
Vol:.(1234567890)

Journal of Soil Science and Plant Nutrition (2023) 23:5324–5332
https://doi.org/10.1007/s42729-023-01404-2

1 3

ORIGINAL PAPER

Which Soil Properties Determine Tree Nutrient Supply in Extreme 
Technosol Conditions?

Bartłomiej Świątek1   · Marcin Pietrzykowski1 · Katarzyna Sroka2 · Krzysztof Otremba3 · Marcin Chodak2

Received: 5 December 2022 / Accepted: 18 July 2023 / Published online: 25 August 2023 
© The Author(s) 2023

Abstract
In recent years, there has been an increased interest in the selection of tree species for their adaptation to difficult habitat 
conditions in post-mining areas. As global climate change can cause changes in the circulation of elements, it is vital to 
understand how soil and habitat conditions affect the mineral nutritional status of trees.
The study compared the nitrogen (N) and phosphorus (P) content in the leaves of various tree species on different substrates 
created by mining activities. The research was carried out in stands growing on reclaimed post-mining soils composed of 
various parent materials, including sands, clays, and ashes. The factors influencing the N and P supply to trees in the desig-
nated parent material were investigated. The soil’s physicochemical properties were determined, and biochemical analyses 
were conducted. The tests performed showed that there were no differences in the N and P content in the leaves of scots pine 
(Pinus sylvestris), black locust (Robinia pseudoacacia), black alder (Alnus glutinosa), and common birch (Larix decidua) 
growing on different substrates. The results confirmed a significant relationship between the mineral nutritional status of 
trees and the chemical (N, Mg2+, and K+) and biological (AcdPhoSP) properties of soils. The N supply was related to the 
contents of nitrogen total (Ntot) and exchangeable magnesium (Mg2+) in soils and to the specific activity of acid phosphatase 
(AcdPhoSP). The level of phosphorus (P) supply to the studied tree species growing on technogenic soils was shown to be a 
factor related to the activity of acid phosphatase (AcdPhoSP).
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1  Introduction

The availability of nutrients is one of the leading environ-
mental factors that limit the productivity of terrestrial eco-
systems (Lambers and Oliveira 2019). In recent decades, 
nitrogen oxide (Nox) emissions into the atmosphere have 
changed nitrogen (N) availability in many forest ecosys-
tems in Europe and North America (Crowley et al. 2012; 
Jonard et al. 2015; Talkner et al. 2015). An increased N 
pool in forests affects the mineral nutrition status of trees 
(Driscoll et al. 2003). Increased N availability stimulates tree 
growth, leading to phosphorus (P) deficiency (Akcelsson 
et al. 2008; Reich et al. 2006). Although total P resources 
in soils are relatively high, only a small proportion of this is 
available to plants (Hinsinger 2001). The content of N and 
P in leaves is perceived to be an indicator of the nutritional 
status of plants, and the N:P ratio can shed light on potential 
limitations—resulting from nutrient deficiencies—that affect 
the productivity of terrestrial ecosystems and plant growth 
(Reich and Oleksyn 2004). Numerous studies have shown 
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that the content of N and P in leaves reflects the content of 
these elements in the soil (Aerts and Chapin 2000). One of 
the main stages in the circulation of nutrients between the 
plant and soil is leaf decomposition. In addition, the nutrient 
contents of the litter, soil properties, and climatic conditions 
are the primary factors influencing the accumulation rate 
of dead organic matter (Manzoni et al. 2008; Parton et al. 
2007).

The accumulation of dead organic matter is crucial for 
soil formation in soilless areas (Woś and Pietrzykowski 
2015). In mining areas, soil reconstruction and afforesta-
tion are potentially the best strategies for restoring post-min-
ing areas to their previous state (Dutta and Agrawal 2003; 
Pietrzykowski and Krzaklewski 2007). From an ecological 
point of view, the goal of restoring post-mining areas is the 
development of a stable forest ecosystem (Bradshaw and 
Hüttl 2001). In order to alleviate nutrient deficiencies in 
reconstructed soils, tree species capable of binding atmos-
pheric N are introduced, and thanks to symbiosis with bac-
teria, these species enrich the soil with N (Pietrzykowski 
et al. 2015; Vlachodimos et al. 2013; Zipper et al. 2011). In 
recent years, there has been increased interest in the selec-
tion of tree species for this purpose and in their adaptation 
to difficult habitat conditions in post-mining areas (Baumann 
et al. 2006; Chodak and Niklińska 2010; Pietrzykowski and 
Socha 2011).

The role of N-fixing species in alleviating P deficiencies 
has not been investigated in depth (Hinsinger et al. 2011). 
Plants play a central role in the transformation and circula-
tion of P in the soil. Moreover, plants can take up P only in 
mineral forms and deposit it in organic forms, which become 
substrates for organic forms of P in the soil (Hinsinger et al. 
2011). Although organic P may constitute up to 50% of the 
total P in the topsoil, it is not directly available to plants 
(Sulieman and Mühling 2021). In nature, however, several 
mechanisms allow plants to access organic forms of P. By 
increasing phosphatase activity and increasing P absorption 
by microorganisms, some tree species have improved their 
ability to absorb P from the soil (Richardson et al. 2009).

As global climate change can cause changes in the circu-
lation of elements, it is vital to understand how soil and habi-
tat conditions affect the mineral nutritional status of trees 
(Schaaf 2001). Such knowledge is essential at sites restored 
after severe disturbance since conditions are often harsh and 
nutrient supply is insufficient for healthy plant growth. Of 
particular concern are the low concentrations and availabil-
ity of essential nutrients in the parent materials of techno-
sols. N and P are considered the primary limiting elements 
for the development of vegetation planted on post-industrial 
barrens (Zipper et al. 2011; Manimel Wadu et al. 2017; 
Cross et al. 2019). The current knowledge on the impact of 
chemical properties and microbiological activity on forest 
tree N and P supply is mainly based on research material 

from intact areas. In contrast, reports from reclaimed sites 
are relatively scarce. Determining the factors influencing the 
supply of N and P to trees is crucial in monitoring stands 
mineral nutrition status. Therefore, this study aimed to deter-
mine the influence of microbiological and physicochemical 
properties of soils formed from different substrates on the 
mineral nutrition status of pioneer tree species (Scots pine 
and silver birch) and N-fixing tree species (black locust and 
black alder), expressed through the supply of nitrogen and 
phosphorus to their leaves. We hypothesized that the status 
of tree N and P supply in restored forest ecosystems depends 
on the chemical properties of parent materials and the micro-
bial activity of developing soils.

2 � Materials and Methods

2.1 � Study Sites and Field Study

The research was carried out in stands growing on reclaimed 
post-mining soils (RMS) composed of various types of par-
ent materials representing sands (sand quarry, Szczakowa; 
open-pit lignite mine, Bełchatów), clays (open-pit lignite 
mine, Turów; open-pit sulfur mine, Piaseczno), and ashes 
(combustion waste disposal site, Lubień). The age of forest 
stands growing on the ashes was 18–20 years, those growing 
on the sands 30–35 years, and those growing on clays 38–44 
years. Detailed characteristics of the examined objects are 
presented in Table 1.

2.2 � Soil Sampling

To determine the factors influencing the state of N and P 
supply to trees in the designated parent material variants, for 
stands of age classes I and II (class I, stands up to 20 years 
old; class II, 21–40 years), permanent research plots with 
an area of 100 m2 have been created, within which there are 
single-species stands of black locust, black alder, common 
birch, and Scots pine. The experiment was fully randomized. 
At the turn of August and September, leaf samples were 
collected from the sunlit part of the crown. The samples 
were placed in PVC bags, transported to the laboratory, and 
dried. Five soil samples distributed in the envelope system 
were taken on the surface of each of the 0–5 cm and 5–20 
cm layers, from which one composite soil sample was pre-
pared. After collection, the samples were transported to a 
laboratory and separated into samples for physicochemical 
and biochemical analyses. The samples for physicochemi-
cal and chemical analysis were dried to constant weight and 
passed through a 2-mm mesh before analysis. The samples 
for biochemical analysis were stored in a refrigerator at 4 °C.
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2.3 � Determination of Soil Physicochemical 
Properties and Biochemical Analyses

Soil texture was measured spectrally using the Fritsch GmbH 
Laser Particle Sizer ANALYSETTE 22. The pH was meas-
ured potentiometrically in H2O and 1 M KCl. The contents 
of N and carbon (C) were measured using the dry combus-
tion method with a TruMac® CNS analyzer. Exchangeable 
K+ and Mg2+ were extracted with 1 M CH3COONH4 and 
determined using an iCAP 6000 Series ICP OES spectrom-
eter. The total Mg, K, and P were measured using the same 
instrument after extraction with a mixture of HNO3 and 
HClO4 at a ratio of 3:1.

Acid and alkaline phosphatase (phosphomonoesterase) 
activities (AcdPhoSP and AlkoPhoSP) and inorganic pyroph-
osphatase (PyroPho) were measured as described by Mar-
gesin (1996). Briefly, the soil samples (1 g d.w.) were mixed 
with disodium p-nitrophenyl phosphate solution (115 mM) 
and a buffer solution (pH = 6.5 for AcdPhoSP; pH = 11.0 for 
AlkPhoSP) and incubated at 37 °C for 1 h. The p-nitrophenol 
released by phosphatase activity was extracted, reacted with 
NaOH, and determined photometrically at 400 nm. Activi-
ties of AcdPhoSP and AlkPhoSP were expressed per dry soil 

mass in units of μg p-NP·g−1·h−1. Total phosphatase activ-
ity (PhoSuma) was expressed as the sum of AcdPhoSP and 
AlkPhoSP. For PyroPho measurement, the soil samples (1 g 
d.w.) were mixed with buffered pyrophosphate solution and 
incubated for 1 h at 37 °C. Orthophosphate released by inor-
ganic pyrophosphatase activity was extracted with sulfuric 
acid, reacted with ammonium molybdate, and determined 
photometrically at 700 nm. PyroPho activity was expressed 
per dry soil mass in units of μg P-PO4

3-·g−1·h−1.

2.4 � Statistical Procedures

Differences in the mean values of the basic soil properties, 
and results of biochemical analyses between different types 
of parent materials, were tested using one-way ANOVA fol-
lowed by an RIR-Tukey multiple comparison procedure (at 
p < 0.05). Additionally, two-way ANOVA was used to test 
for differences in the N, P, K, and Mg contents, and N-to-P 
ratios, in the leaves of the studied tree species growing on 
different substrates. Before statistical analyses, test assump-
tions were checked using the Shapiro-Wilk test (for normal 
distribution) and the Brown-Forsyth test (for homogeneity of 
variances). Statistical analysis included the implementation 

Table 1   Characteristics of the tested objects

Sand quarry, Szcza-
kowa

Open-pit lignite mine, 
Bełchatów

Open-Pit lignite mine, 
Turów

Open-pit sulfur mine, 
Piaseczno

Combustion waste 
disposal site, Lubień

Variants Sands SS Clayes CS Ash AS
Number of sampling 

sites
17 7 12 12 24

Located South Poland Central Poland South-Western Poland South-Eastern Poland Central Poland
Latitude 50° 16′ N 51° 13′ N 50° 52′ N 50° 35′ N 51° 27′ N
Longitude 19° 26′ E 19° 25′ E 14° 52′ E 21° 47′ E 19° 27′ E
Mean annual precipi-

tation (mm)
700 580 706 697 576

Mean annual tempera-
ture (°C)

8.1 7.6 8.3 9.3 7.6

Area approx (ha) 3100 1480 2200 120 440
Relative height (m) – 25 195 245 30 No data
Parent material (sub-

strate variant)
Fluvioglacial Quater-

nary sediments
Quaternary loamy 

sands
Kaolinite clays Clays or fine loams Thermally processed 

silicates: Content 
of Al2O3 and SiO2 
60–70%

Content of CaO 20%
Reclamation treat-

ments (only for mine 
lands)

Cultivation (Lupi-
nuspo lyphyllus 
Lindl.)

NPK fertilization (70 
kg N ha−1, 120 kg P 
ha−1, 120 kg K ha−1)

NPK fertilization (60 
kg N ha−1, 70 kg P 
ha−1, 60 kg K ha−1)

Cultivation legu-
minous plant and 
grasses

Planting of trees

NPK fertilization (50 
kg ha−1, 28 kg ha−1, 
16 kg ha−1)

Cultivation of legu-
minous plant and 
grasses

Planting of trees

Cultivation of legu-
minous plant and 
grasses

NPK fertilization (80 
kg N ha−1, 50 kg P 
ha−1, and 60 kg K 
ha−1)

Planting of trees

Hydro-seeding with a 
sewage sludge and 
a mixture of grasses 
(Dactylis glomerata 
L., Lolium multiflo-
rum Lam.)

NPK fertilization (60 
kg N ha−1, 36 kg P 
ha−1, 36 kg K ha−1)

Planting of trees
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of generalized additive models (GAM). The relationships 
between N and P content in leaves and the predictor vari-
ables Ntot and Mg2+ and the activity of AcdPhoSP were mod-
eled using GAM models, a non-parametric extension of the 
generalized linear model (GLM). An identity join function 
was specified for normally distributed response data. Predic-
tor variables were entered into the models one at a time. The 
selection of the best model (i.e., the model containing inde-
pendent variables explaining the largest amount of observed 
variance) was made based on the adjusted model determina-
tion/efficiency coefficient (R2

adj). Smoothing spline function 
plots of GAM models were used to illustrate the influence of 
individual predictor variables on dependent variables. The 
remaining analyzed variables (pH KCl, sand, silt, clay, Ctot, 
Ptot, Ktot, Mgtot, AlkPhoSP, PhoSuma, and PyroPho) were 
not significant or showed collinearity. Statistical analysis 
was performed using Statistica 13.3 software (StatSoft Inc.) 
(Table 2).

3 � Results

3.1 � Basic Soil Properties

There were significant differences in texture between the 
tested substrates in the 0–5 cm soil layer. The tested sub-
strates were characterized by their reactivity as very strongly 
acid (SS), moderately acid (CS), or slightly alkaline (AS). 
The sand content in the SS, AS, and CS substrates was 
81%, 70%, and 29%, respectively. In addition, there were 
differences in the content of Ctot and Ntot between the tested 

substrates. The highest content of Ctot and Ntot was found in 
the CS substrate and the lowest in the SS substrate.

The AS and CS substrates contained more Ptot and Mgtot. 
The Mgtot content in the SS variant was ten times lower than 
in the AS and CS variants. In addition, higher concentra-
tions of K+ cmol·kg−1 and Mg2+ cmol·kg−1 were found in 
AS and CS soils than in SS soils. AcidPhoSP and PyroPho 
activities were higher in the CS substrate than in the AS and 
SS substrates. The activity of AlkPhoSP was lower in the SS 
substrate than in the AS and CS substrates.

There were also significant differences in texture between 
the substrates in the 5–20 cm layer. The sand content in the 
SS substrate was 80%, in the AS substrate 85%, and in the 
CS substrate only 21%. There were differences in the content 
of Ctot and Ntot between the tested substrates. The highest 
content of Ctot and Ntot was found in the CS substrate and 
the lowest in the SS substrate. The CS substrate contained 
more Ptot and Mgtot. The Mgtot content in the SS variant was 
ten times lower than in the CS variants. In addition, CS soils 
contained higher concentrations of K+ cmol∙kg−1 and Mg2+ 
cmol∙kg−1 than SS soils. AcidPhoSP, PyroPho, and AlkPhoSP 
activities were higher in the CS substrate than in the AS and 
SS substrates (Table 3).

3.2 � Mineral Nutritional Status and Quantification 
in Leaves

In substrate variants AS and CS, the N content in alder and 
black locust leaves was higher than in birch and pine leaves. 
In the SS substrate variant, the highest content of N was 
found in black locust leaves and the lowest in pine leaves. 
The type of substrate did not affect the N content in the 
leaves of birch, pine, and alder. A higher N content was 
found in the black locust leaves in the SS substrate variant 
than in the AS and CS substrate variants. Furthermore, no 
differences in P content were found in the birch, alder, pine, 
and black locust leaves in the AS and CS variants. In the 
SS substrate variant, pine leaves contained less P than alder 
and black locust leaves. The substrate type also affected the 
K and Mg content in the leaves of alder, birch, and black 
locust. K in birch and black locust leaves was higher in vari-
ants CS and SS than in variant AS. A higher content of Mg 
was found in pine, black locust, and birch leaves in the AS 
and SS substrate variants compared with the CS substrate. 
The lowest N:P ratio was found in pine leaves and the high-
est in black locust leaves (Table 4).

Analysis of individual soil properties showed that N 
content was strongly influenced by the contents of Ntot and 
Mg2+ and by the activity of AcdPhoSP in the soil (Fig. 1). 
Increasing Ntot in the topsoil layer (0–5 cm) caused a sub-
stantial increase in the N content of the leaves. However, 
further growth was much slower above 2.5 mg·g−1 Ntot 
(Fig. 1a). A relatively steep decrease in the N content of 

Table 2   Approximate significance of seven predictor variables on the 
periodic annual volume increment described using the GAM (gener-
alized additive model)

Significant analyzed variables are the bold printed (p < 0.05)

GAM factor Standard error Non-linear p value

pH KCl − 2.17904 1.289608 0.084961
Sand 0.30873 0.060010 0.901118
Silt 0.39734 0.145045 0,955695
Clay 0.59922 0.124427 0.777815
Ctot − 0.14055 0.073868 0.087360
Ntot 8.81605 1.344303 0.000000
Ptot − 0.01838 0.012691 0.841251
Ktot − 0.00287 0.000958 0.088825
Mgtot 0.00218 0.001306 0.141299
Mg2+ − 0.08252 0.025548 0.002664
AcidPhoSP 0.03474 0.0083 0.034208
AlkPhoSP − 0.00776 0.0026 0.362674
Pho Suma 0.00000 226.4715 0.206881
Pyro Pho − 0.02227 0.0107 0.107060
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leaves was observed with the increase of Mg2+ from 2 to 110 
cmol·kg−1. Furthemore, the same change in Mg2+ caused a 
decrease of the N supply to trees by 20 mg·g−1 (Fig. 1b). 

The increase in the activity of AcidPhoSP in the range 55 to 
500 ug NP·g-1·dm·h-1 also contributed to the improvement of 
the N supply in trees (Fig. 1c). However, a further increase 

Table 3   One-way ANOVA for the basic soil properties (mean ± standard errors) in two soil layers (0–5 cm and 5–20 cm)

Different letters indicate significant differences between the ash (AS), sands (SS), and clays (CS) within one layer
Ctot, contents of carbon; Ntot, contents of nitrogen; Ptot, contents of phosphorus; Ktot, contents of potassium; Mgtot, contents of magnesium; K+, 
exchangeable potassium; Mg2+, exchangeable magnesium; AcidPhoSP, acid phosphatase activities; AlkPhoSP, alkaline phosphatase activities; 
Pho Suma, sum acid and alkaline phosphatase activities; PyroPho, inorganic pyrophosphatase

Soils properties Soil layer of 0–5 cm Soil layer of 5–20 cm

Units Types of parent materials

Ash AS Sands SS Clays CS Ash AS Sands SS Clays CS

pH KCl 7.6±0.0a 4.8±0.2b 5.7±0.4c 7.8±0.0a 5.2±0.2b 5.8±0.4b

Sand % 70±2a 81±2b 29±3c 85±2a 80±1a 21±3b

Silt % 23±2a 10±1b 16±1c 9±2a 9±1a 15±2b

Clay % 7±1a 9±1a 55±3b 6±1a 11±1a 64±3b

Ctot mg · g-1 46.3±3.2a 18.8±2.8b 72.9±4.5c 24.9±3.1a 5.4±1.2b 43.9±2.2c

Ntot mg · g-1 1.9±0.2a 1.2±0.2b 3.1±0.2c 0.6±0.0a 0.4±0.1a 1.4±0.1b

Ptot μg · g−1 400.4±18.0a 151.4±15.3b 411.8±20.7a 195.3±9.2a 121.8±14.1b 334.8±14.7c

Ktot μg · g−1 866.4±27.8a 623.8±74.8a 8226.1±629.1b 645.8±37.5a 589.8±80.2a 8385.2±681.0b

Mgtot μg · g−1 3636±122.7a 436.8±65.0b 4320.6±614.0a 2293.2±112.7a 447.4±83.1b 4527.9±673.9c

K+ cmol · kg−1 178±19.4a 39.4±7.6b 187.6±18.8a 84.7±10.3a 18.5±2.9b 185.7±24.3c

Mg2+ cmol · kg−1 106.6±7.4a 53.5±11.5b 130.9±12.1a 69.8±7.3a 25.3±5.9b 104.9±11.4c

AcidPhoSP [ug NP∙g-1 ∙dm∙h-1] 272.9±15.9a 273.5±35.8a 600.7±35.2b 72.9±7.3a 55.1±11.0a 303.6±27.9b

AlkPhoSP [ug NP∙g-1 ∙dm∙h-1] 660.4±35.6a 161.6±55.3b 748±120.4a 219.5±20.2a 73.6±28.7a 438.6±79.8b

Pho Suma [ug NP∙g-1 ∙dm∙h-1] 933.4±49.8a 435.1±76.2b 1348.6±128.2c 292.4±27.1a 128.7±39.2a 742.1±96.5b

PyroPho [ug PO43¯ -P∙g-1 ∙dm∙h-1] 106.0±7.0a 133.4±12.9a 311.6±41.9b 52.0±6.0a 63.0±4.6a 126.9±17.1b

Table 4   Two-way ANOVA for the N, P, K, and Mg contents and N-to-P ratios (mean values ± standard errors) in leaves studied tree species 
growing on different substrates (N, contents of nitrogen; P, contents of phosphorus; K, contents of potassium; Mg, contents of magnesium)

Different letters (a, b, c, d) indicate significant differences between the studied species (for the same substrate). Different capital letters (A, B) 
indicate significant differences between the studied types of parent materials (on the same trees species)

Types of parent 
materials

Species

Units Alder Birch Pine Robinia

Ash AS N mg · g−1 26±0.7Aa 19.9±0.8Ab 13.2±0.4Ac 31.4±1.2Aa

Clayes CS 29.8±1.3Aa 17.6±1.2Ab 11.2±0.4Ac 32±1.7ABa

Sands SS 28.6±1.8Aa 18.4±*0.9Ab 11.8±0.9Ac 37.6±2.2Bd

Ash AS P μg · g−1 1198.2±31.1Aa 1083.2±35.7Aa 1023.6±18.8Aa 1188.9±77.5Aa

Clays CS 1466.4±99.4Aa 1158.2±104.9Aa 965.4±52.2Aa 1206.4±80.2Aa

Sands SS 1812.4±193.5Aa 1587.9±308.4Aab 1037.1±94.5Ab 1808.9±246.9Aa

Ash AS K μg · g−1 5501.2±726.1Aa 7619.7±864.8Aa 5354.4±264.5Aa 14279±652.3Ab

Clays CS 11004.9±1105.0Ba 10474.7±2151.5Aab 4822.7±426.4Ab 20380.6±1620.5Bc

Sands SS 10141.6±1906.6Ba 10317.3±1095.2Aa 11692.6±680.4Aab 16112.2±1364.0ABb

Ash AS Mg μg · g−1 4621.8±231.0Aa 3581.2±201.3Abd 1230.4±60.5Ac 3135.8±121.2Ad

Clays CS 3068.8±310.3Ba 2393.5±195.7Ba 771.9±65.6Ab 1267.4±305.2Bbc

Sands SS 3042.8±198.8Ba 3277.7±304.5ABa 935.4±76.8Ab 3094.1±226.9Aa

Ash AS N:P 21.7±0.4Aac 18.4±0.4Aab 12.8±0.2Ab 26.8±1.6Ac

Clays CS 20.7±1.4Aa 15.9±2.1Aa 11.7±0.3Ab 26.7±1.1Ac

Sands SS 16.2±0.8Aab 12.9±1.4Aa 11.6±0.8Aa 22.1±2.1Ab
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in the activity of AcidPhoSP did not significantly increase 
the content of N in the leaves. The analysis also revealed 
the influence of soil properties on the P content in leaves. 
A positive effect of the AcidPhoSP activity on P content in 
the leaves was apparent up to 500 ug NP·g-1·dm·h-1; further 
increase in AcidPhoSP activity did not affect P content in 
leaves (Fig. 1d).

4 � Discussion

As expected, the leaves of alder and black locust contained 
more N than those of birch and pine, on each tested sub-
strate. Compared to the available literature, the concentra-
tion of N in the leaves of the examined tree species was 
similar or high in relation to the values obtained on natural 
and reclaimed post-mining areas. In the forests of Europe, 
the concentration of N in alder leaves varies from 20 to 40 
mg·g−1 (Kuznetsova et al. 2010; Lorenc-Płucińska et al. 
2013; Uri et al. 2002). The N content in the leaves of black 
alder found in the combustion waste dump of the Bełchatów 
power plant was 24 mg·g−1, and the N content in the leaves 
of alder found on extremely sterile sands was 29 mg·g−1. 
The N content of the birch leaves was high compared to data 
in previous studies (Hytonen et al. 1995; Saarsalmi 1995). 
Studies in Estonia show that, with high N soil concentration, 
the N concentration in birch leaves can be similar to or even 
higher than in alder leaves. In the forests of the temperate 
climate zone, the N content in pine needles ranges from 11.7 

to 29.1 mg·g−1 (Fober 1993). Similar results were obtained 
for Scots pine stands on extremely poor sands reclaimed 
for forestry, where the N concentration was 12.1 mg·g−1 
(Pietrzykowski et al. 2013). N content in black locust leaves 
under natural conditions is about 32 mg·g−1, compared with 
30 mg·g−1 in the Bełchatów furnace waste landfill (Woś et al. 
2020). However, the 25-year-old black locust stands found 
in unpolluted areas of eastern Bulgaria were characterized 
by lower N leaf content, amounting to 21 mg·g−1 (Tzvet-
kova and Petkova 2015). Furthermore, a similar N content 
in black locust leaves was obtained in a reclaimed opencast 
lignite mine in Appalachia (Brinks et al. 2011).

As the deficient component, the content of P was lower 
than the adopted limit numbers for the supply of this element 
for the tested tree species. The optimal P content for pine, 
black locust, alder, and birch is 1.8, 2.0, 3.6, and 3.7 mg·g−1, 
respectively. The P content in the leaves of alder found in 
the furnace waste landfill was 1.1 mg·g−1 and in the oil shale 
extraction area in northeastern Estonia, 1.9 mg·g−1 (Kuznet-
sova et al. 2010). P content in birch leaves was lower than on 
post-agricultural lands in Estonia (3890 mg·g−1) (Uri et al. 
2007). Furthermore, the P content in birch leaves in the oil 
shale mining area was 3.2 mg·g−1 (Kuznetsova et al. 2010). 
The P content in black locust leaves was similar to that deter-
mined in the USA waste landfill (Sopper 1992). Moreover, 
the concentration of P in the leaves of black locust growing 
in areas affected by industrial emissions ranged from 1680 to 
2530 mg·g−1 (Tzvetkova and Petkova 2015). A much higher 
P content (3.8 mg·g−1) in black locust leaves was found in 

Fig. 1   a Varied nitrogen (N) 
content in leaves depending on 
nitrogen (N) content in the soil, 
b varied nitrogen (N) content in 
leaves depending on exchange-
able magnesium (Mg2+) con-
centration in the soil, c Varied 
nitrogen (N) content in leaves 
depending on acid phosphatase 
(AcidPhoSP) activity in the 
soil, d varied phosphorus (P) 
content in leaves depending on 
acid phosphatase (AcidPhoSP) 
activity in the soil (shown using 
generalized additive models). 
An identity join function was 
specified for normally distrib-
uted response data. R2

adj models 
= 80%
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the areas of a reclaimed coal mine in the USA (Marschner 
2012). The P content of pine needles found in natural forests 
of Europe ranges from 1.52 mg·g−1 for the central popula-
tion to 1.56 mg·g−1 for the northern population (Oleksyn 
et al. 2002). A similarly low P content has been found in 
pine needles on Poland’s reclaimed land, ranging from 1.03 
mg·g−1 on coal-bearing shales to 1.12 mg·g−1 on neogene 
sands with loam and clay, both carbonated and carbonated 
sulfurized (Pietrzykowski et al. 2013).

The content of individual elements in the assimilation 
apparatus and the mutual proportions between them are 
important in assessing the mineral nutrition status of trees 
(Baule and Fricker 1971; Pietrzykowski et al. 2013). A N:P 
ratio above 14 was determined to limit plant growth due to 
P deficiency, while a value below 14 limited growth due to 
N deficiency. Atmospheric N-fixing trees (alder and black 
locust) contained a much higher N:P ratio in leaves than 
birch and pine. Low concentrations of P in leaves, and high 
N:P ratios, indicate an insufficient supply of P for all species 
except pine and birch in the SS substrate. A decrease in the P 
concentration in leaves may cause health problems for trees: 
a N:P ratio above 14.8 for deciduous trees and above 7.3 for 
conifers can cause an increase in defoliation (Verosoglou 
et al. 2014). Many studies show that an unbalanced increase 
in the concentration of C and N in relation to P significantly 
impacts ecosystem functioning (Sardans et al. 2012).

The content of N in the soil affected the content of N in 
the leaves of the examined tree species across the entire 
range of analyzed concentrations. Studies conducted on a 
global scale have also shown that soil N content is a good 
predictor of phosphatase activity (Margalef et al. 2017). 
Therefore, acid phosphatase concentration can be a good 
predictor of N and P concentration in leaves. An increase 
in AcdPhoSP activity in the soil to about 500 ug NP·g-

1·dm·h-1 favors an increase in the concentration of N and 
P in leaves (see Fig. 1c, d). The stimulating effect of N on 
the AcdPhoSP content is particularly visible in soils poor 
in this element (Olander and Vitousek 2000). The relation-
ship between AcdPhoSP activity and N and P concentrations 
in leaves may also be due to intensive accumulation of N 
in soils forested with N-fixing trees increasing acid phos-
phatase activity, which results from the greater availability 
of N necessary for the synthesis of this enzyme (Olander 
and Vitousek 2000).

5 � Conclusions

Our research showed differences in the content of nitrogen 
in the leaves of black locust, black alder, common birch, and 
Scots pine occurring on the same substrate. As expected, the 

alder and black locust leaves contained more nitrogen than 
the leaves of birch and pine on each tested substrate. How-
ever, there were no differences in the phosphorus content 
in the leaves of these tree species. The results confirm that 
nitrogen content was strongly influenced by the content of 
nitrogen total and exchangeable magnesium and the activity 
of acid phosphatase in the soil. Moreover, acid phosphatase 
activity can be a good predictor of nitrogen and phosphorus 
concentration in leaves. An increase in the activity of acid 
phosphatase in the soil to about 500 ug NP·g-1 dm·h-1 favors 
an increase of nitrogen and phosphorus concentrations in 
the leaves.

Author Contributions  Conceptualization: Bartłomiej Świątek, Mar-
cin Pietrzykowski, Marcin Chodak, Katarzyna Sroka; Methodology: 
Bartłomiej Świątek, Marcin Pietrzykowski, Marcin Chodak, Katar-
zyna Sroka; Software: Bartłomiej Świątek, Marcin Pietrzykowski; 
Validation: Bartłomiej Świątek, Marcin Pietrzykowski, Marcin 
Chodak, Katarzyna Sroka; Formal Analysis: Bartłomiej Świątek, 
Marcin Pietrzykowski, Marcin Chodak, Katarzyna Sroka; Investiga-
tion: Bartłomiej Świątek, Marcin Pietrzykowski; Resources: Bartłomiej 
Świątek, Marcin Pietrzykowski Marcin Chodak, Katarzyna Sroka; 
Data Curation: Marcin Chodak, Katarzyna Sroka; Writing—original 
draft preparation: Bartłomiej Świątek, Marcin Pietrzykowski Marcin 
Chodak, Katarzyna Sroka, Krzysztof Otremba; Writing—review and 
editing: Bartłomiej Świątek, Marcin Pietrzykowski, Marcin Chodak, 
Katarzyna Sroka, Krzysztof Otremba; Visualization: Bartłomiej 
Świątek, Marcin Pietrzykowski; Supervision: Bartłomiej Świątek, Mar-
cin Pietrzykowski; Project Administration: Marcin Chodak; all authors 
have read and agreed to the published version of the manuscript.

Funding  The study was financed by The National Science Centre, 
Poland, grant No. 2018/31/B/ST10/01626. A465- founds of JM Rec-
tor URK for scientific activity engagement.

Data Availability  All data used during the study appear in the submitted 
article and are available.

Declarations 

Ethics Approval  All authors have read, understood, and have com-
plied, as applicable, with the statement on “Ethical responsibilities of 
Authors” found in the Instructions for Authors.

Competing Interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


5331Journal of Soil Science and Plant Nutrition (2023) 23:5324–5332	

1 3

 References

Aerts R, Chapin FS (2000) The mineral nutrition of wild plants revis-
ited: a re-evaluation of processes and patterns. Adv Ecol Res 
30:1–67. https://​doi.​org/​10.​1016/​S0065-​2504(08)​60016-1

Akselsson C, Westling O, Alveteg M, Thelin G, Fransson AM, Hell-
sten S (2008) The influence of N load and harvest intensity on 
the risk of P limitation in Swedish forest soils. Sci Total Environ 
404:284–289. https://​doi.​org/​10.​1016/j.​scito​tenv.​2007.​11.​017

Baule H, Fricker C (1971) The Fertilizer Treatment of Forest Trees. 
PWRiL, Warsaw

Baumann K, Rumpelt A, Schneider BU, Marschner P, Hüttl RF (2006) 
Seedling biomass and element content of Pinus sylvestris and 
Pinus nigra grown in sandy substrates with lignite. Geoderma 
136:573–578. https://​doi.​org/​10.​1016/j.​geode​rma.​2006.​04.​013

Bradshaw AD, Hüttl RF (2001) Future mine site restoration involves 
a broader approach. Ecol Eng 17:87–90 https://​doi.​org/​10.​
1016S​0925-​85740​000149-X

Brinks JS, Lhotka JM, Barton C, Warner RC, Agouridis C (2011) 
Effects of fertilization and irrigation on American sycamore and 
black locust planted on a reclaimed surface mine in Appalachia. 
For Ecol Manag 261:640–648. https://​doi.​org/​10.​1016/j.​foreco.​
2010.​11.​018

Chodak M, Niklińska M (2010) The effect of different tree species 
on the chemical and microbial properties of reclaimed mine 
soils. Biol Fertil Soils 46:555–566. https://​doi.​org/​10.​1007/​
s00374-​010-​0462-z

Cross AT, Ivanov D, Stevens JC, Sadler R, Zhong H, Lambers H, 
Dixon KW (2019) Nitrogen limitation and calcifuge plant strate-
gies constrain the establishment of native vegetation on mag-
netite mine tailings. Plant Soil 461:181–201. https://​doi.​org/​10.​
1007/​s11104-​019-​04021-0

Crowley KF et al (2012) Do nutrient limitation patterns shift from 
nitrogen toward phosphorus with increasing nitrogen deposition 
across the northeastern United States? Ecosystems 15:940–957. 
https://​doi.​org/​10.​1007/​s10021-​012-​9550-2

Driscoll CT et  al (2003) Effects of acidic deposition on forest 
and aquatic ecosystems in New York State. Environ Pollut 
123:327–336

Dutta RK, Agrawal M (2003) Restoration of opencast coal mine 
spoil by planting exotic tree species: a case study in dry tropical 
region. Ecol Eng 21:143–151. https://​doi.​org/​10.​1016/j.​ecole​
ng.​2003.​10.​002

Fober H (1993) Nutrient supply. In: Białobok S, Boratyński A, 
Bugała W (eds) Scots pine biology. Sorous Press, The Institute 
of Dendrology, Polish Academy of Sciences, Poznań-Kórnik, 
pp 182–193

Hinsinger P (2001) Bioavailability of soil inorganic P in the rhizosphere 
as affected by root-induced chemical changes: a review. Plant Soil 
237:173–195. https://​doi.​org/​10.​1023/A:​10133​51617​532

Hinsinger P, Brauman A, Devau N, Gérard F, Jourdan C, Laclau 
JP, Le Cadre E, Jaillard B, Plassard C (2011) Acquisition of 
phosphorus and other poorly mobile nutrients by roots. Where 
do plant nutrition models fail? Plant Soil 348:29–61. https://​doi.​
org/​10.​1007/​s11104-​011-​0903-y

Hytonen J, Saarsalmi A, Rossi P (1995) Biomass production and 
nutrient consumption of short-rotation plantations. Silva Fenn 
29:117–139

Intergovernmental Panel on Climate Change (IPCC) (2014) Carbon 
and other biogeochemical cycles. In: Climate Change 2013 – 
The Physical Science Basis: Working Group I Contribution to 
the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press, Cambridge, 
pp 465–570. https://​doi.​org/​10.​1017/​CBO97​81107​415324.​015

Jonard M et al (2015) Tree mineral nutrition is deteriorating in 
Europe. Global Change Biol 21:418–430. https://​doi.​org/​10.​
1111/​gcb.​12657

Kuznetsova T, Rosenvald K, Ostonen I, Helmisaari H, Mandre M, 
Lohmus K (2010) Survival of black alder (Alnus glutinosa 
L.), silver birch (Betula pendula Roth.) and Scots pine (Pinus 
sylvestris L.) seedlings in a reclaimed oil shale mining area. 
Ecol Eng 36:495–502. https://​doi.​org/​10.​1016/j.​ecole​ng.​2009.​
11.​019

Lambers H, Oliveira RS (2019) Mineral nutrition. In: Plant Physi-
ological Ecology. Springer, Cham. https://​doi.​org/​10.​1007/​
978-3-​030-​29639-1_9

Lorenc-Plucińska G, Walentynowicz M, Niewiadomska A (2013) 
Capabilities of alders (Alnus incana and Alnus glutinosa) to 
grow in metal-contaminated soil. Ecol Eng 58:214–227. https://​
doi.​org/​10.​1016/j.​ecole​ng.​2013.​07.​002

Manimel Wadu MCW, Duan M, Chang SX (2017) Phosphorus avail-
ability and fractionation vary among forest site types in recon-
structed oil sands soils. Can J Forest Res 47:1372–1380. https://​
doi.​org/​10.​1139/​cjfr-​2017-​0169

Manzoni S, Jackson RB, Trofymow JA, Porporato A (2008) The global 
stoichiometry of litter nitrogen mineralization. Science 321:684–
686. https://​doi.​org/​10.​1126/​scien​ce.​11597​92

Margalef O, Sardans J, Fernandez-Martínez M, Molowny-Horas R, 
Janssens IA, Ciais P, Goll D, Richter A, Obersteiner M, Asen-
sio D, Penuelas J (2017) Global patterns of phosphatase activ-
ity in natural soils. Sci Rep 7:1337. https://​doi.​org/​10.​1038/​
s41598-​017-​01418-8

Margesin R (1996) Acid and alkaline phosphomonoesterase activity 
with substrate p-nitrophenyl phosphate. In: Methods in Soil Biol-
ogy. Springer-Verlag, Berlin, Heidelberg, pp 213–217

Marschner H (2012) Mineral Nutrition of Higher Plants, 3rd edn. Else-
vier Ltd, Academic Press, London, UK

Olander L, Vitousek P (2000) Regulation of soil phosphatase and chi-
tinase activity by N and P availability. Biogeochem 49:175–191. 
https://​doi.​org/​10.​1023/A:​10063​16117​817

Oleksyn J, Reic PB, Zytkowiak R, Karolewski P, Tjoelker MG (2002) 
Needle nutrients in geographically diverse Pinus sylvestris L. 
populations. Ann Forest Sci 59:1–18. https://​doi.​org/​10.​1051/​
forest:​20010​01

Parton W, Silver WL, Burke IC, Grassens L, Harmon ME, Currie WS, 
King JY, Adair EC, Brandt LA, Hart SC, Fasth B (2007) Global 
scale similarities in nitrogen release patterns during long-term 
decomposition. Science 315:361–364. https://​doi.​org/​10.​1126/​
scien​ce.​11348​53

Pietrzykowski M, Krzaklewski W (2007) Soil organic matter, C and 
N accumulation during natural succession and reclamation in an 
opencast sand quarry (southern Poland). Arch Agron Soil Sci 
53:473–483. https://​doi.​org/​10.​1080/​03650​34070​13625​16

Pietrzykowski M, Krzaklewski W, Woś B (2015) Preliminary assess-
ment of growth and survival of green alder (Alnus viridis), a 
potential biological stabilizer on fly ash disposal sites. J For Res 
26:131–136. https://​doi.​org/​10.​1007/​s11676-​015-​0016-1

Pietrzykowski M, Socha J (2011) An estimation of Scots pine (Pinus 
sylvestris L.) ecosystem productivity on reclaimed post-mining sites 
in Poland (central Europe) using of allometric equations. Ecol Eng 
37:381–386. https://​doi.​org/​10.​1016/j.​ecole​ng.​2010.​10.​006

Pietrzykowski M, Woś B, Haus N (2013) Scots pine needles macronu-
trient (N, P, K, Ca, Mg, and S) supply at different reclaimed mine 
soil substrates – as an indicator of the stability of developed forest 
ecosystems. Environ Monit Assess 185:7445–7457. https://​doi.​
org/​10.​1007/​s10661-​013-​3111-9

Reich PB et al (2006) Nitrogen limitation constrains sustainability of 
ecosystem response to CO2. Nature 440:922–925. https://​doi.​org/​
10.​1038/​natur​e04486

https://doi.org/10.1016/S0065-2504(08)60016-1
https://doi.org/10.1016/j.scitotenv.2007.11.017
https://doi.org/10.1016/j.geoderma.2006.04.013
https://doi.org/10.1016S0925-85740000149-X
https://doi.org/10.1016S0925-85740000149-X
https://doi.org/10.1016/j.foreco.2010.11.018
https://doi.org/10.1016/j.foreco.2010.11.018
https://doi.org/10.1007/s00374-010-0462-z
https://doi.org/10.1007/s00374-010-0462-z
https://doi.org/10.1007/s11104-019-04021-0
https://doi.org/10.1007/s11104-019-04021-0
https://doi.org/10.1007/s10021-012-9550-2
https://doi.org/10.1016/j.ecoleng.2003.10.002
https://doi.org/10.1016/j.ecoleng.2003.10.002
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1007/s11104-011-0903-y
https://doi.org/10.1007/s11104-011-0903-y
https://doi.org/10.1017/CBO9781107415324.015
https://doi.org/10.1111/gcb.12657
https://doi.org/10.1111/gcb.12657
https://doi.org/10.1016/j.ecoleng.2009.11.019
https://doi.org/10.1016/j.ecoleng.2009.11.019
https://doi.org/10.1007/978-3-030-29639-1_9
https://doi.org/10.1007/978-3-030-29639-1_9
https://doi.org/10.1016/j.ecoleng.2013.07.002
https://doi.org/10.1016/j.ecoleng.2013.07.002
https://doi.org/10.1139/cjfr-2017-0169
https://doi.org/10.1139/cjfr-2017-0169
https://doi.org/10.1126/science.1159792
https://doi.org/10.1038/s41598-017-01418-8
https://doi.org/10.1038/s41598-017-01418-8
https://doi.org/10.1023/A:1006316117817
https://doi.org/10.1051/forest:2001001
https://doi.org/10.1051/forest:2001001
https://doi.org/10.1126/science.1134853
https://doi.org/10.1126/science.1134853
https://doi.org/10.1080/03650340701362516
https://doi.org/10.1007/s11676-015-0016-1
https://doi.org/10.1016/j.ecoleng.2010.10.006
https://doi.org/10.1007/s10661-013-3111-9
https://doi.org/10.1007/s10661-013-3111-9
https://doi.org/10.1038/nature04486
https://doi.org/10.1038/nature04486


5332	 Journal of Soil Science and Plant Nutrition (2023) 23:5324–5332

1 3

Reich PB, Oleksyn J (2004) Global patterns of plant leaf N and P 
in relation to temperature and latitude. Proc Natl Acad Sci 
101:11001–11006. https://​doi.​org/​10.​1073/​pnas.​04035​88101

Richardson AE, Hocking PJ, Simpson RJ, George TS (2009) Plant 
mechanisms to optimize access to soil phosphorus. Crop Pasture 
Sci 60:124–143. https://​doi.​org/​10.​1071/​CP071​25

Saarsalmi A (1995) Nutrition of deciduous tree species grown in short 
rotation stands. Academic dissertation,. University of Joensuu, 
Finland

Sardans J, Rivas-Ubach A, Penuelas J (2012) The C:N:P stoichiometry 
of organisms and ecosystems in a changing world: a review and 
perspectives. Perspect Plant Ecol Evol Syst 14:33–47. https://​doi.​
org/​10.​1016/j.​ppees.​2011.​08.​002

Schaaf W (2001) What can element budgets of false-time series tell us 
about ecosystem development on postlignite mining sites? Ecol 
Eng 17:241–252. https://​doi.​org/​10.​1016/​S0925-​8574(00)​00142-7

Sopper WE (1992) Final report for project PSU-01. In: Revegetation 
of Abandoned Coal Refuse Banks. Penn State University, State 
College, PA, USA

Sulieman S, Mühling KH (2021) Game changer in plant nutrition. 
Utilization of soil organic phosphorus as a strategic approach for 
sustainable agriculture. J Plant Nutr Soil Sci 184:311–319. https://​
doi.​org/​10.​1002/​jpln.​20210​0057

Talkner U et al (2015) Phosphorus nutrition of beech (Fagus sylvatica 
L.) is decreasing in Europe. Ann For Sci 72:919–928. https://​doi.​
org/​10.​1007/​s13595-​015-​0459-8

Tzvetkova N, Petkova K (2015) Bioaccumulation of heavy metals by 
the leaves of Robinia pseudoacacia as a bioindicator tree in indus-
trial zones. J Environ Biol 36:59–63

Uri V, Tullus H, Lohmus K (2002) Biomass production and nutri-
ent accumulation in shortrotation grey alder (Alnus incana (L.) 

Moench) plantation on abandoned agricultural land. For Ecol 
Manag 161:169–179. https://​doi.​org/​10.​1016/​S0378-​1127(01)​
00478-9

Uri V, Vares A, Tullus H, Kanal A (2007) Above-ground biomass pro-
duction and nutrient accumulation in young stands of silver birch 
on abandoned agricultural land. Biomass Bioenergy 31:195–204. 
https://​doi.​org/​10.​1016/j.​biomb​ioe.​2006.​08.​003

Veresoglou SD, Penuelas J, Fische R (2014) Exploring continental-
scale stand health – N:P ratio relationships for European forests. 
New Phytologist 202:422–430. https://​doi.​org/​10.​1111/​nph.​12665

Vlachodimos K, Papatheodorou EM, Diamantopoulos J, Monok-
rousos N (2013) Assessment of Robinia pseudoacaciacultiva-
tions as a restoration strategy for reclaimed mine spoil heaps. 
Environ Monit Assess 185:6921–6932. https://​doi.​org/​10.​1007/​
s10661-​013-​3075-9

Woś B, Pająk M, Krzaklewski W, Pietrzykowski M (2020) Verify-
ing the utility of black locust (Robinia pseudoacacia l.) in the 
reclamation of a lignite combustion waste disposal site in Central 
European conditions. Forests 11(8):877. https://​doi.​org/​10.​3390/​
f1108​0877

Woś B, Pietrzykowski M (2015) Simulation of birch and pine litter 
influence on early stage of reclaimed soil formation process under 
controlled conditions. J Environ Qual 44(4):1091–1098. https://​
doi.​org/​10.​2134/​jeq20​14.​07.​0315

Zipper CE, Burger J, Skousen JG, Angel PN, Barton CD, Davis V, 
Franklin J (2011) Restoring forests and associated ecosystem 
services on Appalachian coal surface mines. Environ Manag 
47:751–765. https://​doi.​org/​10.​1007/​s00267-​011-​9670-z

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.0403588101
https://doi.org/10.1071/CP07125
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.1016/S0925-8574(00)00142-7
https://doi.org/10.1002/jpln.202100057
https://doi.org/10.1002/jpln.202100057
https://doi.org/10.1007/s13595-015-0459-8
https://doi.org/10.1007/s13595-015-0459-8
https://doi.org/10.1016/S0378-1127(01)00478-9
https://doi.org/10.1016/S0378-1127(01)00478-9
https://doi.org/10.1016/j.biombioe.2006.08.003
https://doi.org/10.1111/nph.12665
https://doi.org/10.1007/s10661-013-3075-9
https://doi.org/10.1007/s10661-013-3075-9
https://doi.org/10.3390/f11080877
https://doi.org/10.3390/f11080877
https://doi.org/10.2134/jeq2014.07.0315
https://doi.org/10.2134/jeq2014.07.0315
https://doi.org/10.1007/s00267-011-9670-z

	Which Soil Properties Determine Tree Nutrient Supply in Extreme Technosol Conditions?
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Study Sites and Field Study
	2.2 Soil Sampling
	2.3 Determination of Soil Physicochemical Properties and Biochemical Analyses
	2.4 Statistical Procedures

	3 Results
	3.1 Basic Soil Properties
	3.2 Mineral Nutritional Status and Quantification in Leaves

	4 Discussion
	5 Conclusions
	References


