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Abstract

Some modifications of the urban environment, such as changes in light intensity resulting
from anthropogenic activities in the cities, affect the plant’s physiology. Examining physiological
processes reveals the current state of plants and their potential for adaptation under changing
environmental conditions. In a field study, we investigated the gas-exchange responses of seven
tree species used in urban landscaping (Betula pendula Roth, Ailanthus altissima Swingle, Tilia
tomentosa Moench, Tilia platyphyllos Scop., Tilia cordata Mill., Quercus robur L., and Paulownia
tomentosa Siebold & Zucc) to variations of light using infrared gas analysis. Leaf light-saturated
photosynthesis, dark respiration, and light use efficiency were obtained from the light-response
curves. Carbon use efficiency was also determined. In this study, the highly shade-intolerant
species, except for P. tomentosa, show lower carbon use efficiency. This suggests that the ex-
isting environmental conditions are not conducive to intensive growth for species that demand
substantial solar radiation. In contrast, P. fomentosa stands out as an exceptionally resilient and
potentially productive species, capable of adapting to various changes in the current environ-
ment, even when they do not align with its specific ecological requirements. Nevertheless, P.
tomentosa’s high carbon use efficiency compared to the native experimental species suggests its
potential invasiveness.

Key words: carbon use efficiency, dark respiration, environmental stressors, light-saturated
photosynthesis, light use efficiency.

Introduction

The photosynthetic activity of plants is
highly correlated with solar radiation and
thus net carbon gain and biomass pro-
duction, if other factors are optimal, such
as water and nutrient supply. The survival
and growth of plants rely on their carbon
balance. Two significant flows primarily

govern the carbon balance of vegetation:
the input of carbon through photosynthe-
sis and the output through respiration.
The value of daily whole-plant gross CO,
assimilation is positively correlated with
growth irradiance and there is support-
ing evidence indicating an irradiance-de-
pendent relationship with respiration, as
well (Pons and Poorter 2014). Achieving
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the maximum net photosynthetic carbon
gain relies significantly on acclimating
leaf physiological traits (Bjorkman 1981,
Givnish 1988) as a vital strategy.

Species adapted to high irradiance,
which are shade-intolerant, tend to invest
significantly in leaf traits that maximize the
photosynthetic rate and photoprotective
mechanisms, relative to those associated
with light absorption (Valladares and Ni-
inemets 2008, Dusenge et al. 2015, Anev
and Marinova 2021). Schulze et al. (2002)
indicated that when plotting the rate of
photosynthesis in relation to increasing
light, the initial slope of the light response
curve is linear before the rate levels off
and becomes constant as photosynthe-
sis saturates. Excessive light can be ab-
sorbed by chloroplasts but may not be ef-
fectively utilized for assimilation, fluores-
cence or dissipation as heat, potentially
causing severe oxidative stress. Hight leaf
temperatures can lead to stomatal closure
and limited photosynthesis (Yamori 2016).

In low light environments, photon ab-
sorption becomes a limiting factor for pho-
tosynthetic rates. As a result, shade-tol-
erant species proportionally invest more
in structural components and pigments,
leading to greater light absorption com-
pared to shade-intolerant species (Feng
et al. 2004, Valladares and Niinemets
2008). Within a species, plants grown in
shaded locations, as opposed to those
growing in well-lit environments, tend to
have leaves with a low dark respiration
rate, light-compensation point, light-satu-
ration point, net photosynthetic rate, and
electron transport rate, primarily due to
the low concentration of photosynthetic
enzymes in the leaves (Craine and Re-
ich 2005, Valladares and Niinemets 2008,
Kolev and Anev 2022). These shade-tol-
erant plants achieve their maximum rates
of photosynthesis at lower light intensities

and may also photosynthesize more ef-
ficiently at low light levels, although this
efficiency aspect is less well-established
(Baker 1950). The research conducted by
Kubiske and Pregitzer (1996) demonstrat-
ed that the alterations induced by various
levels of CO,, which gas is significantly
elevated in an urban environment (Liu et
al. 2011), in the parameters associated
with how plants respond to light interact-
ed in a manner that resulted in distinct
predictions for the carbon balance at the
leaf level, especially under different light
conditions. Notably, these effects of shade
were most prominent in plant species that
possess a high degree of shade tolerance.
Bazzaz and Carlson (1982) observed in
their study that late-successional spe-
cies demonstrated greater CO,-induced
growth enhancements in shade compared
to full sun conditions. Additionally, Takagi
and Gyokusen (2004) indicated that in
their study the shade-tolerant species llex
rotunda showed high photosynthetic per-
formance under low photosynthetic active
radiation. On the other hand, Kjelgren and
Clark (1992) found a reduction in photo-
synthesis of shade-intolerant species Lig-
uidambar styraciflua L. due to shadowing
by tall buildings. However, it should be
emphasized that Liquidambar styraciflua
L. and llex rotunda Thunb. have different
light requirements. The varying physio-
logical responses of tree species to light
conditions, which are influenced by their
ecotype, states that appropriate selection
of tree species can therefore change po-
tential stress factors into favourable con-
ditions.

The study of physiological response to
light shows the current state of the exper-
imental trees and their potential for adap-
tation under urban environmental condi-
tions. However, there are few studies on
the effects of the urban microenvironment
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on trees (Bassuk and Whitlow 1987, Whit-
low and Bassuk 1988, Takagi and Gyoku-
sen 2004, Anev 2016, Wang et al. 2019).
Fortunately, advanced instruments, such
as infrared portable gas analysers, allow
more photosynthetic parameters to be
measured in the field. We aimed to inves-
tigate the various responses of the photo-
synthetic parameters in different tree spe-
cies to the urban environment to provide
references for improving the growth con-
ditions of the trees in the cities. We antici-
pated that each tree species would exhibit
distinct light curves, reflecting the fine de-
tails of their adaptation to the challenging
conditions of an urban environment.

Materials and Methods

In June 2023, a field experiment was con-
ducted on the territory of the University of
Forestry located next to the large boule-
vard St. Kliment Ohridski in the city of So-
fia, Bulgaria (42°41'57" N, 023°19'21" E).
The area is in the temperate climate zone
and has a humid continental climate with
warm summers — average monthly tem-
peratures fall below 0 °C and do not ex-
ceed 22 °C, with more than 3 months hav-
ing an average temperature above 10 °C.
The mean annual temperature is 10.6 °C,
and the mean annual precipitation is
581.8 mm, reaching its maximum in late
spring and early summer when thunder-
storms are not uncommon (NOAA 2021).
The average monthly June temperature
was 18.5 °C, the average monthly June
precipitation was 161.4 mm (NIMH 2023).

Seven tree species used for landscap-
ing were selected: Ailanthus altissima
Swingle, Betula pendula Roth, Paulownia
tomentosa Siebold & Zucc, Quercus ro-
bur L., Tilia cordata Mill., Tilia platyphyl-
los Scop. and Tilia tomentosa Moench for

the measurements. The age of the trees
in the study ranged from 40 to 60 years.
Apart from P. tomentosa, all experimental
trees are located within the yard, posi-
tioned between the two university build-
ings. In contrast, P. fomentosa is situated
independently near a small building adja-
cent to the park area.

Gas-exchange measurements were
made using a portable photosynthesis
system (LI-6400®, LI-COR, Lincoln, NE,
USA) with an infrared gas analyser (IRGA)
connected to a 6400-02B measuring
chamber with a LED light source. During
the measurements, we strictly adhered to
the PrometheusWiki Gold Leaf Protocol
(Evans and Santiago 2014). This proto-
col provides detailed instructions on how
to perform basic measurements using the
LI-COR 6400 gas exchange instrument.
The measurements of net photosynthesis
in response to photosynthetic photon flux
density (PPFD) were conducted on sun-
ny days, between 10:00 and 13:00. The
measurements were carried out in situ by
collecting three branches from various ex-
posures of the middle section of the crown
of each of the studied tree individuals.
From each branch, the third leaf, counting
from the tip of the branch, was chosen for
the measurements (Evans and Santiago
2014). The leaves were exposed to ambi-
ent CO, levels and saturating PPFD condi-
tions, set at 2000 pymoly-m2-s', until both
net photosynthesis and intercellular CO,
concentration had stabilized. The time
provided for leaf adaptation when PPFD
changes was between 60 and 120 s. Sub-
sequently, the PPFD was systematically
reduced in incremental steps, including
2000, 1000, 500, 250, 100, 50, 25 and
0 ymoly'm2-s™' changed by the auto pro-
gram ‘Light_curve’. Net photosynthesis
was recorded at each of these PPFD lev-
els once the leaves had reached a steady-
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state condition, as described earlier.

The results of the measurements for
the light curves from each species were
processed using a special software —
Photosynthesis tool, which regressively
smooths the light dependence of pho-
tosynthesis according to the model de-
scribed in Li-Cor Application Note #105
(Norman et al. 1991) to determine some
physiological parameters of the experi-
mental trees, such as light-saturated pho-
tosynthesis (A__ ), dark respiration (R))
and light use efficiency (LUE). Carbon
use efficiency (CUE) was calculated as
the ratio of light-saturated photosynthe-
sis to dark respiration. One-way ANOVA
tests and Tukey post hoc analysis were
performed to determine the difference
between the average values of A__, R,
LUE, and CUE.

Results and Discussion

This study investigated the impact of fluc-
tuations in photon flux density on the pa-
rameters of the light photosynthetic curve
for various trees used in urban landscap-

ing (Fig. 1).

The response of tree species to
changes in light can be observed through
the analysis of generalized parameters of
light curves.

Light-saturated photosynthesis

We observed (Fig. 2) significant differenc-
es in the light-saturated photosynthesis
among the studied tree species, indicat-
ing substantial variations in their photo-
synthetic capabilities (one-way ANOVA,
F=12.843, P < 0.001). Q. robur has the
highest levels of A compared to the

X

other experimental species. The other
tree species in the experiment also have
a high light-saturated photosynthesis rate,
although not as high as that of Q. robur.
Among them, T. cordata stands out, which
has significantly higher light-saturated
photosynthesis than P. tomentosa and T.
tomentosa and similar levels of A__ to A.
altissima and B. pendula.

Q. robur biological features (tall, long-
lived, forming large and spread crown)
and ecological needs (shade-intolerant)
are a prerequisite for reaching high lev-
els of photosynthesis under suitable en-
vironmental conditions (Schulze et al.
2006). Elevated nocturnal temperatures
in the cities can also stimulate night-time
respiration in some trees, which can lead
to increased photosynthesis the following
day (Turnbull et al. 2002). In our study,
Q. robur demonstrated a higher assimila-
tion rate compared to previous research
(Cater and Levani¢ 2015, Gardner et al.
2021) findings. The high A observed
in Q. robur could be also attributed to
the beneficial effects of increasing car-
bon dioxide levels in urban environments
(Kubiske and Pregitzer 1996, Liu et al.
2011) on photosynthesis. Such results
indicate that the lighting conditions for Q.
robur are conducive to supporting intense
photosynthesis. Likewise, Lukowski and
all. 2020 find in their study that Q. robur
exhibits better resistance to air pollutants
compared to other tree species studied in
our experiment, which aids in mitigating
the negative impact of these pollutants on
photosynthesis rates.

It is interesting that in our study T. cor-
data, which is commonly acknowledged
as a shade-tolerant species (Pigott 1991,
Eaton et al. 2016), which characterizes
it with a lower photosynthetic capacity
than shade-intolerant species (Mathur et
al. 2018), has similar levels of A__ to the
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Fig. 1. Light-curves of net-photosynthetic
rate.

Note: The dots represent the measured
net-photosynthetic rate in eight levels of photo-
synthetic photon flux density (PPFD, umoly-m-
2.s") of studied tree individuals — AA (Ailanthus
altissima), BP (Betula pendula), PT (Paulow-
nia tomentosa), QR (Quercus robur), TC (Tilia
cordata), TP (Tilia platyphyllos), and TT (Tilia
tomentosa).
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Fig. 2. Light-saturated photosynthesis.

Note: The letters below the columns rep-
resent the studied tree individuals — AA (Ailan-
thus altissima), BP (Betula pendula), PT (Pau-
lownia tomentosa), QR (Quercus robur), TC
(Tilia cordata), TP (Tilia platyphyllos), and TT
(Tilia tomentosa). The columns are the aver-
age light-saturated photosynthesis (A__ ) mea-
sured from the leaves of each tree species.
The whiskers represent the standard error.
The different letter denotes statistically signif-
icant difference averages among objects (one-
way ANOVA using Tukey post hoc tests with
a=0.05).

shade-intolerant tree species in the exper-
iment (A. altissima and B. pendula) (Beck
et al. 2016, Knusel et al. 2016) except
for shade-intolerant Q. robur (Ellenberg
1988) and even higher A__ than moder-
ately shade-tolerant T. fomentosa (Ra-
doglou et al. 2009) and shade-intolerant
P. tomentosa. Proceeding from the fact
that shade-tolerant plants achieve their
maximum rates of photosynthesis at low-
er light intensities and may also photosyn-
thesize more efficiently at low light levels
(Baker 1950), it can be assumed that this
high A__ that archives T. cordata is prob-
ably a result of insufficient solar radiation
for intensive photosynthesis in light-lov-
ing species, but sufficiently favourable

for shade-tolerant ones. Q. robur, which
is a shade-intolerant tree species, doesn’t
necessarily invalidate this presumption.
In a study by Van Hees (1997), it is ob-
served that when comparing the effects of
shading on growth and/or morphology be-
tween the shade-tolerant beech and the
shade-intolerant pedunculate oak, their
responses are surprisingly similar. This
suggests that different tree species can
exhibit convergent responses to shading
conditions, despite their inherent shade
tolerance or intolerance characteristics.
These findings highlight the complexity of
how various tree species adapt to light en-
vironments and how their responses may
not always align with general expectations
based on shade tolerance.

Light use efficiency

No significant differences between exper-
imental tree species were observed in the
light-use efficiency (LUE) values (one-way
ANOVA, F =1.018, P = 0.434) (Fig. 3).
Controversy, Pearcy et al. (2004)
found that there were a few significant dif-
ferences in light capture efficiency among
the species in their study. Shade-tolerant
plants generally have improved light ab-
sorption efficiency than shade-intolerant
species (Bongers and Popma 1988, Ev-
ans 1989, Kitajima 1994, Kolarov and
Tzvetkova 2006). However, in Kim et al.
(2008)’'s study results, certain Quercus
species, which are not shade-tolerant
species, exhibited an improved ability to
absorb and utilize light under low light
conditions. Based on the findings from
the studies mentioned earlier in our study,
the absence of significant differences be-
tween experimental tree species may be
related to the likely insufficient average
monthly solar radiation, which could have
equalized the light use efficiency between
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Fig. 3. Light use efficiency.

Note: The letters below the columns repre-
sent the studied tree individuals — AA (Ailan-
thus altissima), BP (Betula pendula), PT (Pau-
lownia tomentosa), QR (Quercus robur), TC
(Tilia cordata), TP (Tilia platyphyllos), and TT
(Tilia tomentosa). The columns are the aver-
age LUE from the leaves of each tree species.
The whiskers represent the standard error.
The different letter denotes statistically signif-
icant difference averages among objects (one-
way ANOVA using Tukey post hoc tests with
a=0.05).

the shade-tolerant and shade-intolerant
species in the experiment.

Dark respiration

There were notable differences in dark
respiration (R,) when comparing the
tree species studied (one-way ANOVA,
F = 3.452, P = 0.011) (Fig. 4). Q. robur
and B. pendula demonstrated significant-
ly higher values of R, in comparison to T.
tomentosa and P. tomentosa, while the
remaining species exhibited similar dark
respiration rates.

The higher R, values of Q. roburand B.
pendula compared to T. tomentosa and P.
fomentosa suggests that Q. robur and B.
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Fig. 4. Dark respiration.

Note: The letters below the columns repre-
sent the studied tree individuals — AA (Ailan-
thus altissima), BP (Betula pendula), PT (Pau-
lownia tomentosa), QR (Quercus robur), TC
(Tilia cordata), TP (Tilia platyphyllos), and TT
(Tilia tomentosa). The columns are the aver-
age R, from the leaves of each tree species.
The whiskers represent the standard error.
The different letter denotes statistically signif-
icant difference averages among objects (one-
way ANOVA using Tukey post hoc tests with
a=0.05).

pendula may have higher nighttime met-
abolic activity compared to T. fomentosa
and P. tomentosa. As noted by Turnbull et
al. (2002), Kanno et al. (2009) and Searle
et al. (2011), elevated night temperature
within the city could stimulate respiration
and, consequently, photosynthesis. Col-
lalti et al. (2019) observed that the low
photosynthetic rates correspond to low
respiration rates and the opposite, which
we observe in our study, as well. The fact
that B. pendula does not achieve corre-
spondingly high levels of A _despite hav-
ing higher R, rates can be an interesting
observation. This suggests that while B.
pendula may have higher metabolic ac-
tivity in terms of respiration, it may not
be utilizing this higher metabolic activity
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to achieve a proportionally higher photo-
synthetic capacity. The low photosynthe-
sis of B. pendula can likely be attributed
to air pollutants in the cities, which act as
leaf shading and negatively affect pho-
tosynthesis of trees (Weber et al. 2002,
Przybysz et al. 2014, Popek et al. 2017).
tukowski et al. (2020) indicate that the foli-
age of B. pendula collected a high amount
of particulate matter. Dzierzanowski et
al. (2011) indicated that in contrast to Q.
robur, B. pendula is more susceptible to
air pollutants, particularly of their photo-
synthetic rates and stomatal conductance
(Lukowski et al. 2020). The high intensity
of R, observed in Q. robur and B. pendula
can disrupt carbon balance because plant
respiration can release up to about half
of the assimilated carbon by photosyn-
thesis daily, as shown by Bruhn (2002).
Reduced respiration rates in T. tomento-
sa and P. tomentosa are a prerequisite for
more efficient carbon assimilation (Griffin
et al. 2001, Schulze et al. 2006).

Carbon use efficiency

There were significant differences in car-
bon use efficiency (CUE) when comparing
the studied tree species (one-way ANO-
VA, F = 203.598, P < 0.001) (Fig. 5). T.
tomentosa had the highest carbon use ef-
ficiency among the studied tree species,
followed by P. fomentosa. A. altissima,
T. cordata, and T. platyphyllos exhibited
moderate levels of CUE, while Q. robur
and B. pendula had the lowest values of
this indicator.

T. tomentosa and P. tomentosa have
moderate A__ but, at the same time,
maintain low R, which provides a high
CUE. Maintaining a favourable balance of
carbon elements means that T. fomento-
sa and P. tomentosa capacity to withstand
and adapt to the urban light conditions
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Fig. 5. Carbon use efficiency.

Note: The letters below the columns repre-
sent the studied tree individuals — AA (Ailan-
thus altissima), BP (Betula pendula), PT (Pau-
lownia tomentosa), QR (Quercus robur), TC
(Tilia cordata), TP (Tilia platyphyllos), and TT
(Tilia tomentosa). The columns are the aver-
age CUE from the leaves of each tree species.
The whiskers represent the standard error.
The different letter denotes statistically signif-
icant difference averages among objects (one-
way ANOVA using Tukey post hoc tests with
a =0.05).

reach higher CUE than all other experi-
mental species, which underscores its
resilience, as it remains well-suited to its
specific environment and is relatively un-
affected by less favourable environment.
Compared to T. fomentosa and P. tomen-
tosa, A. altissima, T. cordata and T. platy-
phyllos exhibit moderate levels of carbon
use efficiency. Similar to P. tomentosa,
A. altissima does not attain its full photo-
synthetic potential as a highly shade-in-
tolerant species (Stratton and Goldstein
2001, Lamarque et al. 2011). However,
unlike P. tomentosa, A. altissima does
not achieve the same level of balance
among its carbon balance elements, re-
sulting in a lower CUE comparable to that
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of the shade-tolerant species in the ex-
periment. The lower levels of CUE that
A. altissima achieves indicates that it is
more responsive to environmental condi-
tions and is comparatively more sensitive
as a species. The high energy needs of
Q. robur, resulting from high R, values,
reflects the increased cost element of the
carbon balance, leading to the inefficient
use of carbon, which lower CUE. Unlike
Q. robur, B. pendula does not exhibit high
A,., values but shares similar R, values,
which renders it less carbon efficient.
Regarding B. pendula, its comparative-
ly lower CUE suggests it may face more
significant challenges in adapting to the
environmental conditions.

Conclusion

Various tree species in our experiment
display unique light response curves,
which reveal the intricate aspects of their
adaptation to the demanding conditions of
an urban environment. B. pendula is the
most shade-intolerant tree species among
the native species in the experiment and
having low CUE characterizes it as a
species that faces comparatively greater
challenges in adapting to the environment
compared to the other studied species.
Despite having the highest rates of A__,
the shade-intolerant Q. robur also exhib-
its low CUE, which, similar to B. pendula,
puts it at a disadvantage for adapting to
environmental conditions. T. platyphyllos,
T. cordata and A. altissima exhibit mod-
erate CUE. While the light environmental
conditions support their presence, their
potential for productivity is expected to
be comparatively lower than some of the
other experimental species. Furthermore,

the observation that the shade-intolerant
A. altissima exhibited comparable CUE
to the shade-tolerant species in the ex-
periment suggests that the combination
of ecological factors was not conducive
for it to fully realize its high photosynthet-
ic potential. It seems that A. altissima is
more sensitive to the light environmental
conditions compared to shade-tolerant T.
platyphyllos and T. cordata. T. tomentosa
has the most favourable combination of
carbon balance components, leading to a
high CUE, which designates its environ-
ment as conducive to rapid growth and
elevated productivity. This suggests that
T. tomentosa would be a suitable choice
for landscaping in an urban environment.
P. tomentosa also has a high CUE. Even
though its photosynthesis rates are rela-
tively lower, possibly due to limited solar
radiation, it effectively integrates the com-
ponents of its carbon balance in a benefi-
cial manner that underscores P. tomento-
sa’s exceptional adaptability to the urban
environment, also indicated by other au-
thors (Stojici¢ et al. 2010, Ivanova et al.
2019, Gyuleva et al. 2021). However, the
achievement of almost the highest levels
of CUE by the non-native P. tomentosa
compared to the native experimental spe-
cies suggests a potentially invasive na-
ture, which landscapers should carefully
consider. Conducting a comprehensive
study on the response of various tree spe-
cies to a wider range of ecological factors
would be valuable for a more accurate
assessment of their ability to adapt to the
challenging conditions of an urban envi-
ronment. Such research could provide
valuable insights to assist landscapers in
making informed decisions when select-
ing tree species for landscaping in urban
areas.



296

A. Marinova and S. Anev

Acknowledgements

The present study was supported by the
national programme ‘Young scientists and
post-doctoral students — 2’ of the Bulgari-
an Ministry of Education and Science.

References

ANEV S. 2016. Comparative study on physio-
logical potential of Pinus sylvestris L. and
Pinus bungeana Zucc. ex Endl. to grow
in Bulgarian urban parks. Foresry |deas
22(2): 188-197.

ANEV S., TzveTKoVA N. 2018. Gas-exchange
response of Norway maple (Acer pla-
tanoides L.) and silver lime (Tilia tomen-
tosa Moench) saplings to forest thinning.
Foresry ldeas 24(2): 201-207.

ANEV S., MARINOVA A. 2021. Physiologycal
adaptation of European beech (Fagus syl-
vatica L.) and Wild cherry (Prunus avium
L.) saplings after windthrow. Forestry Ideas
27(2): 436-445.

BAKER F.S. 1950. Principles of Silvicilture.
American Forestry Series. McGraw-Hill,
New York. 414 p.

BAssuk N., WHITLow T. 1987. Environmental
stress in street trees. Horticulturae 195:
49-57. https://doi.org/10.17660/ActaHor-
tic.1987.195.6

Bazzaz F.A., CARLSON R.W. 1982. Photosyn-
thetic acclimation to variability in the light
environment of early and late successional
plants. Oecologia 54: 313-316. https://doi.
org/10.1007/bf00379999

BEck P., CaubuLLo G., DE Rico D., TINNER
W. 2016. Betula pendula, Betula pubes-
cens and other birches in Europe: dis-
tribution, habitat, usage and threats. In:
San-Miguel-Ayanz J., de Rigo D., Caudu-
llo G., Houston Durrant T., Mauri A. (Eds),
European Atlas of Forest Tree Species.
Publications Office of the European Union,
Luxembourg, e010226+. 71 p. https://doi.
org/10.2788/038466

BJORKMAN O. 1981. Responses to Different
Quantum Flux Densities. In: Lange O.L.,

Nobel P.S., Osmond C.B., Ziegler H. (Eds),
Physiological Plant Ecology |. Encyclope-
dia of Plant Physiology, vol. 12/A. Spring-
er, Berlin, Heidelberg: 57-107. https://doi.
org/10.1007/978-3-642-68090-8_4

BONGERS F., PoPMmA J. 1988. Exposure-related
vari-ation in leaf characteristics of tropical
rain forest speciesadaptive. In: Werger M.
J.A., van der Aart P.J.M., During H.J., Ver-
hoeven J.T.A. (Eds), Plant Form and Vege-
tation Structure: 191-200.

BRUHN D. 2002. Plant Respiration and Climate
Change Effects. PhD thesis. Botanical In-
stitute, University of Copenhagen. 139 p.

Cater M., Levani¢ T. 2015. Physiological and
growth response of Quercus robur in Slo-
venia. Dendrobiology 74: 3-12. http://dx.
doi.org/10.12657/denbio.074.001

COLLALTIA., TIOELKER M.G., HOCH G., MAKELA
A., GuiboLoTTI G., HESKEL M., PETIT G|,
RYAN M.G., BATTIPAGLIA G., MATTEUCCI
G., PRENTICE I.C. 2019. Plant respiration:
Controlled by photosynthesis or biomass?
Global Change Biology 26(3): 1739-1753
https://doi.org/10.1111/gcb.14857

CRAINE J.M., REICH P.B. 2005. Leaf-level light
compensation points in shade-tolerant
woody seedlings. New Phytology 166(3):
710-713.  https://doi.org/10.1111/j.1469-
8137.2005.01420.x

DRAKE J.E., FUrRze M.E., TJOELKER M.G.,
CARRILLO Y., BARTON C.V.M., PENDAL E.
2019. Climate warming and tree carbon
use efficiency in a whole-tree CO, tracer
study. New Phytologist 222(3): 1313-1324.
https://doi.org/10.1111/nph.15721

DuseNGE M.E., WALLIN G., GARDESTEN J.
2015. Photosynthetic capacity of tropical
montane tree species in relation to leaf nu-
trients, successional strategy and growth
temperature. Oecologia 177: 1183—-1194.
https://doi.org/10.1007/s00442-015-3260-
3

DziERzANOWSKI K., POPEK R., GAWRONSKA
H., SeeaBg A., GAWRONSKI S.W. 2011.
Deposition of particulate matter of different
size fractions on leaf surfaces and in wax-
es of urban forest species. Phytoremedia-
tion 13: 1037-1046. https://doi.org/10.108
0/15226514.2011.552929


https://doi.org/10.17660/ActaHortic.1987.195.6
https://doi.org/10.17660/ActaHortic.1987.195.6
https://doi.org/10.2788/038466
https://doi.org/10.2788/038466
http://dx.doi.org/10.12657/denbio.074.001
http://dx.doi.org/10.12657/denbio.074.001
https://doi.org/10.1111/gcb.14857
https://doi.org/10.1111/nph.15721
https://doi.org/10.1080/15226514.2011.552929
https://doi.org/10.1080/15226514.2011.552929

Gas-exchange responses to light variation of tree species in urban landscaping 297

EATON E., CAuDULLO G., DE Rico D. 2016.
Tilia cordata, Tilia platyphyllos and other
limes in Europe: distribution, habitat, us-
age and threats. In: San-Miguel-Ayanz J.,
de Rigo D., Caudullo G., Houston Durrant
T., Mauri A. (Eds), European Atlas of For-
est Tree Species. Publications Office of the
European Union, Luxembourg, e010ec5+:
184-185.

ELLENBERG H. 1988. Vegetation Ecology of
Central Europe. Cambridge University
Press, Cambridge, UK. 731 p.

Evans J.R. 1989. Photosynthesis and nitrogen
relationships in leaves of C, plants. Oec-
ologia 78: 9-19. https://doi.org/10.1007/
BF00377192

Evans J.R., SANTIAGO L.S. 2014. Pro-
metheusWiki Gold Leaf Protocol: gas
exchange using LI-COR 6400. Funct
Plant Biology 41(3): 223—-226. https://doi.
org/10.1071/fp10900

FENG Y.-L., CAO K.-F., ZHANG J.-L. 2004. Pho-
tosynthetic characteristics, dark respira-
tion and leaf mass per unit area in seed-
lings of four tropical tree species grown
under three irradiances. Photosynthetica
42(3): 431-437. https://doi.org/10.1023/B:-
PHOT.0000046163.83729.e5

GARDNER A., ELLswoORTH D.S., CrRous K.Y,
PRITCHARD J., MACKENzIE A.R. 2021. Is
photosynthetic enhancement sustained
through three years of elevated CO, expo-
sure in 175-year-old Quercus robur? Tree
Physiology 42(1): 130-144. https://doi.
org/10.1093/treephys/tpab090

GIVNISH T.J. 1988. Adaptation to sun and
shade: a whole-plant perspective. Aus-
tralian Journal of Plant Physiology 15(2):
63-92. https://doi.org/10.1071/PP9880063

GRIFFIN K.L., Tissue D., TurRNBULL M.H.,
ScHUSTER W., WHITEHEAD D. 2001. Leaf
Dark Respiration as a Function of Canopy
Position in Nothofagus fusca Trees Grown
at Ambient and Elevated CO, Partial Pres-
sures for 5 Years. Functional Ecology
15(4): 497-505. https://doi.org/10.1046/
j-0269-8463.2001.00539.x

GYULEVA V., STANKOVA T., ZHIYANSKI M., AN-
DONOVA E. 2021. Five years growth of Pau-
lownia on two sites in Bulgaria. Forest Sci-

ence (Nauka za Gorata) 1: 11-22.

IVANOVA K., GANEVA M., ANEV S., GEORGIEVA
T., TzZvETKOVA N., STANCHEVA |., MARKOVS-
KA Y. 2019. Effect of soil salinity on mor-
phology and gas exchange of two Paulow-
nia hybrids. Agroforestry Systems 93(3):
929-935. https://doi.org/10.1007/s10457-
018-0186-x

KANNO K., MAE T., MAKIN A. 2009. High night
temperature stimulates photosynthesis, bi-
omass production and growth during the
vegetative stage of rice plants. Soil Science
and Plant Nutrition 55(1): 124—131. https://
doi.org/10.1111/j.1747-0765.2008.0034 3.x

Kim S.-H., SAUNG J.-H., Kim Y.-K., Kim P.-G.
2008. Photosynthetic Responses of four
Oak Species to Changes in Light Environ-
ment. Korean Journal of Agricultural and
Forest Meteorology 10(4): 141-148 (in
Korean).

KITAJIMA K. 1994. Relative importance of pho-
tosynthetic traits and allocation patterns as
correlates of seedling shade tolerance of
13 tropical trees. Oecologia 98(3—4): 419—
428. https://doi.org/10.1007/BF00324232

KJELGREN R.K., CLARK J.R. 1992. Photosyn-
thesis and leaf morphology of Liquidambar
styraciflua L. under variable urban radi-
ant-energy conditions. International Jour-
nal of Biometeorology 36: 165-171. https://
doi.org/10.1007/BF01224821

KNUSEL S., DE BonNiI A., CONEDERA M.,
SCHLEPPI P., THORMANN J., FREHNER M.,
WUNDER J. 2016. Shade tolerance of Ai-
lanthus altissima revisited: novel insights
from southern Switzerland. Biological Inva-
sions 19: 455-461. https://doi.org/10.1007/
s10530-016-1301-4

KoLARoV D., TzveTKoVA N. 2006. Physiology
of tree plants. SD ‘Rakurs’, Sofia. 311 p. (in
Bulgarian).

KoLEV K., ANEV S. 2022. Physiological aspects
of natural regeneration in coppiced forest
dominated by Quercus frainetfo Ten. and
Quercus cerris L. Foresry ldeas 28(2):
446-454.

Kusiske M.E., PReGITZER K.S. 1996. Ef-
fects of elevated CO, and light availabili-
ty on the photosynthetic light response of
trees of contrasting shade tolerance. Tree


https://doi.org/10.1007/BF00377192
https://doi.org/10.1007/BF00377192
https://doi.org/10.1093/treephys/tpab090
https://doi.org/10.1093/treephys/tpab090
https://doi.org/10.1071/PP9880063
https://doi.org/10.1111/j.1747-0765.2008.00343.x
https://doi.org/10.1111/j.1747-0765.2008.00343.x
https://doi.org/10.1007/BF00324232
https://doi.org/10.1007/BF01224821
https://doi.org/10.1007/BF01224821
https://doi.org/10.1007/s10530-016-1301-4
https://doi.org/10.1007/s10530-016-1301-4

298

A. Marinova and S. Anev

Physiology 16(3): 351-358. http://dx.doi.
org/10.1093/treephys/16.3.351

LAMARQUE L., DELzON S., LorTIE C. 2011.
Tree invasions: a comparative test of
the dominant hypotheses and functional
traits. Biological Invasions 13: 1969-1989.
https://doi.org/10.1007/s10530-011-0015-x

Liv L.-C., Wu G., WANG J.-N., WEI Y.-M. 2011.
China’s carbon emissions from urban
and rural households during 1992—-2007.
Journal of Cleanar Production 19(15):
1754-1762. https://doi.org/10.1016/j.jcle-
pro.2011.06.011

tukowski A., Popek R., Karolewski P. 2020.
Particulate matter on foliage of Betula
pendula, Quercus robur, and Tilia cordata:
deposition and ecophysiology. Environ-
mental Science and Pollution Research
27: 10296-10307. https://doi.org/10.1007/
s$11356-020-07672-0

MATHUR S., JAIN L., JAJOO A. 2018. Photosyn-
thetic efficiency in sun and shade plants.
Photosynthetica 56(1): 354-365. https:/
doi.org/10.1007/s11099-018-0767-y

NIMH (NATIONAL INSTITUTE OF METEOROLOGY
AND HYDROLOGY) 2023. Monthly hydro-
meteorological bulletin. National Institute
of Meteorology and Hydrology of Bulgar-
ia, Bolid INC, Sofia. 20 p. (in Bulgarian).
https://bulletins.cfd.meteo.bg/bull/Buletin_
NIMH_202306.pdf

NOAA (NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION) 2021. Archived, summa-
rized information about the weather in Bul-
garia, 1952-2021. National Oceanic and
Atmospheric Administration, Washington.
https://www.noaa.gov/

NORMAN J.M., WELLES J.M., McDERMITT D.K.
1991. Estimating Canopy Light-use and
Transpiration Efficiencies From Leaf Meas-
urements. Application Node #105. LI-COR,
inc. 4421 Superior Street P.O. Box 4425
Lincoln, Nebraska 68504: 1-18

PeEArRcY R.W., VALLADARES F., WRIGHT S.J.,
DE PAauLIs E.L. 2004. A functional analysis
of the crown architecture of tropical forest
Psychotria species: do species vary in light
capture efficiency and consequently in
carbon gain and growth? Oecologia 139:
163—-177. https://doi.org/10.1007/s00442-

004-1496-4

PicoTT C.D. 1991. Biological flora of the Brit-
ish Isles Tilia cordata (Miller) (T. europaea
L. pro parte, T. parvifolia Ehrh. Ex Hoffm.,
T. sylvestris Desf., T. foemina folio minore
Bauhin). Journal of Ecology 79: 1147-
1207. https://doi.org/10.2307/2261105

Pons T.L., POORTER H. 2014. The effect of
irradiance on the carbon balance and tis-
sue characteristics of five herbaceous spe-
cies differing in shade-tolerance. Frontiers
in Plant Science 5, 12. 14 p. https://doi.
org/10.3389/fpls.2014.00012

PopPeEk R., tukowski A., KAROLEWSKI P. 2017.
Particulate matter accumulation—further dif-
ferences between native Prunus padus and
non-native Prunus serotina. Dendrobiology
78: 85-95. http://dx.doi.org/10.12657/den-
bio.078.009

PRrzyBYSZ A., POPEK R., GAWRONSKA H. 2014.
Efficiency of photosynthetic apparatus of
plants grown in sites differing in level of
particulate matter. Acta Scientiarum Polo-
norum Hortorum Cultus 13(1): 17-30.

RADoGLOU K., DOBROWOLSKA D., SPYROGLOU
G., NicoLescu V.-N. 2009. A review on
the ecology and silviculture of limes (Tilia
cordata Mill., Tilia platyphyllos Scop. and
Tilia tomentosa Moench.) in Europe. Die
Bodenkultur Journal of Land Management
Food and Environment 60(3): 9-19.

ScHuLze E.-D., BeEck E., MULLER-HOHEN-
STEIN K. 2005. Springer Science & Busi-
ness Media. 702 p. https://link.springer.
com/book/9783642058745

SEARLE S.Y., BITTERMAN D.S., THOMAS S,
GRIFFIN K.L., ATKIN O.K., TURNBULL M.H.
2011. Respiratory alternative oxidase re-
sponds to both low- and high-temperature
stress in Quercus rubra leaves along an
urban-rural gradient in New York. Function-
al Ecology 25(5): 1007-1017. https://doi.
org/10.1111/j.1365-2435.2011.01875.x

Stouii¢ D., OcokoLJi¢ M., OBRATOV-PETK-
ovi¢ D. 2010. Adaptability of Paulownia to-
mentosa (Thumb.) Sieb. et Zucc. on green
areas in Belgrade. Bulletin of the Faculty of
Forestry 101: 151-162 (in Serbian). https://
doi.org/10.2298/GSF1001151S

STRATTON L., GOLDSTEIN G. 2001. Carbon up-


https://doi.org/10.1007/s10530-011-0015-x
https://doi.org/10.1007/s11356-020-07672-0
https://doi.org/10.1007/s11356-020-07672-0
https://doi.org/10.1007/s11099-018-0767-y
https://doi.org/10.1007/s11099-018-0767-y
https://bulletins.cfd.meteo.bg/bull/Buletin_NIMH_202306.pdf
https://bulletins.cfd.meteo.bg/bull/Buletin_NIMH_202306.pdf
https://www.noaa.gov/
https://doi.org/10.2307/2261105
https://doi.org/10.3389/fpls.2014.00012
https://doi.org/10.3389/fpls.2014.00012
http://dx.doi.org/10.12657/denbio.078.009
http://dx.doi.org/10.12657/denbio.078.009
https://doi.org/10.1111/j.1365-2435.2011.01875.x
https://doi.org/10.1111/j.1365-2435.2011.01875.x
https://doi.org/10.2298/GSF1001151S
https://doi.org/10.2298/GSF1001151S

Gas-exchange responses to light variation of tree species in urban landscaping

299

take, growth and resource-use efficiency in
one invasive and six native Hawaiian dry
forest tree species. Tree Physiology 21(18):
1327-1334. https://doi.org/10.1093/tree-
phys/21.18.1327

TAKAGI M., GYOKUSEN K. 2004. Light and at-
mospheric pollution affect photosynthesis
of street trees in urban environments. Ur-
ban Forestry & Urban Green 2(3): 167-171.
https://doi.org/10.1078/1618-8667-00033

TURNBULL M.H., R., MURTHY R., GRIFFIN K.L.
2002. The relative impacts of daytime and
night-time warming on photosynthetic ca-
pacity in Populus deltoides. Plant Cell
Environment 25: 1729-1737. https://doi.
org/10.1046/j.1365-3040.2002.00947 .x

VALLADARES F., NINEMETs U. 2008. Shade
tolerance, a key plant feature of complex
nature and consequence. Annual Review
of Ecology, Evolution, and Systematics 39:
237-257. https://doi.org/10.1146/annurev.
ecolsys.39.110707.173506

VAN HEEs A.F.M. 1997. Growth and morphol-
ogy of pedunculate oak (Quercus robur L.)
and beech (Fagus sylvatica L.) seedlings
in relation to shading and drought. Annals
of Forest Science 54(1): 9—18. https://doi.

org/10.1051/forest: 19970102

WANG X., WANG X., CHEN Y., BERLYN G.P.
2019. Photosynthetic parameters of urban
greening trees growing on paved land. iF-
orest — Biogeosciences and Forestry 12(4):
403-410. https://doi.org/10.3832/ifor2939-
012

WAN-ZE Z. 2013. Advances in the carbon use
efficiency of forest. Chinese Journal of
Plant Ecology 37(11): 1043—-1058. https://
www.plant-ecology.com/EN/Y2013/V37/
111/1043

WEBER J., TINGEY D., ANDERSEN C. 2002.
Plant response to air pollution. U.S. En-
vironmental Protection Agency, Wash-
ington, DC, EPA/600/A-93/050 (NTIS
PB93167260).

WHiTLOW T.H., BAssuk N.L. 1988. Ecophysiol-
ogy of urban trees and their management —
The North American Experience. Horticul-
tural Science 23(3): 542-546. https://doi.
org/10.21273/HORTSCI.23.3.542

YAaMORI W. 2016. Photosynthetic response to
fluctuating environments and photoprotec-
tive strategies under abiotic stress. Journal
of Plant Research 129(3): 379-395. https://
doi.org/10.1007/s10265-016-0816-1


https://doi.org/10.1093/treephys/21.18.1327
https://doi.org/10.1093/treephys/21.18.1327
https://doi.org/10.1078/1618-8667-00033
https://doi.org/10.1046/j.1365-3040.2002.00947.x
https://doi.org/10.1046/j.1365-3040.2002.00947.x
https://doi.org/10.3832/ifor2939-012
https://doi.org/10.3832/ifor2939-012
https://doi.org/10.21273/HORTSCI.23.3.542
https://doi.org/10.21273/HORTSCI.23.3.542

