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Abstract

Anev, S. & Damyanova, S. (2024). Seasonal variations of gas exchange parameters in mono-dominated by Fagus 
sylvatica and Picea abies stands. Bulg. J. Agric. Sci., 30 (Supplement 1), 138–143

In carrying out the long-term ecological monitoring activities in the forest site “Petrohan”, the seasonal variations of 
photosynthetic light-response curves were studied in mono-dominated by European beech (Fagus sylvatica L.) natural forest 
and Norway spruce (Picea abies Karst.) plantation in West Stara Planina Mountain. The results showed that light curves vary 
much more during vegetation season in Norway spruce than in European beech. While the beech had gas-exchange parame-
ters confirming its shade tolerance, the spruce was more intolerant to shade. Maximal photosynthesis was highest in spruce in 
June and permanently decreased in August and October. In contrast to spruce, beech did not have a clear vegetative peak in 
gas exchange. Still, it achieved a stable carbon balance and a higher carbon-use efficiency, especially before the middle of the 
growing season. The light-use efficiency of beech and spruce remained relatively constant at whole studied season, confirming 
this parameter’s species-specific character. 

Keywords: light-response curve; seasonal variation; LTER forest site

Introduction

Long-Term Ecological Research (LTER), is a network of 
research sites that study ecological processes for prolonged 
periods. The main goal of LTER is to improve understand-
ing of ecosystems and their changes over time, including the 
impacts of climate change and human activities. LTER can 
provide insights into complex ecological dynamics by focus-
ing on long-term data collection, allowing researchers to ob-
serve extended trends, cycles, and ecosystem changes. Such 
observations are critical for understanding climate change, 
species interactions, and ecosystem health (Callahan, 1984). 
A core value of LTER is the open sharing of data with the 
broader scientific community. Therefore, LTER plays a vital 
role in understanding ecosystems’ long-term dynamics, help-
ing inform environmental policy, conservation efforts, and 
sustainable management practices worldwide (Robertson et 
al., 2012).

The LTER program started in the United States in 
1980, but now has counterparts globally (Callahan, 1984). 
LTER-Bulgaria was founded in 2007 and has been a mem-
ber of the LTER network since 2009. Site “Petrohan” is a 
substantial forest site within the national network for long-
term research and the European Ecological Network LTER, 
thanks to its extensive, systematic collection of biometric, 
chemical, and physiological data over the years (Anev et al., 
2023). The forests are mainly composed of natural European 
beech (Fagus sylvatica L.) stands, but in the mid-20th centu-
ry, forest plantations were created from Norway spruce (Pi-
cea abies Karst.). Both natural European beech forests and 
artificially created plantations of Norway spruce are subject 
to escalating climate change. The challenges facing forests 
composed of late-successional species, such as European 
beech and Norway spruce, are mostly related to the need to 
acclimatize long-lived trees to the rapid pace of environmen-
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tal change.
One of the first acclimatization changes in plants is relat-

ed to the gas exchange of the leaves, especially to their car-
bon and water balance (Lambers & Oliveira, 2019; Schulze 
et al., 2019). According to Kaiser et al. (2015), studying the 
light response curve is essential to understand various fac-
tors that influence the photosynthetic efficiency of plants and 
how they respond to changes in their environment. The light 
response curve of photosynthesis represents the relationship 
between the photosynthesis rate and light intensity. Accord-
ing to Thornley (2002), at low light intensities, the rate of 
photosynthesis increases rapidly as light intensity increases. 
This first phase occurs, because the available light energy is 
insufficient to saturate the plant’s photosynthetic apparatus, 
and therefore, the rate of photosynthesis increases close to lin-
early with increasing light intensity. The second phase occurs, 
when light intensity is at a level that saturates the photosyn-
thetic capacity of the plant, but does not cause damage to the 
photosynthetic apparatus. Beyond a certain light intensity, the 
rate of photosynthesis reaches a maximum level and plateaus. 
Such saturation occurs because the light-independent phase 
of photosynthesis is much slower than light-dependent, and 
cannot absorb a high amount of ATP and NADP(H) produced 
under intense light (Farazdaghi, 2011), which can even lead to 
photo inhibition (Giovagnetti & Ruban, 2015; Wimalasekera, 
2019). However, Wyka et al. (2007) did not establish a rela-
tionship between photoinhibition and shade tolerance, e.g. in 
European beech. Even more, the shape of the light response 
curve may vary depending on factors, such as internal factors 
for plants (Köstner et al., 2002), or environmental conditions, 
e.g., the availability of resources, such as carbon dioxide, tem-
perature (Darenova et al., 2024), and water (Granier et al., 
2007). Against this background, the light response curve of 
photosynthesis can be used in a wide range of ecological ex-
periments to study acclimation to the dynamics of complex 
environmental factors (Leverenz, 1988; Reynolds & Frochot, 
2003) and as a base for calculating forest net-primary produc-
tivity (Gao et al., 2023; Jarvis & Leverenz, 1983; Johnson & 
Thornley, 1984).

Most studies based on the light response curve of pho-
tosynthesis have been conducted once per growing season 
(Gardiner et al., 2009; Marinova & Anev, 2023; Shahanova 
et al., 2018); some are performed in the regime of a vegeta-
tion experiment (Tognetti et al., 1997; Tognetti et al., 1994), 
and others are carried out in the laboratory (Ben et al., 1987; 
Todorova et al., 2022; Todorova et al., 2023), which may 
skew or distort the results (Naumburg & Ellsworth, 2002). 
Few experiments are conducted in the field, following the 
vegetation dynamics of light dependence parameters of pho-
tosynthesis (Anev, 2024; Čater & Levanič, 2013). Such a de-

sign could provide valuable information on the efficiency of 
crucial environmental resources and, therefore, on the accli-
matization potential of populations. The experiment’s main 
objective was to trace the vegetation dynamics of resource 
use efficiency, such as light, carbon, and water of European 
beech and Norway spruce forests, in their natural conditions 
at the LTER forest site “Petrohan”.

Material and Methods

Objects
Forest site “Petrohan” is located in the University of 

Forestry’s training and experimental forest range, spanning 
7,190.5 hectares in the West Stara Planina Mountain. The 
forests are mainly composed of natural European beech (Fa-
gus sylvatica L.) stands, but in the mid-20th century, forest 
plantations were created from Norway spruce (Picea abies 
Karst.). The physiological measurements were carried out in 
two permanent sample plots – one mono-dominated by Euro-
pean beech and the other by Norway spruce. Two plots were 
situated at a small physical distance and similar altitude, a 
prerequisite for similar environmental conditions (Table 1).

Methods
Gas exchange measurements were performed on five 

randomly selected trees between 10:00 and 13:00 on typi-
cal, cloudless days in June, August, and October 2023. The 
net photosynthetic rate was measured in various lights us-
ing the Portable Photosynthetic System Li-6800 (LI-COR 
Bioscience, Lincoln, NE, USA), equipped with a blue-red 
diode light source in the chamber. During the measurements, 
the Photosynthetic Photon Flux Density (PPFD) with 90% 
red and 10% blue light in the chamber was decreased in in-
cremental steps, using eight levels (2000, 1000, 500, 250, 
100, 50, 25, and 0 µmolγ·m-2·s-1) changed by the automatic 
program, in which we set the following criteria: minimum 

Table 1. Description of sample plots
Beech plot Spruce plot

Altitude, m 1447 1413
Latitude, ° 43.121 43.120
Longitude, ° 23.121 23.128
Slope, ° 21.24 10.65
Aspect, ° 143 (SE) 272 (W)
Main tree species Fagus sylvatica L. Picea abies Karst.
Tree height, m 28 30
Diameter of breast 
height, cm

34 34

Age, years 140 90
Canopy closure, % 80–85 60–75
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acclimation time of the leaf, when the PPFD in the camera 
changed 60 s; a maximum time before values were record-
ed 120 s; “match mode” before each measurement (Li-Cor, 
2022). Photosynthetic light responses were individually 
analyzed for each tree with the non-rectangular hyperbolic 
model (Prioul & Chartier, 1977). All regression lines were 
fitted to the data by applying the least-squares approach of 
the Microsoft Excel Solver routine using the Newton algo-
rithm (Office 2019, Microsoft, USA). Light-use efficiency 
(LUE), the maximal photosynthesis (AMAX), and the dark 
respiration rate (RD) were calculated by the regressions. The 
light-compensation point (LCP) and light-saturation point 
(LSP) were calculated as the PPFD, at which photosynthesis 
and respiration equalize (AN = 0) and photosynthesis reached 
80% of Amax, respectively. Carbon-use efficiency (CUE) was 
calculated as a ratio between AMAX and RD. All mean values 
(n = 5) were compared by One-way ANOVA and Fisher’s 
post-hoc analysis (P-value < 0.05) (Zar, 2014).

Results and Discussion

Light curves vary much more during vegetation season 
in Norway spruce than in European beech. In June, the still 
young needles of spruce are not saturated with light even 
at the maximum daily illumination, in August, their light 
curve becomes similar to that of beech, while in October, 
photoinhibition is observed at illumination higher than 1000 
µmolγ·m-2·s-1 (Fig. 1).

Although Stinziano et al. (2015) suggests prolonged 
net carbon uptake by Norway spruce as a consequence 
of increased autumn temperatures, our observed results 

show that after dry summers, such as that in 2023, spruce 
photosynthesis is depleted in autumn. Similar substantial 
hysteresis in the light response curve in spruce forests was 
observed by Krupková et al. (2019). Our October results 
correspond to those established by Wyka et al. (2007), who 
found greater photoinhibition in Norway spruce than in Eu-
ropean beech when both are adapted to full sunlight. The 
significantly more stable nature of beech light response 
curves may be result of the fact this species is native to the 
region and has evolved under the local climate. However, 
against the background of rapid climate change, stable light 
response curves can be taken as a positive signal of a pre-
served acclimatization potential of this species in Western 
Stara Planina Mountain. According Krupková et al. (2019), 
spruce reacts by closing its stomata before noon and main-
taining a reduced photosynthetic activity for the rest of the 
day, while beech keeps its stomata open as long as pos-
sible and slightly reduces photosynthetic activity evenly 
throughout the entire day.

Maximal photosynthesis was highest in spruce in June, 
and permanently decreased about 1.84 times in August, and 
3.64 times in October. At the same time, in beech, it was 
about 1.75 times lower at the beginning of the growing sea-
son, but did not change significantly during the following 
months (Fig. 2 A). The expense element of leaf carbon bal-
ance respiration was more intense in spruce at most months 
of vegetation. The maximal difference was realized in Au-
gust, when spruce respired 2.82 times more intensively than 
beech, in June, this difference was almost half (1.45 times), 
while in October, the two species respire with similar inten-
sity (Fig. 2 B). 

Fig. 1. Light response curves of European beech (grey dots, connected with solid line) and Norway spruce (white 
dots, coupled with dashed line) during June, August, and October 2023. The data are presented as mean ± SE (n = 5)
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The cost of shade tolerance in a more closed canopy 
beech plot may involve reduced photosynthetic capacity in 
June, decreased respiration in all months, and, thus, vulner-
ability to photoinhibition damage in October. At the same 
time, spruce starts the growing season with a much higher 
photosynthetic capacity, but consumes a significant propor-
tion of the assimilates produced, leading to impaired carbon 
use efficiency, which is probably the cause of the exhaus-
tion in October (Fig. 2 C). However, Schulze et al. (1977) 
point out that the annual CO2 uptake by evergreen spruce 

was higher than that of deciduous beech, not because of a 
long growing season or higher photosynthesis, but because 
of the longevity of its needles. During their total lifetime (an 
average of 5 years), evergreen spruce needles have a two to 
three times greater CO2 uptake than a deciduous leaf in one 
summer season.

The light compensation point (LCP), strongly influenced 
by respiration, was also significantly higher in spruce than in 
beech throughout the period studied except in October. This 
difference varied from 1.97 times in June to 5.15 times in 

Fig. 2. Light-curves parameters A) maximal photosynthesis (AMAX); B) dark respiration rate (RD); C) carbon-use efficien-
cy (CUE) in European beech (grey bars) and Norway spruce (white bars). The data are presented as mean ± SE (n = 5). 

Means that do not share a letter are significantly different (One-way ANOVA with Fisher’s LSD test, P-value < 0.05)

Fig. 3. Light-curves parameters A) light-compensation point (LCP); B) light-saturation point (LSP); C) Light-use efficien-
cy (LUE) in European beech (grey bars) and Norway spruce (white bars). The data are presented as mean ± SE (n = 5). 

Means that do not share a letter are significantly different (One-way ANOVA with Fisher’s LSD test, P-value < 0.05)
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August (Fig. 3 A). At the same time, saturating light (LSP), 
which was more strongly influenced by maximum photosyn-
thesis, was significantly higher in spruce in June (2.57 times) 
and in August (1.69 times), but in October, the trend was 
reversed when beech needs more intensive light (2.04 times) 
to saturate its photosynthesis (Fig. 3 B).

However, results in the same region show that European 
beech saplings can adequately respond to incident light, in-
creasing LCP, while maintaining stable light-, carbon-, and 
water-use efficiency (Anev, 2024). Leuchner et al. (2011) 
point out that more PAR can penetrate the canopy at a lower 
zenith angle (e.g., in June), which is more pronounced for 
spruce than for beech. This is due to the conical crown shape 
of the conifers, which allows photons from higher angles to 
enter the gaps between trees in contrast to the more homo-
geneously closed beech canopy. Combined with the lower 
canopy closer in the spruce plot, this may explain the June 
light response curve’s character and parameters typical of a 
shade-intolerant species. While the light-use efficiency of 
beech and spruce remains relatively constant, it is insignifi-
cant lower in spruce than that of beech throughout the entire 
vegetation period (Fig. 3 C).

Conclusions

Although often indicated as species with similar ecological 
niches, European beech and Norway spruce significantly dif-
fer in environmental resource use efficiency. While the beech 
has gas-exchange parameters that confirm its shade tolerance, 
the spruce is more intolerant to shade species. Spruce realizes 
its maximum photosynthetic activity in June as a gymnosperm 
species that starts the vegetation later and has a tenser water 
regime due to its primitive xylem. Still, its costs are most sig-
nificant in August when temperatures are also the highest. In 
contrast, beech does not have a clear vegetative peak in gas 
exchange but achieves a higher carbon-use efficiency, espe-
cially before the middle of the growing season. 
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