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Abstract: (1) Background: The aim of our study is to present the results of initial growth and plant 
physiology studies of newly selected, vegetative propagated black locust clones, with a view to 
assess their suitability for the establishment of fast growing tree plantations for the production of 
high quality timber in marginal (semi-arid) sites. (2) Methods: In the spring (May) and autumn 
(November) of 2021, full inventories were carried out in the black locust industrial tree plantation. 
The Normalized Difference Vegetation Index (NDVI) values were observed monthly from May to 
September 2021. For measuring the assimilation parameters the net assimilation, transpiration, 
stomatal conductance, intercellular CO2 concentration, and other physiological parameters were 
recorded. (3) Results: Robinia pseudoacacia ‘NK2′ clone showed the highest assimilation rate and it 
produced the most height increment in the growing season, from May 2021 to November 2021. The 
discriminant analysis classified successfully the black locust clones, 86.7% of original grouped 
cases were correctly classified. (4) Conclusions: The study of industrial tree plantations is of great 
practical importance. As black locust can tolerate even marginal site conditions, the lack of timber 
can be reduced in the future by establishing black locust industrial tree plantations. To be able to 
produce good quality industrial wood on the plantations, it is essential to study the phytophysio-
logical properties of the trees (biomass production, vegetation activity of plants, chlorophyll con-
tent, photosynthetic activity) in addition to the traditional stand full inventories. 

Keywords: black locust clones; drought tolerant; plant physiology; growth characteristics;  
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1. Introduction 
Black locust is one of the most commonly planted exotic tree species all around the 

world [1,2]. However, it is indigenous to North America (southern Appalachians), it has 
no important role in the forest management of the USA [3]. It is widespread and has 
economic importance in Central Europe (e.g., Germany, Poland, Romania, and Hungary) 
and East Asia (China and South Korea) [2,4–11]. It is a drought-tolerant tree species, that 
plays a significant role in mitigating the negative effects of climate change [1,12–14]. 
Drought stress reduces the morphological (plant growth, height, and stem diameter) and 
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physiological traits (leaf water potential and sap movement, net assimilation rate and 
stomatal conductance), and also the hydraulic properties in the plants [15]. Besides the 
production of classical wood products (poles, props, fuelwood), black locust is used par-
ticularly for erosion control [2,16], reforestation of denuded mountains [17], and re-
claiming forming mine sites [18–21]. It is also considered important for short rotation 
energy crops [6,22,23]. Last, but not least, its role in apiculture is also relevant [24–27]. 

It was introduced in Europe in the 17th and to Hungary in the early 18th century 
[28–30]. Its rapid growth, widescale tolerance, hard, durable wood, and versatile uses 
(e.g., energy, beekeeping, industry, soil protection) have led to its rapid spread [24,26]. It 
is one of the best honey-producing plants. One hectare of black locust stand can produce 
more than 1500 kg of high-quality honey [31]. It thrives on marginal sites but grows best 
on sites with good fertility (deep productive layer, rich in nutrients), adequate water 
balance, loose, less acidic, sandy, sandy loam soils with near neutral chemistry [32–34]. 
Today, in Hungary, black locust grows approximately 24% of the more than 2 million ha 
of tree cover [35]. Currently, it is the most widely cultivated tree species in Hungary.  

However, black locust varies from specimen to specimen, has numerous disad-
vantages (curved trunk, forking, low industrial wood yield, susceptibility to frost, etc.) in 
the context of growing technology [24,26]. Therefore, in the early 1960s, research work 
was initiated at the Hungarian Forest Research Institute to improve the stem quality and 
increase the yield of black locust [22,24]. In the last decades, several programs have been 
launched, which have resulted in numerous state-approved cultivars and candidate cul-
tivars [24,36–42]. 

In parallel with the above, there has been an increasing international interest in the 
Research and Development and Innovation (R & D & I) results and practical experiences 
that can help the improvement of Hungarian black locust cultivation. Several countries 
have sent researchers and apprentices to Hungary to study black locust growing tech-
nology. A large number of studies and scientific articles have been published at an in-
ternational level [22,24,25,37–41,43–45], and in the late 1980s and early 1990s, the export 
of propagating material of some black locust cultivars and candidate cultivars was initi-
ated. 

Currently, a joint project of the University of Sopron and Napkori Erdőgazdák Zrt. is 
studying and testing the growing technology of black locust in industrial tree plantations 
and new high-performance black locust clones with high yields of industrial timber (min. 
50%) near Napkor. 

Apart from Hungary, black locust research programs are being carried out in several 
countries of the world (USA, Germany, Poland, Greece, Bulgaria, India, China, South 
Korea) and successes have been achieved in black locust breeding and growing tech-
nology [6,7,20,26,46–62]. 

The aim of this manuscript is to present the results of initial growth and plant 
physiology studies of newly selected, vegetative propagated black locust clones, aiming 
to assess their suitability for the establishment of fast growing tree plantations for the 
production of high quality timber in marginal (semi-arid) sites. Our Hypothesis 1 as-
sumes that there are significant differences between the growth (height and diameter at 
the base) and the plant physiology traits (photosynthetic activity, assimilation rate, 
transpiration, and water use efficiency) of the investigated clones. Furthermore, Hy-
pothesis 2 assumes that the clones can be separated based on the measured data. 

2. Materials and Methods 
In this paper, a black locust industrial tree plantation is presented, where two black 

locust clones selected in Püspökladány (‘PL251’, ‘PL040’) and two in Napkor (‘NK1’, 
‘NK2’) and one state–approved cultivar (‘Üllői’) are tested and compared.  

In the course of our study, the usual dendrometric parameters (measurement of 
diameter at the base and height) were supplemented by measurements to examine the 
plant physiology characteristics of the clones—Normalized Difference Vegetation Index 
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(NDVI), photosynthetic activity. NDVI is a measure on a scale of 0 to 1 (the closer to 1, the 
healthier the plant), which determines how much of the photosynthetically useful radia-
tion is absorbed or reflected by the plant’s leaf. The more absorbed, the more active the 
vegetation is, which is related to the chlorophyll content of the leaves. It is an excellent 
method for monitoring the nitrogen supply of plants (and thus the N supply capacity of 
the site) and their vitality [63]. 

2.1. Experiment Set Up 
The industrial tree plantation (47°55′13′′ N, 21°50′45′′ E) near Napkor, which is also a 

clone comparison trial, was established in 2020. The 2.66 ha site is located in the north-
eastern part of the Hungarian Great Plain, in the middle of the region called Nyírség, 
where the average annual temperature is 10.4 °C and the average annual precipitation is 
527.4 mm [64], based on meteorological data for the last 35 years (1985–2020).  

Based on the results of our soil analysis, the soil of the site is humus sandy soil 
(Arenosol, [65]) the humus content is low (Hu % = 0.21–0.36), acidic (pHKCl 5.17–5.34). In 
the experiment, 4 black locust clones and the ‘Üllői’ state–approved cultivar were tested 
in 3 different planting spaces (2.5 × 2.5 m; 3 × 3 m; 4 × 4 m). In our study, we present the 
results of the comparison of clones in the 3 × 3 m planting space. 

The vegetatively propagated seedlings were planted in spring 2020. After planting, 
the necessary maintenance (cultivation of row and spacing, pruning) was carried out. 

2.2. Field Measurements 
In the spring (May) and autumn (November) of 2021, full inventories were carried 

out in the plantation. The diameter was measured at the base (mm) with a Powerfix dig-
ital caliper and height (cm) with a height measuring ruler. We measured 137–146 trees 
from clone ‘PL251’, 157–174 from clone ‘NK1’, 124–126 from ‘PL040’, 50–97 from ‘NK2’ 
and 81–84 from ‘Üllői’ during full inventories. Furthermore, the height of 30–30 selected 
trees of average growth per clone was measured every two months from May 2021 to 
November 2021. 

The Normalized Difference Vegetation Index (NDVI) values were observed monthly 
from May to September 2021, based on the absorption and reflection of near infrared and 
visible red light [63]. Trimble (Sunnyvale, California, USA) GreenSeeker handheld crop 
sensor was used in the NDVI measurements. This sensor utilizes active illumination with 
light-emitting diodes (LED) at two wavelengths 656 nm and 774 nm. Ten measurements 
per clone were completed. 

LI-6800 (LI-COR, Lincoln, Nebraska, USA) portable photosynthesis system was used 
in the assimilation parameters measurements. The instrument recorded the net assimila-
tion, transpiration, stomatal conductance, intercellular CO2 concentration, and other 
physiological parameters [66]. The light was controlled in the sample chamber, we used 
1500 µmol photon m−2 s−1 PAR, with 90% red (625 nm) and 10% blue (475 nm) light. For 
the light response curve, we used decreasing photosynthetic photon flux density (PPFD) 
in 8 steps (1500, 1200, 900, 600, 300, 150, 50, 0 µmol m−2 s−1). 

The Li-6800-01A multiphase flash fluorometer head was used as a light source, the 
aperture was 2 cm2. The CO2 concentration was controlled in the chamber: 400 μmol 
mol−1 using injector and carbon dioxide patrons. Light-adapted leaves were measured, 
six times per leaf on three plants per plot. Readings were logged when the measured 
parameters stabilized but after a minimum of 120 s.  

To calculate water use efficiency data measured on the leaves were used applying 
the formula proposed by Tanner and Sinclair [67], (Equation (1)). 

WUE = (Ass*44)/(Emm*18) (1) 

WUE: water use efficiency (kg m−3) 
Emm: transpirated H2O (mmol m2 s−1) 
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Ass: assimilated CO2 (µmol m2 s−1). 

2.3. Evapotranspiration and VPD Calculations 
The FAO Penman–Monteith method was used in the calculation of potential evap-

otranspiration (PET) with climatic data collected at the experiment site [68] (Equation 
(2)). 

𝑃𝑃𝑃𝑃𝑃𝑃 =
0.408∆(𝑅𝑅𝑛𝑛 − 𝐺𝐺) + 𝛾𝛾 900

𝑇𝑇 + 273𝑢𝑢2(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎)

∆ + γ(1 + 0.34𝑢𝑢2)  (2) 

PET: potential evapotranspiration (mm day−1), 
Rn: net radiation at the crop surface (MJ m−2 day−1), 
G: soil heat flux density (MJ m−2 day−1), 
T: mean daily air temperature at 2 m height (°C), 
u2: wind speed at 2 m height (m s−1), 
es: saturation vapour pressure (kPa), 
ea: actual vapour pressure (kPa), 
∆: slope vapour pressure curve (kPa °C−1), 
γ: psychrometric constant (kPa °C−1) 

Actual evapotranspiration (AET) was estimated using the formula of [69]. The 
method uses the PET, the soil moisture data and the crop coefficient values (Equations (3) 
and (4)). 

𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑤𝑤 + 𝑏𝑏
1 + 𝑏𝑏

∗ 𝑤𝑤 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃 (3) 

AET: actual evapotranspiration (mm day−1), 
w: relative soil moisture content in the 0–100 cm layer (mm) 
b: crop coefficient factor of trees 
PET: potential evapotranspiration (mm day−1) 

𝑤𝑤 =
𝑊𝑊𝑎𝑎 −𝑊𝑊𝑊𝑊
𝑊𝑊𝑐𝑐−𝑊𝑊𝑊𝑊

 (4) 

w: relative soil moisture content in the 0–100 cm layer (mm) 
WP: permanent wilting point of the soil (mm) 
Wc: field capacity of the soil (mm) 

Vapor pressure deficit (VPD) in kilopascals was calculated from saturated vapor 
pressure (VPsat) and actual vapor pressure (VPair): 

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 =
610.7 ∗ 10 7.45∗𝑇𝑇

237.3+𝑇𝑇

1000
 (5) 

𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 =
610.7 ∗ 10 7.45∗𝑇𝑇

237.3+𝑇𝑇

1000
∗
𝑅𝑅𝑅𝑅
100

 (6) 

VPsat: saturated vapor pressure of the air (kPa), 
T: air temperature (°C) 
VPair: actual vapor pressure of the air (kPa) 

VPD = VPsat − VPair, (7) 
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2.4. Statistical Data Analysis 
The data were statistically analysed with IBM SPSS 25.0 statistical software package 

and MS Excel 2016. The results of the stand survey (height, diameter at the base) and 
NDVI measurements were analysed with one-way analysis of variance (ANOVA), and 
the significance of differences between means was assessed with the LSD test (p = 0.05). 
Natural logarithmic regression functions were calculated in the analysis of assimilation 
rate light response curves. Discriminant analysis was used on standardized values to 
classify and test the group membership of the clones. Pearson correlation analysis (2–
tailed) was run to reveal the linear relationships among the parameters. The standard 
error (±) and significance was presented on the figures and tables where it was relevant. 

3. Results 
3.1. Evaluation of Weather Conditions of the Black Locust Experiment Site 

It seems to be due mostly to the climate change, the annual average temperature in 
2021 (from January 2021 to December 2021) was 0.3 °C higher (10.7 °C) than the 35–year 
(1985–2020) average. Furthermore, in 2021, the total annual precipitation (524.7 mm) was 
below the 35-year average. The precipitation in the period from May 2021 to November 
2021 (between our full investigations) was 291.6 mm, during main growing—main water 
consumption (from May 2021 to July 2021) was 156.3 mm and in the period of critical 
months (July and August) was 127.3 mm [64] (Figure 1). Two months, June and October 
were very dry, the rainfall was only 7.5 and 0.8 mm respectively. The PET and AET, their 
ratio, and the VPD were calculated characterizing the water supply of black locust (Fig-
ure 2). The AET/PET ratio data supported that there was a very dry growing season in 
2021 for the black locust. From 15 March to 31 October, the ratio was only 39% on aver-
age. In the two very important month, for the growth of the black locust, May and June, 
the average ratio was only 35%. The AET was only 24 and 25% of the PET values in the 
3rd decade of June and the first decade of July, respectively. These low values show that 
the evapotranspiration was limited by the very low available moisture content in the root 
zone in the soil. 

 
Figure 1. Monthly sums of precipitation and averages of temperature (Napkor, 2021). Numbers in 
the bars: sum precipitation of the month. 
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Figure 2. Potential (PET) and actual (AET) evapotranspiration, AET/PET ratio (%) and VPD in 
black locust (Napkor, 2021). Average of the decades. VPD: Vapor pressure deficit, calculated using 
meteorological data. 

3.2. Results of Assimilation Measurements 
Assimilation and water management studies in field experiments outside the labor-

atory are essential for understanding the assimilation processes of black locust. Meas-
urements and studies related to photosynthesis processes have been carried out by many 
researchers in the laboratory on different crops, but relatively few publications have been 
published on the results of in situ measurements under field conditions. Assimilation 
parameters were measured on 29 June 2021, because the rate of net assimilation is the 
highest in this month [70]. There were significant differences (p < 0.001) in the assimila-
tion rate of the clones (Figure 3a). The highest rate (18.44 µmol m−2 s−1) was in the ‘NK2′, 
the lowest (9.62 µmol m−2 s−1) in the ‘NK1′ clone was observed. In the pairwise compari-
son, the clones ‘PL251’ and ‘PL040′ did not differ significantly, the values were 13.34 and 
12.96 µmol m−2 s−1, respectively. The transpiration values also showed significant differ-
ences among the clones (p < 0.001). Besides the highest photosynthesis rate, the ‘NK2’ 
clone had the highest transpiration (6.53 mmol m−2s−1) (Figure 3b). In the ‘Üllői’ variety 
was observed the second highest value both in the photosynthesis rate and in the tran-
spiration, 15.17 μmol m−2s−1, and 5.98 mmol m−2s−1, respectively. 

Using the assimilation rate and the transpiration data the water use efficiency 
(WUE) (kg CO2 per m3 H2O) was calculated for every clone (Table 1). The differences 
were significant at p < 0.001 level. The best water use efficiency was observed in the 
‘PL040’ clone (7.015 kg m−3), while the lowest value was in the ‘NK1′ clone (4.319 kg m−3). 

Table 1. Water use efficiency of the black locust clones (29 June 2021). 

 Clones 
 PL251 NK1 PL040 NK2 Üllői 

WUE 
(kg m−3) 

6.13 ± 0.191 a 4.319 ± 0.191 b 7.015 ± 0.191 c 6.876 ± 0.191 c 6.207 ± 0.191 a 

The different letters mean significant difference at p = 0.05 among the clones. 

Light response curves of one clone (‘PL251’) and the registered variety (‘Üllői’) were 
observed with decreasing photosynthetic photon flux density (PPFD) in 8 steps (Figure 
4). There was significant difference (p = 0.05) in the assimilation rate between the variety 
and the clone at all PPFD levels, and the difference was higher at the higher photon flux 
densities. The natural logarithmic regression functions fit well to the measured data 
points (R2: 0.9444–0.9745), so the curves of the functions showed clearly the differences. 
At the low PPFD levels, from 0 to 300 µmol m−2 s−1 the ‘Üllői’ variety had higher assimi-
lation rate, but as the light intensity increased, the ‘PL251’ clone had higher photosyn-
thesis rate, the curve of ‘Üllői’ ran lower than that of the other at higher than 300 µmol 
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m−2 s−1 photon flux density level. The assimilation rate of the clone ‘PL251’ increased to 
the 1500 µmol m−2 s−1 PPFD level. In ‘Üllői’ variety the assimilation rate decreased above 
1200 µmol m−2 s−1 PPFD. 

  
(a) (b) 

Figure 3. (a) Assimilation rate of black locust clones (29 May 2021) (b) Transpiration of black locust 
clones (2021); ±standard error; The different letters mean significant difference at p = 0.05 among 
the clones. 

 
Figure 4. Photosynthesis rate light response curve of black locust clone ‘PL251’ and variety ‘Üllői’ 
(29 May 2021); ±standard error. 

The tested black locust clones were classified using discriminant analysis. The 
grouping variable was the clone and, after standardization, the group of scale variables 
(assimilation rate, intercellular CO2 level, transpiration, total conductance to CO2, WUE, 
NDVI1-5, height) was used. Table 2 shows the discriminant analysis result. The classifi-
cation was successful, 86.7% of original grouped cases were correctly classified. In 
‘PL251’, ‘NK1’ and ‘Pl040’ clones, all of the cases (100%) were correctly classified. In 
‘NK2’ and ‘Üllői’, the correctly classified cases were 66.7%. The clones ‘PL251’ ‘NK1’, and 
‘PL040’ are clearly separated on the combined groups plot (Figure 5), but overlapping 
can be observed in ‘NK2’ and ‘Üllői’. 
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Table 2. Discriminant analysis classification results, black locust clones. 

Clones 
Predicted Group Membership 

PL251 NK1 PL040 NK2 Üllői 
PL251 100% 0% 0% 0% 0% 
NK1 0% 100% 0% 0% 0% 

PL040 0% 0% 100% 0% 0% 
NK2 0% 0% 0% 66.7% 33.3% 
Üllői 0% 0% 0% 33.3% 66.7% 

86.7% of original grouped cases correctly classified. 

 
Figure 5. Combined group plot of the discriminant analysis of the black locust clones (Napkor, 
2021). 

3.3. Results of Stand Structure Factors and Growth 
The results of the spring (May 2021) and autumn (November 2021) full inventories, 

the data on height, diameter at the base, and their increment are summarized in Table 3. 
Furthermore, Figure 6a,b shows the difference between full inventories. 

Table 3. Summary of the data from full inventories (May 2021 and November 2021). 

Clones   Number 
of Stems 

Height 
(cm) 

Height 
Increment 

(cm) 

Diameter at  
the Base  

(mm) 

Diameter at the 
Base Increment 

(mm) 

PL251 
May n1 137 219.1 ± 4.139 a 

255.1 
22.08 ± 0.395 a 

40.9 Nov. n2 146 474.2 ± 4.012 A 62.95 ± 0.743 A 

NK1 
May n1 157 177.0 ± 2.795 b 

193.7 
22.36 ± 0.305 ab 

40.8 Nov. n2 174 370.7 ± 3.332 B 63.17 ± 0.648 A 

PL040 
May n1 124 188.7 ± 4.326 c 

236.1 
22.87 ± 0.379 ab 

42.4 Nov. n2 126 424.9 ± 3.966 C 65.29 ± 0.699 B 

NK2 May n1 50 227.8 ± 6.273 a 261.2 23.44 ± 0.583 b 40.9 Nov. n2 97 489.0 ± 4.091 D 64.30 ± 0.588 AB 

Üllői May n1 81 137.5 ± 3.859 d 176.2 15.01 ± 0.368 c 38.9 Nov. n2 84 313.7 ± 5.537 E 53.92 ± 1.108 C 
Note: Nov. means November 2021. Sign “n1” indicates the number of the stems from full inventory 
in May 2021 and sign “n2” indicates the number of stems from full inventory in November 2021, n1 
≠ n2. ±standard error. Small letters indicate the significant difference (p = 0.05) between the clones 
from full inventory in May 2021 and capital letters indicate the significant difference (p = 0.05) be-
tween the clones from full inventory in November 2022. 
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(a) (b) 

Figure 6. Comparison of results of full inventories: (a) May 2021; (b) November 2021. 

In the evaluation of the results of the full inventory, carried out in May 2021, signif-
icant differences (p = 0.05) were observed between the clones tested for both height and 
diameter at the base. The best clones in terms of height were ‘NK2’ and ‘PL251’ and 
‘NK2’, ‘NK1’ and ‘PL040’ in diameter at the base proved the most satisfactory. The per-
formance of ’Üllői’ was the weakest for both examined parameters. The results of the 
November 2021 full inventory were almost similar to those of spring (May 2021). The 
clone ‘NK2’ was significantly the best in height and the ‘PL040’ clone was better than the 
‘NK2’ clone with a minimal difference in diameter at the base (there was no significant 
difference between the two clones) and performed significantly better than the other 
clones (Table 3).  

The height increase pattern of the clones and their comparison are shown in Figure 
7. It shows that clones ‘NK2’ and ‘PL251’ performed best in terms of height increase 
during the studied period (from May 2021 to November 2021). The clones grew by 263 
cm and 254 cm, respectively, between May and November in 2021. The weakest growth 
was produced by ‘Üllői’ and ‘NK1’, with height increases of 188 cm and 212.5 cm, re-
spectively. 

 
Figure 7. Height growth of the clones (May-November 2021). 
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3.4. Evaluation of the Results of Normalized Difference Vegetation Index (NDVI) 
The change in the normalized difference vegetation index (NDVI) values of the 

clones over the May-September period is shown in Figure 8. 

 
Figure 8. Normalized difference vegetation index (NDVI) values of black locust clones in the 
May-September period in 2021. 

Based on the results of the measurement in May, there was no significant difference 
between the clones. The NDVI values of the clones ‘Üllői’ and ‘PL040’ (0.81 and 0.80, 
respectively) were higher than the other clones with a minimal difference. In June, 
‘PL251’ and ‘Üllői’ showed the best results (0.79 and 0.78, respectively), the value in 
‘PL040’ decreased (0.74), and proved to be significantly the weakest of this month. There 
was no significant difference between the NDVI values of the other clones. In July, the 
NDVI value of ‘Üllői’ (0.80) was the highest. There was a significant difference between 
‘Üllői’ and ‘PL251’ and ‘NK1’ clones. In August, ‘NK2’ produced the best value (0.80), 
significantly exceeding clones ‘PL040’ and ‘PL251’. In September, the NDVI values of all 
clones decreased significantly (ranging from 0.67 to 0.73), probably due to the high de-
gree of Parectopa robiniella infection. In this last month, the clone ‘NK2’ showed the best 
NDVI values (0.73) but differed significantly only from the clone ‘PL040’ with the lowest 
values (0.67). 

Overall, clones ‘Üllői’ and ‘NK2’ were the best in terms of the parameter (NDVI) 
investigated. The clone ‘PL040’ proved to be the weakest. 

4. Discussion 
The investigation of industrial tree plantations is of great practical importance. For 

2020–2030, a massive shortage of timber can be forecasted in Hungary. The area of our 
hybrid poplar plantations is gradually decreasing. As black locust can tolerate even less 
favourable site conditions, the lack of timber can be reduced in the future by establishing 
black locust industrial tree plantations. 

To be able to produce good quality industrial wood on the plantations, it is essential 
to study the phytophysiological properties of the trees (biomass production, vegetation 
activity of plants, chlorophyll content, photosynthetic activity) in addition to the tradi-
tional stand full inventories. Many literature sources are showing that significant differ-
ences in photosynthetic activity and transpiration can be found between the varieties in 
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many field crops and trees, and the cultivars differed significantly also in the response to 
the different PPFD light intensities [71–75]. Our observations on the assimilation and 
water use properties provide new data for a better understanding of black locust timber 
formation processes. The assimilation rate of the clones increased with the increasing 
light intensity up to 1500 μmol m−2 s−1 PPFD level. The measured photosynthesis param-
eters showed significant differences among the black locust clones and based on the light 
response curve the clones also could be differentiated clearly. ‘NK2’ clone showed the 
highest assimilation rate and it had the highest height increment in the growing season, 
from May 2021 to November 2021. 

Discriminant analysis is a good tool in the investigation of the relationship between 
the categorical, grouping variables and a group of scale variables. Some reports stated 
that the accuracy of the classification was affected by the phenological stages. The accu-
racy of the discrimination varied from 73 to 100%, depending of the species and the 
growth stage [76,77]. In our study, the result of the discriminant analysis based on the 
observed parameters of the black locust clones showed that classification was successful, 
and 86.7% of original grouped cases were correctly classified. The accuracy varied from 
66.7% to 100%. The ‘NK2’ and ‘Üllői’ showed differences in some parameters, but the 
separation was not clear. 

Water use efficiency (WUE) is a useful parameter to characterize the water con-
sumption and water supply state of a plant. The prolonged drought stress altered the 
morphological, physiological, and biochemical traits, but the responses could be spe-
cies-specific but are also influenced by the characteristics of the cultivar [12,77]. To de-
velop more efficient and precise measures, it is important to look for new insights con-
cerning response mechanisms to drought stress. The deleterious effects caused by 
drought (e.g., water status and photosynthetic performance impairment, oxidative stress, 
and imbalance in plant nutrition), are the most critical stressors [78,79]. We also found 
significant differences in WUE among the black locust clones in our study. The means 
varied from 4.319 to 7.015 kg m−3, but the standard deviation was low, so the difference 
was significant at p < 0.001 level. 

The main growing period of black locust is from May to August [2,24]. According to 
Nadal–Sala et al. [80] the increasing temperature will extend the vegetative period of 
black locust, leading to significantly increased yield if the groundwater table keeps 
reachable. Our investigations have shown similar results. The clone with the best height 
growth, ‘NK2’, produced 10% of its height increment between September and November, 
despite the fact, that during the growing season droughty periods occurred, which 
caused water shortage problems on the sandy soil. Similar to the results of Theofanous et 
al. [81], the maximum values of height increments for the clones studied coincided with 
the NDVI values. 

The NDVI values of the clones tested reached their maximum in May, but a sec-
ondary maximum was observed in August. This finding is partly supported by the re-
port of Theofanous et al. [81], who found the maximum NDVI values of black locust in 
May-June. 

Due to its flexible site tolerance, black locust is one of the most suitable fast-growing 
stand-forming tree species in reducing the unfavourable effects of global and local cli-
mate change. The invasive nature of black locust can be significantly reduced by devel-
oping and applying appropriate growing technology. In this field, the Hungarian re-
search and development and innovation (R & D & I) results are also outstanding at the 
international level. Propagation of selected black locust varieties is only possible vegeta-
tively in order to preserve the genetic surplus. Consequently, the large-scale, vegetative 
propagation of black locust clones (varieties) selected for relative drought tolerance and 
stem quality improvement must be resolved. 

It should be noted that in terms of the international literature on black locust, there 
are relatively few field clone experiments established and evaluated with scientific de-
mandingness. References to these should be treated with caution, as in most cases there is 
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a lack of e.g., the origin of the propagating material, the technology of its production, the 
agronomic techniques used, etc.  

The physiological studies presented in this paper are novel in the Hungarian for-
estry research and black locust growing research. We consider it important to carry out 
such studies in order to be able to produce the best possible wood quality in the future 

5. Conclusions 
Plantation forestry, and within this, industrial tree plantations are primarily aimed 

at meeting the growing demand for wood material. In addition, they contribute to the 
development of the environment and the landscape, to the beneficial regulation of the 
atmospheric carbon cycle, to the filtering of various air pollutants, and, at the same time, 
to the mitigation of the harmful effects of climate change. Black locust can tolerate less 
favourable site conditions for tree growing. To be able to produce good quality black 
locust industrial wood raw material on plantations, it is essential to carry out the physi-
ological studies described in our paper. 

We can conclude that both of our hypotheses have been confirmed. There were sig-
nificant differences among the clones in the growth and the plant physiology traits. 
Furthermore, the classification of the clones was successful based on the measured data. 

The selected black locust varieties have and will play an important role in the fol-
lowing places of use, mainly in order to improve the quality of primary wood produc-
tion: 
- as a specified mixture (30–35%) for the planting of common black locust stands, 
- for the establishment of wide-spacing (min. 2.5 × 2.0 m), short-cutting (15–20 years) 

industrial tree plantations, 
- for the establishment of seed-orchard and plantations for the production of quality 

propagating material. 
Full knowledge of the ecological conditions, the introduction of modern new varie-

ties into public cultivation, the development and introduction of new growing technolo-
gies, and the ecological, economic and physiological study of the entire growing cycle can 
form the basis for the full exploitation of the potential of plantations. This requires further 
innovation cooperation between research workshops and practitioners. 
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