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Abstract: Leaf senescence allows plants to remobilise and use the same nitrogen repeatedly and is closely 
linked to autumn phenology. The timing of leaf senescence affects the growth rate and survival of trees due 
to the association between senescence and the remobilisation of nutrients, particularly nitrogen. The pres-
ent study compares protein degradation dynamics and nitrogen remobilisation in early, intermediate and 
late phenological forms of beech trees (Fagus sylvatica L.). Specimens of phenological forms were marked 
and examined in 2005 and 2008. Leaf samples were collected from August to October during each of these 
years, and a biochemical analysis and a determination of proteolytic enzyme activity were conducted. The 
early phenological form showed protein degradation with three clearly indicated phases, whereas in the 
late form, protein degradation was stable with a constant decrease. The phenological forms differed sig-
nificantly in their C/N ratios, which increased from approximately 20 in August to 37.5, 35 and 32 for the 
early, intermediate and late forms, respectively, at the end of leaf senescence. The date of the sudden drop 
in temperature had a decisive effect on the beginning of leaf senescence. Temperature has a greater effect 
on protein degradation and the protein and nitrogen resorption efficiency in the early form than in the late 
form. The trees that began to senesce the earliest exhibited the highest resorption of nitrogen compounds. 
Senescence led to an increase in proteolytic activity. Aminopeptidase activity was highest at the beginning 
of senescence, while endo- and carboxypeptidase activity was highest in the middle of senescence. The early 
form had the highest activity levels for all peptidase types. These results indicate that beech trees that differ 
in their autumn senescence timing display different nitrogen remobilisation efficiencies. This efficiency 
depended on the length of leaf senescence, peptidase activity and the sensitivity of particular phenological 
forms to temperature changes.
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Introduction
The European beech (Fagus sylvatica L.) is an im-

portant deciduous tree species in Europe. It occupies 
various habitats, ranging from the mountainous re-

gions of southern and eastern Europe to the lowlands 
of central Europe (Fang and Lechowicz 2006; Paule 
1995). The wide range of climatic conditions that oc-
cur in these locations causes great variability in the 
beech populations. Early and late beech forms can 
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be classified on the basis of their phenological traits. 
These phenotypes have distinctive physiological and 
morphological features, including differences in the 
timing of spring bud break and the onset of leaf se-
nescence, frost resistance dynamics and leaf size 
(Dolnicki and Kraj 2001; Chmura and Rożkowski 
2002; Stachak 1965). The difference in occurrence 
time for the spring and autumnal phenological phas-
es of early and late beeches can be as much as 20 
days (Chmura and Rożkowski 2002; Dolnicki and 
Kraj 2001). Although there are many reports on 
the spring phenology of beech forms (Chmura and 
Rożkowski 2002; Škvareninová and Snopková 2011), 
investigations on autumnal leaf senescence, especial-
ly its biochemical basis, have rarely been reported. 
To date, most studies have shown that the timing of 
leaf senescence or bud set is consistent from year to 
year; this finding demonstrates that there is a high 
degree of genetic control over these characteristics 
(Vitasse et al. 2009; Howe et al. 2003). However, the 
end of the growing season is difficult to record pre-
cisely due to the effects of environmental conditions 
such as low temperature (Vitasse et al. 2009). 

Senescence, the final phase of leaf development, 
leads to leaf death and fall (Smart 1994). Leaf senes-
cence is highly coordinated and genetically controlled. 
This phase involves decreased photosynthetic activ-
ity in the leaves and the degradation of chloroplasts 
and cellular macromolecules (Buchanan-Wollaston 
et al. 2003; Gan 2003; Lin and Wu 2004; Quirino 
et al. 2000). The primary function of natural senes-
cence in leaves is to remobilise and recycle cellular 
macromolecules (Aerts 1996; Himelblau and Amasi-
no 2001). The redistribution of nutrients within the 
plant, which is accompanied by a build-up of carbon 
and nitrogen reserves, may be the main determinant 
of tree longevity (Guiboileau et al. 2010). 

Nitrogen is the most important nutrient com-
pound that is remobilised during senescence. It is a 
major growth-limiting factor in natural forest eco-
systems and influences the growth patterns of beech 
trees (Marschner 1995; Rennenberg et al. 1998). Be-
cause nitrogen availability is very limited in forest 
soils, trees require an efficient mechanism for the as-
similation, storage and remobilisation of the organic 
and inorganic forms of nitrogen to ensure optimal 
growth conditions (Couturier et al. 2010). The dura-
tion of leaf senescence and the tight coordination of 
its onset are important for the efficiency of nitrogen 
remobilisation and storage for the next year’s growth. 
The adaptive value of leaf senescence timing is clear; 
if leaf senescence begins too early, the growth peri-
od will be shortened and the carbon gained through 
photosynthesis will decrease, whereas if senescence 
occurs too late, the green leaves will be killed by frost 
and the leaf nitrogen will be lost (Fracheboud et al. 
2009). Seasonal nitrogen recycling constitutes the 

adaptation of plants to the climate and to conditions 
in which nutrients are often growth limiting (Cooke 
and Weih 2005). Autumnal nutrient resorption in 
temperate hardwood forests typically leads to the 
resorption of half (Aerts 1996) or more (Duchesne 
et al. 2001; Cote et al. 2002) of the nitrogen that is 
present in leaves before abscission.

Over 50% of the nitrogen in photosynthetically 
active tissues is found in soluble (Calvin cycle) and 
insoluble (thylakoid) chloroplast proteins (Feller and 
Fischer 1994; Gan and Amasino 1997). The amino 
acids produced during protein degradation are re-
leased, transported and stored in protein form within 
other parts of the plant (Diaz et al. 2005). In broadleaf 
trees, these proteins are stored in specialised trunk 
and root tissues (Coleman et al. 1993; Millard and 
Grelet 2010). Plant proteolysis is a complex process 
that involves a number of enzymes. These enzymes 
can be classified into specific groups depending on 
the position of the cleaved peptide bond within the 
polypeptide chain. Endopeptidases attack peptide 
bonds within polypeptides, whereas exopeptidases 
cleave amino acids from either the N-terminus (ami-
nopeptidases) or C-terminus (carboxypeptidases) of 
the protein (Brouquisse et al. 2001; Feller and Fis-
cher 1994; Huffaker 1990). 

The patterns of peptidase activity that are asso-
ciated with leaf senescence vary considerably de-
pending on their type, their location in the leaf cells 
and the plant species. Because most of the nitrogen 
present in mesophyll cells is located within chloro-
plasts, the activity of chloroplast peptidases plays a 
central role in the mobilisation of this macroelement 
(Hortensteiner and Feller 2002). Endopeptidases are 
essential for the first stages of peptide bond cleav-
age and are therefore important for the initiation of 
the catabolism of chloroplast proteins, primarily Ru-
bisco (Hortensteiner and Feller 2002). Additionally, 
aminopeptidase activity in chloroplasts reportedly 
contributes to the complete degradation of stromal 
proteins by degrading the peptides generated by en-
dopeptidase activity (Roulin and Feller 1998). Car-
boxypeptidases, which have not been detected in in-
tact plastids (Feller and Fischer 1994), play a role in 
the degradation of plastid proteins in lytic vacuoles 
(Hortensteiner and Feller 2002; Yang et al. 2004).

Many important questions concerning autumn 
leaf senescence in beech trees must be answered: a) 
how is the senescence process executed and what is 
the impact of environmental factors on the onset of 
this process; b) what are the biochemical and molec-
ular bases of leaf senescence; c) what is the timetable 
of biochemical events during beech leaf senescence 
and d) what is the effect of the phenological form of 
beech on the course of leaf senescence. 

The primary problem that affects tree growth is 
the timing and extent to which nutrients, particularly 
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nitrogen, are remobilised in the leaf. It is important 
to understand how the timing of autumnal senes-
cence affects the proportion of protein and nitrogen 
resorption. To address these questions, three groups 
of beech individuals with different autumn phenolo-
gy times were selected. These plants were examined 
to a) compare the protein degradation dynamics dur-
ing autumnal leaf senescence in phenological forms 
of beech trees, b) determine the nitrogen remobili-
sation efficiency in these forms and c) determine the 
activity profiles of leaf peptidases with respect to ni-
trogen recycling in naturally senescing leaves. 

Materials and Methods
Plant material

This study was conducted in an experimental 
plot (approx. 100 x 50 m) that was established in 
the Krzeszowice Forest District (geographical coor-
dinates: 50°06’28’’N, 19°41’07’’E). In the plot, soil 
acidity exhibited low variability (mean pHKCl ± SD = 
6.54 ± 0.2), whereas nitrogen availability exhibited 
higher variability (0.29% ± 0.11). Between 2004 and 
2008, approximately 200 15-year-old beeches were 
visually scored for autumn senescence. Specimens of 
early, intermediate and late phenological forms were 
selected and marked on October 07, 2004, when it 
was possible to distinguish the senescence stages of 
the trees, using the modified scale of autumnal phe-
nological stages according to Stachak (1965). The 
specimens marked as early, intermediate and late 
forms displayed 50%, 20% and 5–10% discoloured 
leaves in their crowns, respectively. The selection 
of individuals and their assignment to the relevant 
phenological form was confirmed during subsequent 
years of observations. Three groups of individuals 
that showed differences in their senescence start data 
were thereby distinguished from one another. Fifteen 
individuals were randomly chosen from each group. 
Leaves of approximately the same size were collect-
ed from sunlit shoots of each individual in 2005 and 
2008. The samples were collected on August 20, Sep-
tember 3, September 10, September 18, September 
27, October 05, October 13 and October 20 at ap-
proximately 9–11 am. The leaf collection was con-
ducted until maximum leaf fall. All leaves were col-
lected from several neighbouring shoots on the same 
branch under uniform sun exposure on the south 
side of the crown. The leaves were stored on ice im-
mediately after sampling; later, they were ground in 
liquid nitrogen and stored at –80°C. For dry weight 
measurement, 100 mg of ground leaves was dried 
for 72 hours at 70°C until a constant weight was 
reached, and this weight was recorded.

On the basis of an earlier analysis (data not 
shown), the mature leaves collected on August 20 

provided good estimates of the maximum protein 
and total N content because the maximum protein 
concentration in beech leaves from southern Poland 
was found to be maintained until the second half of 
August, after which the value begins to decrease.

Biochemical analysis

Photosynthetic pigment determination
To estimate the chlorophyll content, 50 mg of leaf 

powder was placed in 6 ml of cold 80% acetone (pH 
7.8). The samples were shaken for 1 hour at 4°C 
and centrifuged, and the absorbance of the leaf ex-
tracts was measured on a UV-VIS spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) 
at 663 and 646 nm. The chlorophyll concentrations 
were calculated using the Lichtenthaler and Well-
burn (1983) formulae and are expressed in mg/g dry 
weight. 

Total nitrogen and carbon analysis
A 100 mg sample of ground leaf powder was dried. 

The samples were combusted at 1350°C. Carbon 
content were measured by infrared absorption, while 
nitrogen was determined by thermal conductivity us-
ing a LECO CNS 2000 elemental analyser (LECO, St. 
Joseph, MI, USA).

Determination of soluble and insoluble proteins
Soluble proteins were extracted from approxi-

mately 50 mg of leaf powder in Tris-HCl buffer (pH 
7.5) containing 1 mM EDTA (pH 8), 10 mM MgCl2 
and 14 mM β-mercaptoethanol. The water-soluble 
protein content of the supernatant was determined, 
and the pellets were incubated for 24 h at room tem-
perature in Tris-HCl buffer containing 0.1% SDS to 
extract water-insoluble proteins (SDS-soluble pro-
teins) (Kraj and Grad 2013). The protein concentra-
tions of the samples were estimated using the Brad-
ford method (1976) with bovine serum albumin as a 
standard.

Amino acid determination
For the amino acid determination, 50 mg of leaf 

powder was homogenised in 3% sulphosalicylic acid 
for 1 hour, and the samples were centrifuged. Ali-
quots (100 µl) of leaf extracts were used for amino 
acid determination using the ninhydrin method, and 
glycine was used as a standard (Yokoyama and Hira-
matsu 2003).

Proteolytic activity of beech leaves

Protein extraction
The peptidase activity of the senescing leaves col-

lected in 2008 was analysed as follows. Soluble pro-
teins were extracted from each leaf powder sample 
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with cold 100 mM phosphate buffer (pH 7.8) (1:10, 
w/v) containing 0.5% Triton X-100, 8% (w/v) insol-
uble polyvinylpolypyrrolidone (PVPP) and 10 mM 
β-mercaptoethanol (Sigma, St Louis, MO, USA), and 
the homogenate was centrifuged at 15,000 rpm for 
15 minutes. The resulting supernatant was desalted 
by centrifugation through Sephadex G-25 Superfine 
columns (Sigma, St. Louis, MO, USA) that had been 
equilibrated with 100 mM phosphate buffer (pH 7.8) 
containing 10 mM β-mercaptoethanol. All extraction 
steps were performed at 0–4°C. 

Peptidase activity determination
The supernatant from the protein extraction step 

was used to determine the aminopeptidase, carboxy-
peptidase and endopeptidase activities. The amino-
peptidase activity was spectrophotometrically deter-
mined using 2 mM L-leu-p-nitroanilide (Sigma, St 
Louis, MO, USA) in 50 mM phosphate buffer (pH 
6.7) with 2% DMSO as the substrate. Forty microli-
tres of extract was mixed with 1 ml of substrate and 
incubated at 37°C for 1 h. The reaction was stopped 
by adding 0.5 ml of perchloric acid. The reaction mix-
ture was centrifuged at 10,000 rpm for 10 minutes, 
and its absorbance was measured at 410 nm with a 
Synergy 2 microplate reader (Biotek, Winooski, VT, 
USA). One unit of enzyme activity was defined as 
one unit of change in absorbance per hour at 37°C. 
Carboxypeptidase assays were performed with 2 mM 
N-carbobenzoxy-L-phenylalanine-L-alanine (Sigma, 
St Louis, MO, USA) in 25 mM citric acid-phosphate 
buffer (pH 5.0) containing 2% DMSO as the sub-
strate. A 150-µl aliquot of extract was mixed with 
900 µl of substrate solution and incubated at 37°C 
for 1 h. The reaction was stopped by adding 1 ml 
of 15% trichloroacetic acid (TCA). After standing 
on ice for 10 minutes, the samples were centri-
fuged at 16,000 rpm for 10 min, and the liberated 
α-amino acids were assayed by the ninhydrin meth-

od (Yokoyama and Hiramatsu 2003). The endopep-
tidase activity was measured with 1% azocasein in 
25 mM citric acid-phosphate buffer (pH 5.7) contain-
ing 0.1% β-mercaptoethanol or in 25 mM phosphate 
buffer (pH 7.5). The assay mixture contained 1 ml 
of substrate solution, 200 µl of extract and 800 µl of 
H2O. After 4 hours of incubation at 37°C, any undi-
gested azocasein and large fragments of the protein 
were precipitated with 1 ml of cold 15% TCA for 1 
hour. The samples were centrifuged at 13,000 rpm 
for 10 minutes, and the absorbance of the superna-
tant was determined at 405 nm. One unit of enzyme 
activity was defined as one unit of change in absorb-
ance per 4 hours at 37°C. 

Data analysis

Temporal differences in the photosynthetic pig-
ment content, protein content and enzymatic activ-
ity in leaves from the different phenological forms of 
beech trees were evaluated for various experimental 
times using repeated measures ANOVA (RM-ANO-
VA); Fisher’s LSD test was used as a posthoc test. 
Differences were considered significant at P<0.05. 
The data were tested for homogeneity of variance 
using Bartlett’s test (Sokal and Rohlf 1995). All sta-
tistical analyses were conducted using Statistica soft-
ware, version 10.0 (StatSoft Inc., Tulsa, OK, USA). 
Correlation analyses were conducted to examine 
the relationships among 1) temperature and nitro-
gen content and 2) protease activity and biochemical 
characteristics (chlorophyll, soluble and insoluble 
protein, amino acid and nitrogen contents, and the 
C/N ratio) of senescing leaves from different phe-
nological forms of beech trees. The degree of pro-
tein remobilisation was calculated using the protein 
resorption efficiency (PRE), which is defined as the 
proportion of proteins resorbed to perennial plant 
parts before leaf abscission.

Fig. 1. Weather conditions during the 2005 and 2008 sampling periods. The grey bars represent the millimetres of pre-
cipitation per day. The lines correspond to the maximum and minimum temperatures (°C). The arrows indicate the 
sampling dates
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Results

Our observations of the percentage of discoloured 
leaves and the changing dynamics of leaf colours be-
tween 2005 and 2008 made it possible to determine 
the dates for the autumnal stages of senescence in 
specimens belonging to early, intermediate and late 
phenological forms. The climatic conditions during 
the sampling periods are shown in Fig. 1a and b. An 
analysis of changes in the maximum and minimum 
temperatures showed that a milder drop in temper-
ature occurred in 2005 than in 2008, and two stages 
of the temperature course were observed. During the 
first stage, the temperature was stable until approxi-
mately September 12, 2005, and September 5, 2008; 
there was then a significant drop in temperature. 
The difference in the average temperatures during 
the sampling period between 2005 and 2008 was ap-
proximately 0.7°C.  

The appearance of the autumnal phenological 
stages was related to changes in the temperature. In 
2005, the beech specimens showed a later onset (by 
approximately 7–10 days) of autumnal leaf senes-
cence in comparison to 2008. The length of the se-

nescence period from the first visual indicators until 
the beginning of leaf fall depended on the phenolog-
ical form; the lengths of this period were 15, 13 and 
10 days in 2005 and 14, 13 and 11 days in 2008 for 
the early, intermediate and late forms, respectively.

Significant differences occurred in the levels of 
chlorophyll, soluble and insoluble proteins, ami-
no acids and nitrogen and in the C/N ratio among 
the phenological forms of beech (P<0.001 for all 
analysed compounds) (Tab. 1). These differences 
allowed for the characterisation of the biochemical 
features of the senescing leaves.

Chlorophyll content as a biochemical 
marker of senescence

In this study, chlorophyll was used as a biochem-
ical marker of leaf senescence. RM-ANOVA analysis 
demonstrated an overall effect of phenological form 
on chlorophyll content during both sampling periods 
(P<0.001, Tab. 1). Prior to the onset of senescence 
(August 20), late form specimens contained signifi-
cantly (on average 10%) more total chlorophyll than 
early form specimens (Fig. 2). The chlorophyll con-
tent of the leaves was stable until approximately Sep-
tember 3 (2008) to September 10 (2005) for both the 
early and intermediate forms and until September 18 
(2005 and 2008) for the late form. Chlorophyll began 
to degrade after these dates, and the rate depended 
on the phenological form of the trees and the tem-
perature distribution (Figs. 1a–b and 2). A significant 
effect of year (P<0.01) on the chlorophyll content 
was found for the period starting from September 
10 to October 05 for both the early and intermediate 
forms and from September 27 to October 20 for the 
late form, i.e., after the period during which a signifi-
cant drop in temperature occurred. The length of the 
chlorophyll degradation stage was approximately 47 
days for the early form, 40 days for the intermediate 
form and 32 days for the late form. From the begin-
ning of senescence until the last sampling date, the 
chlorophyll content decreased by an average of 83% 
and 74% for 2005 and 2008, respectively. 

Protein and amino acid content 
dynamics

The protein extraction method used in this study 
divided proteins into water-soluble and water-in-
soluble fractions (SDS-soluble proteins). The initial 
insoluble protein content was significantly higher 
(approximately 30%) than the initial soluble protein 
content (P<0.001). Except during the initial phase 
of leaf senescence, the late form exhibited signifi-
cantly higher contents of soluble and insoluble pro-

Table 1. The results of the repeated measures ANOVA: A) 
phenological form and year effect on chlorophyll, solu-
ble and insoluble proteins, amino acids, nitrogen con-
tent, C/N ratio and B) phenological form effect on pro-
teinase activity in senescing leaves of beech trees (Fagus 
sylvatica L.)

Effect df F-value Probability
Biochemical compounds*

Chlorophyll a+b
Phenological form 2 10.62 <0.001
Year 1 7.33 0.009

Soluble proteins
Phenological form 2 580.02 <0.0001
Year 1 691.66 <0.0001

Insoluble proteins
Phenological form 2 103.32 <0.0001
Year 1 15.46 <0.001

Amino acids
Phenological form 2 28.52 <0.01
Year 1 0.06 0.805

Nitrogen
Phenological form 2 8.20 0.008
Year 1 5.39 0.024

C/N ratio
Phenological form 2 9.41 0.0003
Year 1 5.79 0.02

Proteinase activity (phenological form effect)
Aminopeptidase 2 3.89 0.033
Carboxypeptidase 2 4.37 0.023
Endopeptidase, pH 5.7 2 5.50 0.01
Endopeptidase, pH 7.5 2 79.20 <0.0001

* Phenological form × year interaction was insignificant in all 
analysis
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tein than the early form (P<0.0001) (Tab. 1, Fig. 
3a–d). During senescence, the levels of both soluble 
and insoluble proteins decreased slightly until an 
intense degradation of the photosynthetic pigments 
began to occur (Figs. 2 and 3a–d). The acceleration 
of protein degradation occurred at the same time as 
the beginning of the intense chlorophyll degradation. 
In the early form, the soluble proteins were degraded 
in three distinct stages, the beginning and length of 
which were related to changes in temperature and 
chlorophyll content (average Pearson correlation 
coefficients for 2005 and 2008 were 0.79 and 0.98, 
respectively, P≤0.001) (Fig. 1, 2 and 3a–b). In this 
form, two stages of intense protein degradation were 
separated by a stage in which the protein level fell 
slowly. In contrast, the late form was characterised 
by a relatively constant rate of decrease in the pro-
tein content; distinct degradation stages of soluble 
protein degradation were less apparent, and there 
was a more stable and constant decrease in the pro-
tein content. Protein content in late form was less 
dependent on temperature fluctuations and was 
highly related to chlorophyll content (average Pear-
son correlation coefficients for 2005 and 2008 were 
0.32 and 0.98, respectively, P≤0.001). Similar to the 
findings with chlorophyll degradation, we observed 
a significant interaction between soluble and insol-
uble protein content, and a sudden decrease in tem-
perature change affected these parameters. The time 
course for insoluble protein degradation was similar 
to that of soluble proteins in the various phenologi-
cal forms (the average Pearson correlation coefficient 
between soluble and insoluble protein contents was 
0.99, P<0.01). However, a more stable and slower 
decrease in the insoluble protein concentration was 
measured in comparison to the soluble protein con-
centration (Fig. 3c–d). 

Protein degradation during leaf senescence result-
ed in the release of amino acids at a rate that was 

dependent on the observed proteolysis process. The 
three phenological forms did not differ in their ami-
no acid content until the beginning of the first stage 
of protein degradation, i.e., approximately Septem-
ber 3–10 (Fig. 3e–f). Protein degradation at this stage 
caused an increase of approximately 50% in the ami-
no acid content of the leaves. The date and extent of 
the increase differed significantly among the pheno-
logical forms (P<0.01 for both 2005 and 2008). De-
pending on the temperature of the environment and 
the related protein degradation process, the concen-
tration of amino acids in the leaves increased slowly 
until approximately October 5–13, i.e., until the be-
ginning of the second phase of protein degradation, 
when there was a rapid, several-fold increase in the 
amino acid content of the senescing leaves.  

Total nitrogen and C/N analysis

The nitrogen content of the senescing leaves was 
highest at the beginning of senescence. As with the 
protein content, the early and intermediate beech 
form showed a more pronounced stage-related de-
crease in nitrogen content than late form (Fig. 4). 
Correlation analysis demonstrated a significant ef-
fect of temperature on nitrogen content in senescing 
leaves. The early, intermediate and late phenological 
forms of beech were characterised by decreasing Pear-
son correlation coefficients. For both 2005 and 2008, 
the average correlation coefficients for the early, in-
termediate and late forms were 0.96, 0.88 and 0.55, 
respectively (P<0.05). The results demonstrated 
that the correlation coefficients for the early and late 
phenological forms differed significantly (P=0.045). 
In the early and intermediate forms, the marked de-
crease in nitrogen content occurred in two stages; the 
first stage occurred during the period from Septem-
ber 3 to September 10 and the second was from Sep-
tember 18–27 until the end of senescence. The late 

Fig. 2. Changes in the chlorophyll content of autumn leaves from different phenological forms of beech trees (Fagus 
sylvatica L.). Each point is the mean of 15 measurements (±SD). Means denoted by different letters are significantly 
different at P<0.05
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form showed a slow, stable decrease in nitrogen con-
tent from the beginning of senescence until approx-
imately September 27 to October 5, after which the 
nitrogen content continued to decrease rapidly until 
the end of senescence. During the final stage of the 
nitrogen content decrease, the early form exhibited 
the greatest ability to transfer nitrogen to other parts 
of the plant. As a result of the senescence process, 
the nitrogen content in the early, intermediate and 
late forms decreased to 0.84%, 0.93% and 1.03% of 

the dry weight, respectively. At the beginning of se-
nescence, the C/N ratio was approximately 20, and it 
did not differ in the various phenological forms. Over 
the course of the senescence process, the phenologi-
cal forms showed an increasing C/N ratio. The early 
form was characterised by significantly higher values 
of this ratio than the late form (P=0.0003, Tab. 1). 
Initially, the C/N ratio increased slowly; starting at 
the beginning of October, it increased very rapidly, 
reaching significantly different values (averaged for 

Fig. 3. Changes in the soluble protein (a, b), insoluble protein (c, d) and amino acid (e, f) contents of leaves from differ-
ent phenological forms of beech trees during autumn senescence. Each point is the mean of 15 measurements (±SD). 
Means denoted by different letters are significantly different at P<0.05
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2005 and 2008) of 37.5, 35 and 32 for the early, in-
termediate and late phenological forms, respectively 
(Fig. 4). 

Nitrogen resorption efficiency

The nitrogen resorption efficiency was calculated 
for the sampling period, i.e., from August 20 to Oc-
tober 20. The longer period of high temperatures in 
2005 resulted in a significantly greater resorption of 
soluble protein and total nitrogen in all phenological 
forms relative to the corresponding values obtained 
in 2008 (P≤0.01). Insoluble proteins were resorbed 
to the same degree in 2005 and 2008 (Tab. 2). In 
both sampling periods, the phenological forms dif-
fered significantly in their degrees of resorption of 
soluble protein, insoluble protein and total nitrogen 
(P<0.001). The specimens that began to senesce the 
earliest showed the highest resorption of nitrogen 
compounds. The average difference in the resorption 
efficiency of soluble, insoluble and total protein in 
the early and late phenological forms was approxi-
mately 12.0%, whereas the average difference was 
6.8% for total nitrogen (Tab. 2).

Protease activity 

Senescence was associated with increased prote-
olytic activity in the beech leaves. The aminopepti-
dase activity increased most rapidly during the initial 
stage of senescence; the maximum aminopeptidase 
activity was present on approximately September 10 
in all phenological forms (Fig. 5c). The early form 
showed significantly greater maximum aminopepti-
dase activity than the other forms (P=0.033, Tab. 1). 
A decrease in the activity of this enzyme occurred af-
ter September 10; the earlier the phenological form, 
the greater the decrease. In the late phenological 
form, the aminopeptidase activity increased during 
the initial stages of senescence and then remained 
constant until the end of the senescence process 
(Fig. 5c). The endopeptidase activity increased more 
slowly, reaching a maximum between September 27 
and October 5, when the leaves were in an advanced 
stage of senescence (Fig. 5a–b). In the early form, 
the endopeptidases reached their maximum activi-
ty approximately one week earlier than in the late 
form and showed greater maximum activity. The 
endopeptidase activity at pH 5.7 was approximately 
3-fold greater than the endopeptidase activity at pH 
7.5. Carboxypeptidase showed a similar increase in 

Table 2. Protein and nitrogen resorption efficiency in senescing leaves from different phenological forms of beech trees 
(percent of protein/nitrogen resorbed) 

Nitrogen source

2005 2008
Phenological form* Mean for 

phenological 
forms**

Phenological form* Mean for 
phenological 

forms**Early Intermediate Late Early Intermediate Late

Soluble protein 80.4±2.7 74.3±2.2 67.8±2.1 74.2 (12.6) 73.5±2.2 65.5±1.2 61.8±1.3 66.9 (11.7)
Insoluble protein 75.6±1.4 66.7±1.1 63.2±1.7 68.5 (12.4) 76.1±1.0 66.7±1.0 63.2±1.2 68.5 (12.9)
Total protein 77.4±2.2 69.6±1.4 64.9±1.8 70.6 (12.5) 74.7±1.5 66.2±1.3 62.6±1.05 67.8 (12.1)
Total nitrogen 64.1±1,2 59.2±1,6 55.4±0.6 59.6 (8.7) 59.9±0.9 57.5±0.6 53.7±0.9 57.0 (6.2)

*  All average values for the phenological forms were significantly different at P<0.001
**  Differences between the early and late phenological forms are given in parentheses

Fig. 4. C/N ratio (% %–1 of DW) (lines) and nitrogen content (% of DW) (columns) in senescing leaves from different 
phenological forms of beech trees. For each sampling date, the columns followed by different letters were significantly 
different at p≤0.05. Each point is the mean of 15 measurements (±SD). Means denoted by different letters are signif-
icantly different at P<0.05
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activity in all phenological forms until approximate-
ly September 18. After this date, the activity of this 
enzyme increased more in the late form, remained 
stable for approximately 2 weeks and then decreased 
slightly. The early and intermediate forms showed 
similar durations of maximum carboxypeptidase 
activity, but the level of activity was lower in these 
forms (Fig. 5d).

Correlation analysis

A correlation analysis was performed between 
protease activity and chlorophyll, nitrogen and ni-
trogen-containing compounds, such as soluble and 
insoluble proteins and amino acids content. Proteo-
lytic enzymes exhibited increased activity, the extent 
of which was connected with the enzyme type and 
phenological form. The maximum individual pro-
tease activities were achieved the earliest for amin-
opeptidase, followed by endopeptidase and carboxy-
peptidase (Fig. 5a–d). Examining the dates on which 
the samples were collected confirmed that protease 
activity was connected with the temperature. Amino-
peptidase reached its peak activity just prior to a sud-

den drop in the temperature (Fig. 1b and 5c). Con-
versely, endo- and carboxypeptidase reached their 
maximum activities after the minimum temperature 
decreased to its lowest level, i.e., approximately Sep-
tember 27 (Fig. 1b and 5a, b and d). A strong cor-
relation was observed between protease activity and 
the biochemical markers connected with the course 
and the rate of leaf senescence (based on chlorophyll, 
proteins and amino acid contents) from the onset of 
senescence until maximum proteolytic activity was 
reached (Tab. 3). In the earlier beech specimens, the 
activities of the individual peptidase types decreased 
more markedly (Fig. 1b and d).

Discussion

This study highlights the significant relationship 
between autumn phenological features in beech trees 
and the efficiency of nitrogen remobilisation during 
leaf senescence in 2005 and 2008. Two different years 
were chosen to compare the dynamics of protein deg-
radation to free amino acids and the proteolytic ac-
tivity of beech leaves. The beech phenological forms 

Fig. 5. Changes in the endopeptidase activity at pH 5.7 (a), endopeptidase activity at pH 7.5 (b), aminopeptidase activity 
(c) and carboxypeptidase activity (d) in leaves from different phenological forms of beech trees during autumn se-
nescence. The peptidase activities were analysed in 2008. Each point is the mean of 15 measurements (±SD). Means 
denoted by different letters are significantly different at P<0.05
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exhibited different sensitivities in their biochemical 
and, thus, phenological processes, including the sen-
sitivity of nitrogen metabolism to temperature fluc-
tuation during autumn leaf senescence.

The dates of the leaf senescence phases depended 
on the phenological form of the specimens and the 
temperature during a given vegetative period. The 
photoperiod and temperature are the most important 
abiotic factors influencing leaf senescence (Delpierre 
et al. 2009; Estrella and Menzel 2006). However, the 
photoperiod appears to have a smaller effect on the 
onset of beech leaf senescence than the temperature, 
as the date of the beginning of senescence depends 
on the temperature during the individual vegetative 
period. In F. sylvatica, the rate of this process is highly 
correlated with temperature, which has been shown 
to regulate the course and rate of leaf colouring and 
leaf fall (Thomas and Stoddart 1980; Schuster et al. 
2013b; Škvareninová and Snopková 2011). The se-
nescence of beech leaves is generally delayed by high-
er temperatures, with a response rate of 5–7 days/°C 
(Menzel and Fabian 1999; Schuster et al. 2013a). In 
the current study it appears that not only the max-
imal value of temperature but also the date of any 
sudden drop in temperature is critical to inducing 
the biochemical events leading to leaf senescence. 
The effect of temperature on the rate of leaf senes-
cence was similar to that found in previous studies, 
because the difference between the average tempera-
tures for the two examined periods was 0.7°C, which 
caused a delay of approximately 7 days at the begin-
ning of leaf senescence in 2005. In the studied years, 
the temperature affected the contents of chlorophyll, 
soluble and insoluble protein, amino acids and nitro-
gen and the C/N ratio.

In trees, internal nitrogen cycling occurs via as-
similation, re-translocation and storage. These pro-
cesses are seasonally programmed and closely linked 
to tree phenology (Wang et al. 2013). The nitrogen 
economy of trees depends on the leaf lifespan and 
the efficiency of nitrogen resorption from senescing 
leaves (Yasumura et al. 2002). The results presented 
here showed the effect of the phenological form on 
the rate of leaf senescence and, thus, on the course 
of nitrogen compounds resorption. During both 
examined periods, the specimens that began to se-
nesce earlier remobilised a greater mass of nitrogen 
compounds, irrespective of the thermal conditions. 
These data indicate that the decrease in nitrogen 
content reflects a greater nitrogen resorption effi-
ciency in leaves that senesce longer (Niinemets and 
Tamm 2005). The re-translocation and storage of 
nitrogen compounds in the perennial organs of the 
beech trees caused changes in the leaf C/N ratio. The 
data obtained in the present study showed differenc-
es in the C/N ratio between beech individuals that 
differed over the course of autumn leaf phenology. In 
August, this ratio was relatively low (approximately 
20) and comparable across phenological forms, but 
it increased almost two-fold at the beginning of leaf 
fall. These results are consistent with data collect-
ed from 90-year-old trees that were previously pre-
sented by Wang and others (2013). However, in the 
present study, the quickest increase in the C/N ratio 
was observed in specimen of the early phenological 
form, which was characterised as having the highest 
nitrogen recycling ratio. 

The date of senescence onset of leaves affects tree 
growth because it is associated with the remobili-
sation of nutrients, particularly nitrogen (Lim et al. 

Table 3. Pearson correlation coefficients between the protease activity and biochemical characteristics of senescing leaves 
from different phenological forms of beech trees. The data represent correlations based on the period that was charac-
terised by increased enzyme activity, i.e., from August 20, 2008 to September 10, 2008 for aminopeptidase and from 
August 20, 2008 to September 27, 2008 for endopeptidase and carboxypeptidase

Peptidase type Total chlorophyll Soluble 
proteins

Insoluble 
proteins Amino acids Nitrogen C/N

Early form
Aminopeptidase –0.946 –0.849 –0.836 0.727 –0.967 0.902
Endopeptidase, pH 5.7 –0.940* –0.926* –0.894* 0.882* –0.924* 0.957*
Endopeptidase, pH 7.5 –0.931* –0.946* –0.919* 0.902* –0.991** 0.974**
Carboxypeptidase –0.894* –0.917* –0.907* 0.881* –0.982** 0.934*

Intermediate form
Aminopeptidase –0.985 –0.983 –0.872 0.814 –0.977 0.914
Endopeptidase, pH 5.7 –0.979** –0.953* –0.947* 0.926* –0.890* 0.968**
Endopeptidase, pH 7.5 –0.957* –0.926* –0.947* 0.926* –0.933* 0.985**
Carboxypeptidase –0.888* –0.867 –0.915* 0.898* –0.986** 0.963**

Late form
Aminopeptidase –0.987 –0.807 –0.847 0.301 –0.925 0.649
Endopeptidase, pH 5.7 –0.975** –0.912* –0.950* 0.882* –0.919* 0.933*
Endopeptidase, pH 7.5 –0.959* –0.918* –0.962** 0.900* –0.904* 0.946*
Carboxypeptidase –0.947* –0.874 –0.929* 0.818 –0.968** 0.921*

*, ** significant at P<0.05 and P<0.01, respectively
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2007). Thus, prolonged autumn senescence, which 
is characteristic of early phenotypes, results in the 
increased storage of assimilates. Vitasse et al. (2009) 
showed that the senescence date of beech trees sig-
nificantly influences the growth rate. Additionally, 
Chmura and Rożkowski (2002) suggested that the 
times of bud burst and growth cessation could influ-
ence the survival and growth performance of beech 
trees. It should be noted, however, that unfavourable 
climatic conditions can cause incomplete nutrient re-
mobilisation as a result of frost damage to functional 
leaves (Keskitalo et al. 2005). Dyckmans and Flessa 
(2001) reported that the contribution of the previous 
year’s nitrogen to new leaf formation in the spring 
was approximately 15% and that beech growth is 
strongly determined by the availability of internal ni-
trogen stores, whereas the current nitrogen supply is 
less important.

The need for protein degradation during the remo-
bilisation processes causes an increase in the plant’s 
peptidase activity at the onset of leaf senescence and 
during its later phases. The hydrolysis of proteins 
into free amino acids depends on the action of dif-
ferent types of peptidases and is related to the rate of 
senescence (Hortensteiner and Feller 2002; Nooden 
et al. 1997; Buchanan-Wollaston et al. 2003). The 
results of other protein degradation studies suggest 
that senescence is the primary process responsible 
for the dramatic increase in remobilised nitrogen 
during leaf senescence. The use of remobilised ni-
trogen requires the conversion of proteins into ami-
no acids, the transport of amino acids from source 
tissues to sink tissues via the phloem and the sub-
sequent synthesis of proteins (Hayashi and Chino 
1990). In the current study, the amino acid content 
of the senescing beech leaves was found to increase 
slowly until the beginning of October. It was inferred 
that during the early senescence period, almost all of 
the free amino acids from protein degradation were 
transported to perennial tissues and used to synthe-
sise storage proteins. However, a sudden increase in 
the amino acid content of the plant tissues occurred 
at the end of leaf senescence. The increased amino 
acid content was likely associated with protein deg-
radation by endo- and carboxypeptidases and with 
the production of amino acids, which could not be 
exported due to sieve tube occlusion (Rolland et al. 
2006). 

Relationships were found among enzyme activity, 
peptidase type and phenological form of the beech 
tree. The sequence in which various peptidase types 
reached their maximal activities was related to their 
cellular location, their function in protein degrada-
tion and the ways in which their activity was reg-
ulated. While total aminopeptidase activity dimin-
ishes early during senescence, endopeptidase and 
carboxypeptidase activities increase until the final 

senescence stages, which take place after the cell 
membranes are damaged (Masclaux et al. 2001; Yam-
ada et al. 2001). The data presented here clearly il-
lustrate the differences between phenological beech 
forms with respect to changes in peptidase activities 
and their maximum levels. With the exception of car-
boxypeptidase, all enzymes exhibited greater maxi-
mum activity in the early phenological form than in 
the late form. The study confirmed that endo- and 
carboxypeptidase activity were associated with the 
biochemical features of the senescing leaves from 
August 20 to approximately September 27, i.e., until 
the temperature decreased. During the final stage of 
senescence, the decrease in the minimum tempera-
ture and the location of individual peptidase types 
and their functional properties caused a correspond-
ing decrease in the proteolytic activity in the leaves. 
The early phenological form was characterised by the 
longest period of senescence and nitrogen remobi-
lisation at higher temperatures, which caused elon-
gation of the senescing process in this form and the 
highest efficiency of nitrogen remobilisation. The fact 
that the decrease in the minimum temperature had 
the greatest impact on early-senescing beech individ-
uals indicates that the early-senescing form exhibits 
the greatest sensitivity to the drop in temperature 
and confirms that temperature has a decisive effect 
on the course of beech leaf senescence. 

In conclusion, our results show that the pheno-
logical forms of beech trees differ in terms of their 
protein degradation and nitrogen remobilisation effi-
ciency dynamics in senescing leaves. By using individ-
uals that differed in their autumn senescence times 
during two years when there were different tem-
perature fluctuations, it was possible to determine 
the effects of the length of leaf senescence and the 
field temperature course on the nitrogen resorption 
efficiency. The relationship between the senescence 
course of beech leaves and their proteolytic activity 
and nitrogen recycling was shown. The allocation of 
nitrogen affects the ecophysiology of the phenologi-
cal forms of beech, including photosynthesis and nu-
trient storage in the leaves. Foliar resorption can po-
tentially supply part of the nitrogen needed for new 
foliage growth in the following year, thus causing 
tight nutrient cycling in the ecosystem. However, it 
should be emphasised that leaf senescence is a com-
plex process that depends on many biochemical and 
molecular as well as environmental factors. It will 
be necessary to investigate the different underlying 
bases of proteolytic activity connected with nitrogen 
remobilisation during leaf senescence in beech. This 
information will help us better understand the phys-
iological differences between the phenological forms 
of beech. 
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