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Abstract: In the present study we compared the physiological performances of Prunus avium L., Robinia
pseudoacacia L., Juglans nigra L., and Populus x euramericana cl. Pannonia, planted at the coal mine tailings
of the Mining Basin "Kolubara" (Serbia), to assess the potential of different tree species for land
reclamation. The measurements were conducted during three consecutive years characterized by
contrasting climatic conditions (wet and drought). The results showed that the rate of net
photosynthesis (A), stomatal conductance (gs) and transpiration rate (E) sharply declined in two dry
years in all tree species. These trends were particularly evident for R. pseudoacacia and J. nigra, in which
A, gs and E were twice as low during the dry years. On the other hand, R. pseudoacacia and P. x
euramericana cl. Pannonia seedlings were characterized by the highest water-use efficiency and intrinsic
water-use efficiency during the dry years, indicating that these species are more efficient responders to
drought, due to their ability to maintain a balance between the loss of water and the CO2 assimilation
rates. The survival rate of the examined tree species was high (>86%) and increased in the following
order: P. avium < J. nigra < R. pseudoacacia < P. x euramericana cl. Pannonia. Based on the obtained results
we recommend R. pseudoacacia and P. x euramericana cl. Pannonia as a good solution for afforestation
and revitalization of degraded habitats, such as coal mine tailings, although high survival rate,
observed in P. avium and J. nigra, makes these two species a candidate for planting during degraded
sites reclamation, as well.
Keywords: coal mine tailings, afforestation, reclamation, tree species, gas exchange.

1. Introduction
Coal exploitation for energy production has been widely present in central and eastern Europe,
generating a large amount of waste deposited at the soil surface (Pietrzykowski, 2019). Such established
post-mining landscapes strongly disturb all the components of the ecosystem, including soil, water and
vegetation cover (Hamidović et al. 2013). As a consequence of large-scale ecosystem disturbances, these
sites frequently face problems undergoing secondary community succession and forest reestablishment (Hall et al. 2019).
Establishing a permanent forest cover presents a common approach in mine reclamation
programmes (Carter and Ungar, 2002). In principle, three restoration methods might be considered for
such degraded lands: (1) spontaneous vegetation succession, (2) planting of suitable tree species or (3)
Copyright © 2021 Institute of Lowland Forestry and Environment.
This is an Open Access paper distributed under the terms of the Creative
Commons Attribution 4.0 International (CC-BY 4.0) License.
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combining both (Prach, 2003). Although spontaneous natural succession should be considered in all
cases, establishing natural forests through this process can take decades or even centuries (Angel et al.
2009). On the other hand, planting of trees may provide a rapid vegetation cover, thereby accelerating
natural succession and restoring ecosystem functions in the shorter period of time (Pang et al. 2020).
For example, having compared different reforestation treatments across 10 mine sites, five years after
their reclamation, Auch et al. (2005) reported that natural invasion produced only 7 trees per ha, in
comparison to planting of nursery seedlings, which produced between 783 and 930 trees per ha,
depending on tree species and site conditions.
However, mine reclamation is usually challenging, particularly due to poor and highly
changeable soil physical and chemical properties (Sena et al. 2018). In such habitat conditions planted
trees are frequently exposed to severe environmental conditions, which notably affect their growth and
survival. Hence, the success of reforestation largely depends on the adaptation potential of the tree
species to unfavourable growth conditions of reclaimed mine soils (Pietrzykowski, 2019).
Trees may acclimate to adverse site conditions in a number of ways, including physiological
responses and modulation in anatomy and morphology (Kesić et al. 2020). Physiological adjustment
occurs inside plant cells and organs in response to external signals, resulting in the improved capacity
of plants to cope with environmental changes. These mechanisms commonly include stomatal control
of water loss, leaf water potential, osmotic adjustment, and photosynthetic carbon sequestration
(Thomas and Gausling, 2000; Bojović et al. 2017; Deligöz and Bayar, 2018). Recent studies have
demonstrated different ability of tree species to respond to abiotic stress (Stojnić et al. 2016; Vastag et
al. 2019), indicating that the planning of reforestation, and the selection of suitable planting material
for this purpose, accordingly, should be closely related to the understanding of the physiological
response of trees to extreme growth conditions.
In the present research we studied the physiological performances of four temperate
broadleaved tree species (Populus x euramericana ((Dode) Guinier) cl. Pannonia, Robinia pseudoacacia L.,
Juglans nigra L., Prunus avium L.), grown at coal mine tailings, during three successive years
characterized by contrasting climatic conditions. The selection of the above tree species for coal mine
reclamation was made on the basis of previous knowledge concerning their ecology and growth
requirements, as well as available literature dealing with the use of different tree species for this
purpose. Due to the ability to fix nitrogen symbiotically, R. pseudoacacia has been broadly used for waste
land and surface-mine reclamation. Certain studies showed that symbiotic nitrogen fixation of this
species positively affected nitrogen and carbon accumulation, influencing also initial soil formation at
coal mines (Keskin and Makineci, 2009). P. avium is a pioneer tree species, able to rapidly colonize open
fields by seeds and suckering, therefore contributing secondary succession to woodlands (Russell,
2003). In addition, as the seeds of P. avium are commonly disseminated over large distances by birds,
this species can efficiently contribute to spontaneous reclamation of landfill sites by establishing a
group of trees to attract avian seed dispersers (Robinson and Handel, 1993). Indeed, the same authors
documented that the majority of woody seedlings found at the landfill site originated from fleshyfruited, bird-dispersed plants. J. nigra has been showing good performances on surface mined areas,
thus it is widely planted throughout United States (Andersen et al. 1989; Angel et al. 2006). P. x
euramericana cl. Pannonia (also known as cl. M-1) has been widely used poplar clone in practice due to
good rooting ability and survival rate (Kovačević et al. 2009). For the same reasons, this clone has been
frequently used as a control clone in the experiments aimed at testing newly selected clones in Serbia
(Pilipović et al. 2012; Galović et al. 2020).
Hance, the aim of the research was to select tree species showing high potential for reclamation
of coal mine tailings based on their physiological performances. We hypothesized that the selected tree
species would demonstrate different performances in response to unfavourable environmental
conditions of the mine landfill site, especially during years characterized by water scarcity, therefore
facilitating identification of those species that might be potentially used in mine reclamations
programmes.
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2. Material and methods
2.1. Research area and plant material
The experiment was established on the coal mine tailing of the Mining Basin "Kolubara" (Serbia),
"Tamnava – Zapadno Polje" (N 44°30', E 20°12') in the spring of 2010, from one-year-old rooted cuttings
of P. x euramericana cl. Pannonia (690 rooted cuttings), one-year-old seedlings of R. pseudoacacia (1475
seedlings) and J. nigra (297 seedlings), and two-year-old seedlings of P. avium (1080 seedlings). The
bareroot seedlings were planted in the holes 60 cm deep, made by the tractor drill, with 4×4 m spacing.
The soil at the experimental site belongs to the texture class of sandy loam soils, with a large share of
total sand (62%, on average) and moderate share of silt (24%). The soil pH value ranged between 6.35
and 7.05, whereas the CaCO3 content varied between 3.4 and 3.9 mg/100 g (Stojnić et al. 2011).
The climate records (monthly values of mean air temperatures and sum of precipitations) were
obtained from the nearby weather station "Valjevo" (N 44°17', E 19°55') for the years 2010, 2011 and
2012, respectively (Republic Hydrometeorological Service of Serbia 2010, 2011, 2012).
The survival rate (%) of the seedlings was determined at the end of 2011 by counting all living
trees on the experimental plot and comparing with the number of initially planted seedlings.
2.2. Measurements of physiological parameters
Measurements of physiological parameters were conducted in the mid of August of 2010, 2011
and 2012, considering that it is characterized by the smallest amount of precipitation and the plants are
therefore most exposed to drought stress during this month. The ADC Bioscientific Ltd. LCpro+
portable photosynthesis measuring system was used for the recording of net CO2 assimilation rate (A
[µmol m-2 s-1]), transpiration (E [mmol m-2 s-1]) and stomatal conductance (gs [mol m-2 s-1]).
Measurements were conducted in clear, sunny weather, between 09:00 and 11:00 a.m. The irradiance
level inside the leaf chamber was set on 1000 µmol m-2 s-1, whereas CO2 concentration, air temperature
and air humidity were taken ambient from the surrounding atmosphere. Water-use efficiency (WUE
[µmol mmol−1]) was calculated as the ratio of net CO2 assimilation rate and transpiration rate (Farquhar
et al. 1989), whereas intrinsic water-use efficiency (WUEi [µmol mol-1]) was computed as the ratio of
net CO2 assimilation rate to stomatal conductance (Farquhar et al. 1989). The measurements were
performed on 10 plants per species. One leaf per plant was used for the records of leaf gas exchange.
2.3. Statistical analyses
The data were processed using the statistical software package STATISTICA, version 13 (TIBCO
Software Inc, 2017). Two-way analysis of variance (ANOVA) followed by Tukey’s HSD (honestly
significant difference) test were used to test the effect of tree species, year and interaction year x tree
species on the studied physiological traits (A, E, gs, WUE and WUEi). Significance was determined at
p<0.05 throughout.
3. Results
3.1. Climatic conditions during years
Mean air temperature was slightly higher in 2012 (12.7°C) than in 2011 (11.9°C) and 2010 (11.9°C).
However, during the growing season (March-September) mean air temperatures considerably
increased across the observed years and amounted to 16.9, 17.6 and 18.7°C in 2010, 2011 and 2012,
respectively (Figure 1).
The total rainfall during the growing season of 2010 was 754 mm, while for the same period of
2011 and 2012 it was only 411 and 291 mm, respectively (Figure 1). Moreover, considering only the
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precipitations during August, when the measurements of gas exchange were made, we may speculate
that the plants were exposed to severe drought stress in 2011 and 2012 (the precipitation sums
amounted only to 0.5 and 2.3 mm, respectively), whereas 2010 was characterized by more suitable
conditions for plant growth, since the total rainfall was slightly lower (59.6 mm) than the 30-year
average. Similarly, mean air temperatures during August of 2010, 2011 and 2012 were higher than the
30-year average for this month and progressed continuously, amounting to 22.2, 23.6 and 24.8°C,
respectively.

Figure 1. Monthly mean air temperatures (°C) and sums of precipitations (mm) in 2010, 2011, 2012 and
the period 1981-2010. The data were obtained from the weather station "Valjevo" (source: Republic
Hydrometeorological Service of Serbia, 2010, 2011, 2012).
3.2. Survival rate
Average survival rate at the end of 2011 was high and amounted to 93.7%. The highest survival
rate was recorded in P. x euramericana cl. Pannonia (99.6%), while the lowest was in P. avium (86.1%).
The survival rates of J. nigra and R. pseudoacacia were similar and amounted to 93.6% and 95.5%,
respectively.
3.3. Physiological performances of tree species
Physiological performances of the studied tree species were notably influenced by the climatic
conditions over the years. Likewise, significant differences were found among the tree species
regarding all investigated parameters. The interaction between tree species and years was significant
for all traits, as well (Table 1).
Table 1. Results of Two-way ANOVA procedure for the observed physiological parameters assessed
during three consecutive years (2010, 2011 and 2012).
Effect

df

Year (Y)
Species (S)
YxS

2
3
6

A
F
203.6
133.6
8.5

gs
p
<0.001
<0.001
<0.001

F
236.1
42.7
10.4

E
p
<0.001
<0.001
<0.001

30

F
190.9
126.8
21.6

WUE
p
<0.001
<0.001
<0.001

F
32.6
34.6
8.4

p
<0.001
<0.001
<0.001

WUEi
F
p
19.7 <0.001
15.8 <0.001
7.0
<0.001
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Maximum A, gs and E were recorded in 2010, followed by a significant decline (p<0.001) during
2011 and 2012 in all tree species (Figure 2).

Figure 2. Net CO2 assimilation rate (A), water use efficiency (WUE), stomatal conductance (gs), intrinsic
water-use efficiency (WUEi) and transpiration (E) in the studied tree species grown at the coal mine
tailing "Tamnava – Zapadno Polje" during 2010, 2011 and 2012.
A particularly sharp decline in the aforementioned traits was observed in R. pseudoacacia and J.
nigra during 2011 (more than 50%). Nevertheless, R. pseudoacacia was the only species in which A, gs
and E had higher values in 2012, compared to 2011, showing signs of acclimation to water scarcity.
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Likewise, the same species was characterized by the highest values of WUEi during two dry years (90.5
and 82.6 µmol mol-1, respectively), and WUE, during 2012 (5.72 µmol mmol−1) (Figure 2b and 2d). It is
worth mentioning that apart from R. pseudoacacia, high values of WUE and WUEi, during the years
with limited water availability, were also recorded in the seedlings of P. x euramericana cl. Pannonia.
4. Discussion
Considering available data about soil properties at the coal mine tailing "Tamnava – Zapadno
Polje", it might be assumed that the topsoil (i.e. the surface layer of the soil) is characterized by
favourable physical properties (62% of sand, 24% of silt) and pH (6.70, on average) for tree growth. The
study by Sena et al. (2015) showed that tree growth and survival, two years after experimental plot
installation, were the highest on the soil characterized by 60% sand and 27% silt share, in comparison
to soils with a higher share of sand (73-78%) and lower share of silt (6.5-7.7%). Likewise, Burger et al.
(2017) found that the productivity of trees grown at mine lands is the highest on soils with sandy loam
texture and pH between 5.0 and 7.0.

Figure 3. P. avium and R. pseudoacacia (left) and P. x euramericana cl. Pannonia (right) seedlings grown
at the coal mine tailing "Tamnava – Zapadno Polje" during the growing season of 2011. Photo by Dr
Andrej Pilipović (date: 30th August, 2011).
A number of studies have shown that environmental factors, particularly drought, may
significantly affect physiological performances of tree species (Swoczyna et al. 2015; Vaz Monteiro et
al. 2017). Droughts strongly influence plant distribution patterns in post-mining landscapes (Halwatura
et al. 2015). According to Nurtjahya and Franklin (2017), species that have been widely adopted for
mine reclamation are the ones that are tolerant to a broad spectrum of environmental conditions, in
particular to low water and nutrient availability. In the present study, the investigated tree species
manifested different sensitivity to contrasting climatic conditions recorded during three successive
years, exhibiting different physiological performances, especially in terms of acclimation strategies for
coping with stress. Thus, the effects of unfavourable environmental conditions (during the years
characterized by water scarcity) should not be generalized and have to be analyzed for each species
individually.
Our results showed a significant decline of A, E and gs in the studied tree species during dry
years. A strong reduction of gs was particularly pronounced in J. nigra and R. pseudoacacia, which are
known as isohydric tree species (Loewenstein and Pallardy, 1998; Moser et al. 2016). Likewise, besides
the sharply reduced gs under drought conditions, R. pseudoacacia and P. x euramericana cl. Pannonia
displayed other characteristics indicative of isohydric behaviour, such as high water-use efficiency
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(Kunz et al. 2016). This strategy allows plants strict stomatal control of transpiration in response to
drought stress, therefore reducing hydraulic risks (Garcia-Forner et al. 2017). However, it may also
cause carbon starvation in the conditions of prolonged and cyclical drought events, triggering even
plants premature mortality in some cases (McDowell et al. 2008). A recent study conducted in the urban
area of Munich showed that R. pseudoacacia trees were characterized by strong growth reduction during
dry years, but also showed high drought resilience, which was reflected in a rapid recovery from
drought (Moser et al. 2016). Moreover, studying drought tolerance of newly planted broadleaf street
trees using chlorophyll fluorescence, Vaz Monteiro et al. (2017) found that Populus tremuloides and R.
pseudoacacia experienced the largest decline of maximum quantum yield of PSII when subjected to
drought stress, showing also signs of leaf wilting and dropping. The process of leaf abscission in R.
pseudoacacia plants exposed to water stress was also reported by Veste and Kriebitzsch (2012).
As we mentioned above, in this study, R. pseudoacacia and P. x euramericana cl. Pannonia were
characterized by the highest WUE and WUEi during dry years. In terms of WUEi, these results suggest
that the proportional decrease in A was less than the decline of gs, leading to an increase in the
mentioned parameter (Pita et al. 2005). On the other hand, higher WUE values observed in the
mentioned tree species during years with limited water availability (as compared to 2010) indicate that
these species respond more efficiently to drought stress, as they are able to maintain a balance between
A and E (according to Pliura et al. 2018). However, current knowledge on the variation of leaf gas
exchange in P. x euramericana cl. Pannonia rooted cuttings grown at coal mine tailings is scarce.
Although previous studies showed modest physiological performances of this clone in the poplar field
trials (Orlović et al. 1998; Orlović et al. 2002), certain authors reported superior height growth and
survival rate of cl. Pannonia rooted cuttings in comparison to other tested poplar clones (Andrašev et
al. 2007; Kovačević et al. 2009). Likewise, several studies demonstrated good physiological response of
P. x euramericana cl. Pannonia plants subjected to artificial contamination of heavy metals, oil and
herbicides, indicating good phytoremediation potential of this clone (Pilipović et al. 2012; Pilipović et
al. 2020).
Moreover, we found that R. pseudoacacia was the only species in which A, gs and E had higher
values in 2012 compared to 2011, thus, we might assume that the mentioned species showed signs of
acclimation to water stress. There is a general agreement that R. pseudoacacia has efficient acclimation
mechanisms (e.g. morphological, physiological and biochemical) that are activated in response to
drought stress (Xu et al. 2009; Mantovani et al. 2014). In addition, Minucci et al. (2017) reported that R.
pseudoacacia biomass production was unaffected by different drought frequencies due to the fact that
the species employed both drought tolerance and drought avoidance strategies. Lastly, studying the
leaf movement and photosynthetic plasticity of R. pseudoacacia under different stress conditions, Xu et
al. (2009) concluded that physiological and biochemical alterations can acclimatize seedlings to
extended drought stress, although these protective strategies are established at the expense of losing
the ability to respond rapidly to fluctuations of the environment.
The results of our study showed similarities between J. nigra and P. avium in terms of WUE, as it
decreased with increasing drought intensity during the examined dry years (2011 and 2012). Having in
mind that the mean air temperature during August of 2011 and 2012 progressed continuously, it was
expected that as drought stress becomes severe, dehydration of mesophyll cells inhibits the process of
photosynthesis, mesophyll metabolism is impaired and WUE decreases (Taiz and Zeiger, 2003). On the
other hand, the obtained values for WUEi in J. nigra and P. avium in 2012 were significantly higher and
without statistically significant differences compared to those in 2010, respectively, indicating an
efficient intercellular utilization of CO2 under water stress (Pagter et al. 2004).
The survival rate across the studied species was high, although the results cannot be considered
as fully valid since they were observed only once during the study (e.g. after the second growing
season). Nevertheless, our results are similar to those reported by Sena et al. (2015) for four tree species
(Fraxinus pennsylvanica, Quercus rubra, Q. alba, and Liriodendron tulipifera) grown across three spoil sites
characterized by different soil properties. The survival rate of the examined tree species increased in
the following order: P. avium < J. nigra < R. pseudoacacia < P. x euramericana cl. Pannonia, indicating the
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highest ones in the tree species in which the highest WUE properties were recorded. Even though P.
avium is essentially a pioneer species (Russell, 2003), this species had the lowest survival rate in our
experiment, which might be related to its moderate tolerance to drought (Ashwood et al. 2015).
Since we did not observe either leaf or soil water potential, we may only speculate about drought
impact on plants based on the meteorological data (e.g., sum of precipitations and mean air
temperatures) over the studied years. Although a drier climate during 2011 and 2012 notably affected
the physiological performances of all tree species, R. pseudoacacia and P. x euramericana cl. Pannonia
showed the highest survival rate, as well as signs of acclimation to drought stress throughout
conservative water use (i.e., increased water-use efficiency and intrinsic water-use efficiency).
However, the use of R. pseudoacacia and P. x euramericana cl. Pannonia for monoculture establishment
calls for caution, even when it comes to degraded lands reclamation. High acclimatization potential of
R. pseudoacacia for growth on different habitats, as well as its high competitive ability, refer to the high
invasive potential of this species (Klisz et al. 2021), especially in dry and semi-dry environments
(Vítkova et al. 2017). Likewise, although it brings numerous advantages (e.g. capturing of both additive
and non-additive genetic variance) (Silva et al. 2004), clonal forestry is also known for its disadvantages,
among which the reduced genetic diversity, unpredictable clone by environment interaction, and
negative public opinion have been frequently seen as the major issues (Harry, 2019; Ingvarsson and
Dahlberg, 2019). Hence, the establishment of multiclonal plantations or mixed stands may provide
various environmental and economic benefits, including greater biodiversity and resilience toward
negative natural and anthropogenic influences, as well as increased stand productivity. Indeed,
Andrašev et al. (2015) reported that the mixed stands of R. pseudoacacia and P. x euramericana cl.
Pannonia achieved greater wood volume per hectare compared to pure poplar plantations at the age
of 10 years. However, besides mixed the stands of the aforementioned species, the possibility of using
other tree species in combination with R. pseudoacacia and P. x euramericana cl. Pannonia should be
considered to improve the development of novel ecosystems and provide continuous ecosystem
services. For example, Tani et al. (2006) demonstrated that J. nigra trees grown in the mining area of S.
Barbara (AR, Italy) showed the best performances when associated with nitrogen-fixing species, such
as Alnus cordata and R. pseudoacacia. Lastly, Horodecki et al. (2019) found that litter decomposition and,
therefore, soil development at the postmining sites were higher in mixed than pure stands.
Conclusions
Our results showed a great response variability of the studied tree species to unfavourable
environmental conditions of the mine landfill site. Gas exchange parameters of all species varied over
the years of exploration, declining sharply during two dry years. The highest survival rates were
evidenced in P. x euramericana cl. Pannonia and R. pseudoacacia (99.6% and 95.5%, respectively), which
also showed the most conservative water use in the conditions of reduced water availability.
Nevertheless, the high survival rate of seedlings of all species (over 85%), which was registered at the
end of the second vegetation, indicates that the studied tree species can be successfully used for
reclamation of coal mine tailings. Hence, we believe that afforestation of degraded habitats should be
based on the use of multiple tree species in order to enhance overall ecosystem functionality.
Nevertheless, due to the research involving plants in the juvenile phase of development, there is a need
for further and continuous monitoring of the studied species at the given mine tailing site in order to
obtain more reliable information about their potential for successful reclamation of mine areas.
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