995; Vitasse et al., 2010). 

For physiochemical adaptability insight, especially un-
der stress conditions, an exemplary experiment was set up 
using hazelnut (Corylus avellana L.). Hazelnut are polyphy-
letic from southern part and are native European species 
(Mehlenbacher, 1991; Persson et al., 2004). Ecologically, in 
Germany it is an important deciduous landscaping plant; 
sexually as well as asexually propagated; wind pollinated; 
multi-stemmed and its seeds dispersed mostly by animals. 
Additionally, it provides food and shelter for wildlife. Ge-
netically, several studies on European hazelnut populations 
have reported similarity using chloroplast DNA (cpDNA) and 
iso-enzymes (e.g., Persson et al., 2004). However, recently 
Leinemann et al. (2013a) reported some genetic variations 
using amplified fragment length polymorphism (AFLP) on 
some German populations. 

In this study, therefore, our major objective was to evalu-
ate adaptability of four German Corylus avellana populations 
to different environmental stress under controlled condi-
tions. Additionally, since our populations are genetically 
different (Leinemann et al., 2013a), we also evaluate wheth-
er the reported genetic variations would be manifested in 
their physiochemical reactions to late frost, early frost and 
drought. In this paper we restrict our findings to late frost 
experiments. 

Materials and methods
Our study was conducted at Leibniz University, Hannover 

(52°23’34”N; 9°42’13”E; 53 m a.s.l.) where in total four Ger-
man federal states’ hazelnut populations were investigat-
ed. Plant material from Brandenburg (BB), Niedersachsen 
(NDS), Nordrhein-Westfalen (NRW) and Rheinland-Pfalz 
(RPF) were collected from diverse areas (Figure 1) by Leine-
mann et al. (2013a), supported by local forest research cen-
tres in identifying native populations. Populations studied 
were partial materials of which population genetics was con-
ducted (Leinemann et al., 2013a). Hence, in Figure 1, genet-
ically similar groups are bordered with big circles according 
to Leinemann et al. (2013b); while the populations used in 
this experiment are in small circles, thus our populations 
were different genetically. The four populations’ origins vary 

Figure 1.  Geographic locations of the investigated popu-
lations of Corylus avellana in Germany. Big circles denote 
genetically similar groups in different localities according 
to Leinemann et al. (2013b) and small circles denote the 
populations used in our experiments: Brandenburg (BB), 
Niedersachsen (NDS), Nordrhein-Westfalen (NRW) and 
Rheinland-Pfalz (RPF).

Table 1.  Map coordinates of populations sampled (BB = Brandenburg, NDS = Niedersachsen, NRW = Nordrhein-Westfalen, 
RPF = Rheinland-Pfalz) and some ecological data. Air temperatures and precipitation data are 30- year averages (1961–1990) 
from Klimaatlas Bundesrepublik Deutschland, map 1.13 and 1.14 (annual and spring temperature); map 2.13 and 2.14 (annual 
and spring rainfall). 

Population Altitude(m a.s.l.) Latitude Longitude
Precipitation (mm) Air temperature (°C)

Spring Annual Spring Annual
BB   38 52°38’07.2” 12°58’08.3” 120–140 475–  550 8–9 8.5–9
NDS   63 52°23’27.1”   9°31’45.2” 120–160 600–  700 8–9 8–9
NRW 115 51°45’20.5”   9°22’05.4” 160–240 700–  900 5–8 7–9
RPF 464 50°17’22.5”   7°00’15.8” 120–240 700–1000 5–9 7–9

http://www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop?_nfpb=true&_windowLabel=T38600134241169726338086&_urlType= 
action&_pageLabel=_dwdwww_klima_umwelt_ueberwachung_deutschland.
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in topography, soil and climate. Ecologically, RPF is most 
heterogeneous of all in topography and climate. NRW on the 
other hand is less heterogeneous in magnitude compared to 
RPF whereas BB and NDS have little heterogeneity. Thus for 
RPF and NRW specific climatic data from a single nearby sta-
tion cannot be representative, hence a range is given (Table 
1) for all populations studied to provide a comparable data 
base. 

Cuttings were rooted in 2009 and 2011, potted in 
three-liter containers and later into five-liter containers af-
ter one year using Klasmann-Deilmann Peat TS 4® as potting 
medium. The substrate was mixed with Osmocote® 8-9M 
slow release fertilizer (15% N: 9% P2O5: 11% K2O: 2% MgO 
+ trace elements) equivalent to 0.8 g N L-1. All plants were 
raised under the same environment and irrigation regimes. 
During the two years of our experiments, sprouting was 
monitored followed by late frost experiment.

Bud sprouting
The timing of vegetative bud sprout of two-year old 

plants in spring 2012 and one year plants in spring 2013 
was monitored. Each plant’s most advanced shoot (mostly 
the longest shoot) was evaluated once per week starting in 
February. We scored shoots’ apical buds status from dormant 
winter bud to leaf unfolding status according to Rumpf 
(2002) using a 1 to 6 grading scale (Figure 2). 

Late frost experiment
In April 2012, late frost experiments were conducted 

with four populations of Corylus avellana with 6 or 8 
replicates per treatment. Plants were randomly allocated 
to -12°C and -6°C frost treatments respectively while 5°C 
served as control. Three shoots per plant were cut (≈30 cm 
long, including buds and emerging leaves) and immediately 
placed in a plastic bag. This content was then treated either 
with -12°C or -6°C for eight hours and later thawed to room 
temperature. Temperature decrease and later increase was 
at the rate of 5°C h-1. After eight hours of treatment (also 
control), 3 cm shoot’s tip (with buds and emerging leaves) 
was used for REL determination while the remaining part 
(three shoots per plant, including buds and emerging leaves) 
were shredded and microwaved for two minutes and then 
oven dried at 70°C.

This late frost experiment was repeated in April 2013, 
with only three populations (BB, NRW and RPF) and 

14 replicates. The two late frost stress treatments were 
separated each in its own week due to logistic reasons of 
increased number of replications from 8 to 14. During week 
16, plants were batched to receive -12°C treatment and half 
of the controls were treated. In week 17, plants were batched 
at -6°C and the other half of the controls were treated.

Relative electrolyte leakage (REL)
Relative electrolyte leakage test entails determining the 

electrical conductivity (EC) of double distilled water (DDW) 
in which detached plant samples have been bathed after a 
freeze-thaw cycle. Shoot tips (3 cm each) were severed and 
immersed in 30 mL of DDW vials. After 24 h infusion at room 
temperature, shaken and first EC was measured. The vials 
were then oven heated at 70°C for another 24 h and a second 
EC was taken. REL was calculated as:

Carbohydrates determination
After samples (without the 3 cm used for REL) were 

shredded, microwaved and dried at 70°C they were pul-
verized to fine powder. Ca. 30 mg of ground material, was 
used to extract glucose, fructose and sucrose (GFS) determi-
nations, following Zhao et al. (2010) protocols with minor 
modifications [triethanolamine buffer (14 g triethanolamine 
+ 0.25 g MgSO4 dissolved in 100 mL water, pH 7.6) and NaOH 
were used instead of TRIS buffer and KOH respectively].

Starch was first hydrolysed to glucose using amylogluco-
sidase enzymes, then quantified using glucose assay. 

Proline determination
About 50 mg of ground material was homogenized with 

1.8 mL sulfosalicylic acid (3%) and incubated on ice for 30 
min. The homogenates were vortexed and centrifuged at 
14,462×g for 15 min. Precisely 150 µL of the supernatant 
was treated with 90 µL acetic acid and 90 µL 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. After cooling, 1.5 mL toluene (99.9%) 
was added, vortexed and 0.2 mL coloured phase absorbance 
was determined at 520 nm using Versamax® Tuneable – 
Microplate reader photometer. 
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FIGURE	2.	 Bud sprouting scheme used for rating bud break in spring for Corylus	avellana. 	
1: All buds dormant, colored brown, length of terminal bud 4–7 mm long. 
2: Buds are swollen, with green coloration. 
3: Buds dehiscent, leaf tips visible. 
4: Leaves begin to unfold. 
5: First leaves fully developed and separated, shoot extension begins. 
6: Almost all leaves have unfolded. 
 
 
 
 
  

Figure 2.  Bud sprouting scheme used for rating bud break in spring for Corylus avellana. 
1. All buds dormant, colored brown, length of terminal bud 4–7 mm long.
2. Buds are swollen, with green coloration.
3. Buds dehiscent, leaf tips visible.
4. Leaves begin to unfold.
5. First leaves fully developed and separated, shoot extension begins.
6. Almost all leaves have unfolded.

 First ECREL =                        ×100 Second EC
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Regeneration plants
To assess survival and growth ability after freezing 

treatment, five plants per treatment from each population 
were randomly selected and placed in a basin filled with 
peat to protect the root system. These plants were treated in 
-12°C, -6°C or served as control at the same time as the frost 
treatment described above. After treatments the plants were 
allowed to regenerate in their container in the container area 
(outside). Regeneration plants were available only in 2013.

Statistical analysis
All data collected per population and treatment was sub-

jected to multivariate analysis of variance (MANOVA) to test 
for treatment, sprouting and population main effects or inter-
actions between and among them. MANOVA is an extended 
version of ANOVA with the advantage that multiple variables 
could be evaluating together with multivariate general linear 
models (Langsrud, 2002). A logarithmic transformation of 
the data (REL, proline, glucose, fructose, sucrose and starch) 
was performed to meet the requirement of a normal distri-
bution prior to analyses. Where there were no interactions, 
treatments and population means at p ≤ 0.05 were separated 
by Tukey test (Pipper et al., 2012). Pearson correlations were 
also conducted to assess relationship of sprouting on other 

parameters. All statistical analyses were performed using R 
3.0.3 (R development, 2014). 

Results

Sprouting
In 2012, bud sprouting began in calendar week 8 and 

progressed slowly. On average, it was in stage 5 when we 
started the late frost experiment (Figure 3). However, 
from the few remaining plants, sprouting progressed up 
to calendar week 17 (2012) when most plants had fully 
developed leaves (data not shown). We did not find place 
of origin to have a consistent significant influence among 
the four tested populations. However, there was a clinal 
tendency of one lower altitude population (NDS) sprouting 
earlier than those of higher altitude (NRW and RPF) in 2012.

In 2013, there was a delay in bud sprouting which 
began in week 11 (Figure 3). But by week 17, as in 2012, all 
tested population had fully developed leaves. Interestingly, 
a significant reversed order in bud sprout and origin was 
observed, where the high altitude populations (RPF and 
NRW) sprouted earlier than those of lower altitude (BB). 
However, in 2012 bud swelling began earlier and was spread 
over 8 weeks while in 2013 bud swelling began in week 11 
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FIGURE	3.  Bud sprouting phenology of four populations of Corylus	avellana in spring 2012 
and three populations in spring 2013. Different letters show significant differences 
between populations within each week. Means ±SD, n=24 (BB=18) in 2012; n=67 (BB), 
101 (NRW), 90 (RPF) in 2013.	
 
 
  

Figure 3.  Bud sprouting phenology of four populations of Corylus avellana in spring 2012 and three populations in spring 
2013. Different letters show significant differences between populations within each week. Means ± SD, n = 24 (BB = 18) in 
2012; n = 67 (BB), 101 (NRW), 90 (RPF) in 2013.
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and sprouting was compressed over a period of 6 weeks. 
Additionally, at the time of controlled late frost experiment, 
bud development was more advanced in year 2013 (plants 
were in stages 5 and 6) than in 2012 (plants ranged almost 
stage 3 to 6).

Relative electrolyte leakage
Freezing injury, measured as electrolyte leakage, 

increased with decreasing temperature as expected, 
excluding RPF (2012). However there were great variations 
within the tested populations as indicated by high standard 
deviations (Table 2). REL of the evaluated populations did 
not differ significantly although NRW had the least REL in 
2012.

Interestingly, sprouting significantly influenced REL level 
both when the plants were unstressed and under stress 
conditions (Table 3). Higher REL was noted on plants with 
high sprouting note than those of lower sprouting note as 
indicated by strong significant correlations (Table 3).

In 2013, REL results were similar to the previous year 
on the three populations tested in that they varied with 
sprouting (Table 3). Among the tested populations, BB and 
NRW differed in REL in week 17 after treatment (Table 2). 
Astonishingly, and the most intriguing result, was how REL 
drastically increased within one week of development on 
plants serving as control (Table 2). 

Table 2.  Shoots relative electrolyte leakage (REL %) of four 
populations of Corylus avellana (BB, NDS, NRW, and RPF) in 
late frost experiments (April 2012, April 2013). 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 2012; n=14, n=7 (control) in 2013.

Year Week Population
Shoots (REL %) 

Treatments
5°C -6°C -12°C

2012 15 BB 27±11Aa 38±15ABa 53±18Ba
NDS 26±16Aa 35±13ABa 49±17Ba
NRW 19±7Aa 26±10ABa 38±11Ba
RPF 28±15Aa 39±22Aa 47±20Aa

2013 16 BB 27±10Aa 55±9Ba
NRW 30±14Aa 59±11Ba
RPF 26±5Aa 55±10Ba

17 BB 50±12Aa 63±12Ba
NRW 57±11Aa 74±6Bb
RPF 53±9Aa 69±9Bab

Table 3.  Pearson’s correlation coefficient obtained by relating bud sprouting stages (1 to 6) and various parameters from late 
frost treatments in April 2012 and 2013 of four populations of Corylus avellana. Significant correlations (p ≤ 0.05) are given in 
bold. n = 6 (BB), n = 8 (NDS, NRW, RPF) in 2012; n = 14, n = 7 (control) in 2013.

Year Week Population Treatment 
(°C)

Correlation coefficient of sprouting stages (1 to 6) with: 
REL Proline Glucose Fructose Sucrose Starch

2012 15 BB �5� 0.85 0.5 -0.76 -0.93 -0.85 -0.94
-6� 0.76 0.63 -0.76 -0.82 -0.54 -0.73
-12 0.95 0.61 -0.96 -0.95 -0.12 -0.94

NDS 5 0.68 0.18 -0.73 -0.7 -0.75 -0.5
-6� 0.45 0.36 -0.73 -0.49 -0.53 -0.47
-12 0.69 0.68 0.12 0.17 -0.65 -0.63

NRW 5 0.68 0.01 -0.59 0.23 -0.42 0.14
-6� 0.9��� 0.22 -0.45 -0.26 -0.65 0.42
-12 0.51 0.39 -0.66 -0.52 0.3 -0.1

RPF 5 0.86 0.63 -0.55 -0.48 -0.78 -0.67
-6� 0.87 0.78 -0.69 -0.83 -0.48 -0.48
-12 0.62 0.89 -0.4 -0.53 -0.83 -0.71

2013 16 BB 5 0.9 -0.02 -0.42 -0.11 -0.51 -0.77
-12 0.84 -0.09 -0.21 -0.06 -0.73 -0.67

NRW 5 0.75 -0.2 -0.38 0.58 -0.55 -0.91
-12 0.77 0.14 0.37 0.04 -0.8 -0.76

RPF 5 0.06 -0.2 -0.01 0.4 0.1 0.42
-12 0.91 0.2 -0.23 -0.4 -0.81 -0.54

17 BB 5 0.93 0.76 -0.16 -0.31 -0.41 -0.56
-6� 0.88 0.58 -0.1 -0.24 -0.48 -0.64

NRW 5 0.47 0.69 -0.37 -0.06 -0.01 -0.72
-6� 0.51 0.09 -0.27 -0.23 0.1 0.07

RPF 5 0.68 0.51 0.06 -0.05 -0.32 -0.52
-6� 0.75 0.36 -0.62 -0.15 -0.39 -0.31
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Carbohydrates 
Carbohydrates were distinctly reduced by sprouting as 

indicated by glucose, fructose, sucrose and starch showing 
negative correlations (few exceptions) with sprouting stage 
(Table 3). Early sprouting stages had significantly higher 
concentrations than sprouting stage 6 (data not shown). 
Nevertheless, the four populations tested in this experiment 
(2012) did not differ from each other (p = 0.2) in the analyzed 
biomarkers (Figure 4).

Upon treatment, glucose, fructose, sucrose and starch 
concentration in most cases were not significantly affected 
by frost treatment (Figure 4). 

A repetition of the same experiment in 2013, although 
different in that treatments were split into two weeks, 
yielded remarkable insight on the magnitude of change 
which can occur within a week. 

During week 16 and week 17, the populations did not 
vary significantly in their sugar and starch concentrations 

Figure 4.  Glucose, fructose, sucrose and starch concentration (% dry matter) in shoots of four populations of Corylus avellana 
(BB, NDS, NRW, and RPF) in a late frost experiment (April 2012/2013). 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); n = 14, n = 7 (control) (2013).

16 

 
 

 
 
 
 
FIGURE	4.  Glucose, fructose, sucrose and starch concentration (% dry matter) in shoots of 
four populations of Corylus	avellana (BB, NDS, NRW, and RPF) in a late frost experiment 
(April 2012/2013). 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); n=14, n=7 (control) (2013).	
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when untreated (control) (Figure 4). However upon 
treatment, some significant differences were detected. In 
week 16, treatment (-12°C) significantly affected glucose, 
fructose and sucrose (Figure 4). Frost treatment increased 
the concentration of glucose and fructose while it declined 
the concentration of sucrose. Starch did not react with the 
treatment (Figure 4). When comparing the three populations 
tested, BB had higher fructose and starch concentration 
(after treatment) than RPF but neither of them differed from 
NRW (Figure 4).

During week 17 (-6°C), treatment significantly affected 
glucose and fructose concentrations but not sucrose and 
starch (Figure 4). When contrasting the three populations 
after treatment, BB and NRW differed only in sucrose 
concentrations in that BB had lower sucrose concentration 
than NRW and neither of them differed with RPF (Figure 4). 
Only in week 16 there was a significant effect of sprouting on 
sucrose and starch (data not shown). The populations’ origin, 
sprouting and treatment interaction was never significant 
on carbohydrates concentration in both years. Hence each 
factor had an independent influence.

Proline
Proline concentration mainly increased with sprouting 

stages, as indicated by positive correlation with significant 
influence in some cases (Table 3). Conversely, proline did not 
react with exposure to low temperatures (Figure 5). Among 
the tested populations, proline concentration differed 
significantly, where NDS and RPF had significantly higher 
proline concentration than BB but they (NDS and RPF) did 
not differ significantly with NRW in 2012.

A repetition of the same experiment in 2013 with BB, 
NRW and RPF populations yielded similar results for proline 
concentration in that it was more influenced by sprouting 
stage than frost treatment as it can be seen on control 
plants between week 16 and 17 (Table 3, Figure 5, 2013). 
Contrasting three populations, again RPF had higher proline 
concentrations and differed significantly with BB and NRW 
across all treatments. In terms of absolute levels, populations 
plants evaluated in 2012 had higher proline concentrations 
than those tested in 2013 (Figure 5).

Regeneration
Sprouting buds were visibly damaged in both frost 

treatments. Twigs were slightly damaged at -6°C but were 
highly damaged at -12°C. This treatment (-12°C) resulted in 
shoot die-back compromising apical dominance and in more 
shoots sprouting from either the base of the plant or from the 
lateral buds of the affected shoots. However, all treated plants 
survived freezing temperatures and were able to regenerate. 
The number of sprouting shoots was highest on plants 
treated in -12°C and least in control plants (5°C). However, 
in terms of height, control plants were the tallest while the 
-12°C were the shortest (data not shown). There were no 
differences in the three populations whether in height, root 
collar diameter, number of shoot or in bud setting at the end 
of the vegetation period. 

Discussion
Late frost experiment in 2013 turned out not only to serve 

as a repetition of 2012 late frost experiment, but also as an 
insight of how physiology and biochemical changes can occur 
within a week. This therefore questions the informative role 
of a single frost experiment at this time of the year. Differ-
ences between the two years sprouting and the compressed 
sprouting in 2013 could be attributed to the temperature dif-
ference between the two years. In 2012 temperature (week 8 
to week 15) was higher and sprouting started earlier though 
with a slower rate than in 2013. In 2013, population started 
to sprout later because the temperature remained low (even 
below 0°C) and this delayed sprouting up to week 12. How-
ever, in week 15, for example, temperature rose up rapidly 
and some days’ maximum temperature was up to 19°C (MuK, 
2013), hence a rapid sprouting rate. Temperature has been 
shown to have a major influence on sprouting and sprout-
ing rate of Corylus (Wesołowski and Rowiński, 2006). Our 
results showed that in 2013 sprouting started late but the 
rate of sprouting was fast and developmental stages changed 
rapidly from stage 3 in week 16 to sprouting stage 6 in week 
17 as the temperature increased rapidly. This high rate of 
development gave a high rise in relative electrolyte leakage 
from control plants where REL rose from 30% in week 16 
to 57% in week 17 due to still unlignified leaves’ cell wall 
(Boudet et al., 1995). Although populations did not differ 
either in untreated state or in severe stress (-12°C) in REL, 
they differed in week 17 after a less severe stress (-6°C). This 
difference in the level of REL between BB and NRW, was just 

Figure 5.  Proline concentration (µg g-1 dry weight) in shoots 
of four populations of Corylus avellana (BB, NDS, NRW, and 
RPF) in a late frost experiment (April 2012/2013). 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); n = 14 (2013).
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significant (p = 0.04) and may not be termed as a difference 
since their regeneration plants were similar in their develop-
ment. This asserts that they were not physiologically differ-
ent and therefore questions the informative role of a single 
frost experiment at this time of the year.

Interestingly, biomarkers (glucose, fructose, sucrose, 
starch and proline) also changed tremendously within a 
week of development. In all these changes, the population’s 
origin had no influence. A similar phenomenon of soluble 
sugar and starch change during bud break was also report-
ed in blueberry cultivars (Lee et al., 2012). Proline has also 
been reported to increase with sprouting (Walton et al., 
1998). This depicts how versatile Corylus plants can be in 
their physiological and biochemical reactions within a short 
period of time. 

It was also surprising how applied late frost stress in 
week 16 caused a remarkable change in glucose, fructose 
and sucrose compared to week 17 where sucrose did not 
react. With this background information, it is imperative to 
carefully interpret our results obtained for the two years.

Overall, the four evaluated populations did not differ con-
sistently in sprouting and only a trend was observed. This 
contrasted to several studies which had reported influence 
of latitude and altitude on the flushing trend on deciduous 
trees (Chmura and Rożkowski, 2002; Ovaska et al., 2005). 
However their geographical range was bigger than our pop-
ulations’ range, hence the contrasting results. Furthermore, 
the observed trend concerning sprouting was reversed in 
the following year. This can be explained by the fact that in 
our experiments plant cuttings were taken from different 
mother plants. Hence such differences in sprouting may be 
expected due to an influence of different genotypes within 
the population (Howe et al., 2003). This implies that genetic 
diversity is high in every population and propagation of Cor-
ylus avellana will continually consist of different genotypes. 
These genotypes could in turn interact continually with the 
environment resulting in phenotypically differing plants. 
This could further trickle down to nurseries in that their ma-
terial propagated is never consistent.

Sprouting stage has been shown to affect spring frost 
damage. In our experiment regardless of population’s or-
igin or treatment, sprouting stage 6 had significantly high-
er REL than stage 2 (the range being considered in our 
experiments). The increase in REL (especially in control) 
with sprouting stage could have been caused by unlignified 
leaves, hence compromised membrane integrity as a result 
of rapid expansion rate as reported in literature (Taschler et 
al., 2004). This high REL in control plants was not related to 
lethality since all control regeneration plants did not show 
any frost damage related symptoms. For the treated plants, 
the expanding leaves are reported to be the most susceptible 
stage and frost hardiness is unlikely (Taschler et al., 2004; 
Augspurger, 2009). However, some literature (e.g., Taschler 
and Neuner, 2004) has also cited clinal frost hardiness with 
increasing altitude for similar phenological stage which was 
not evident in our experiment. 

Carbohydrates pool, especially the starch and sucrose, 
was diminished by sprouting. This was used to support bud 
development as indicted by decreasing concentration with 
sprouting (Lee et al., 2012). Sprouting stage in this study had 
a significant influence on the level and concentration of car-
bohydrates. Sprouting stage 6 had the lowest concentration 
of starch, glucose, fructose and sucrose (data not shown). 
This is because bud break and sprouting consume energy 

and reserve material stored in the stems of hardwood trees 
(Sauter and Van Cleve, 1994; Maurel et al., 2004). Hence car-
bohydrates degradation, although a complex process, during 
spring might render the plant susceptible to frost damage 
(Pagter et al., 2011). In the present study, when untreated, 
most of the carbohydrates in all the tested populations de-
clined with sprouting as in other woody plants (Lee et al., 
2012; Lehmann et al., 2010). Frost treatments had profound 
effects on glucose, starch and sucrose concentration. Starch 
and sucrose decline with temperature in this late frost exper-
iment may be attributed to increased respiration or other en-
ergy consuming processes as plants strove to withstand low 
temperature (Pagter et al., 2011). For instance a decrease 
in soluble sugars in our study is negatively correlated with 
sprouting and increased frost damage upon treatment. This 
indicates that sprouting consumed carbohydrates reserves 
that could have otherwise been used to withstand frost. 
Among the evaluated populations there were no differences 
between them either in 2012 or in 2013.

Unlike carbohydrates, sprouting positively influenced 
proline concentration. This increase in proline concentration 
could be due to its speculative role in breaking bud dorman-
cy and supplying energy during bud break (Walton et al., 
1998). Investigating several herbaceous plants from Hunza 
valley Pakistan, Bano et al. (2009), found an increasing pro-
line concentration with altitude. To the contrary, our popu-
lations were inconsistent regarding altitude, although the 
highest altitude population RPF accumulated significantly 
more proline than other populations in 2013.

In our study, proline concentration was not influenced 
by treatment (Figure 4). This was similar to what we found 
during the early frost experiment (Wanjiku and Bohne, 
2015). This contrasts literature that often report proline to 
be a major player in stress tolerance (Lehmann et al., 2010; 
Aslamarz et al., 2011). Higher proline concentration in 2012 
than 2013 plants could be attributed to the mother plants 
genetics; hence the dissimilarity in constitutive proline bio-
synthesis as reported by literature investigating genotypes 
(Aslamarz et al., 2011).

To conclude, late frost induced various physiological and 
biochemical perturbations depending on the level of sprout-
ing. This damage however can only partially be related to 
the level of relative electrolyte leakage. This is because REL 
proved to change with development stage and not exclu-
sively with damage. Lack of significant influence of origin in 
these populations tested does not only show wide ecological 
adaptation of Corylus plants but also demonstrates high plas-
ticity of these populations within the ecological range limit 
tested in this experiment. Hence the genetic differences re-
ported by Leinemann et al. (2013a) were never consistently 
manifested in either physiological or biochemical reactions 
during late frost. This raises the question concerning better 
adaptability of native populations assumed in the Federal 
Nature Conservation Act. 
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