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Fast growing tree species such as  Populus spp. in short rotation woody crop
(SRWC) systems could be an environmentally friendly and cost-effective ap-
proach to ensure sustainable biomass production and mitigate the negative im-
pacts on the environment caused by more intensive management aimed to
promote additional biomass increment. Knowledge on variation of major bio-
logically important elements’ and toxic heavy metals’ occurrence in fertilised
hybrid aspen tree rings in marginal land may have important and relevant im-
plications for the management practice and evaluation of element fluxes in
SRWC ecosystems. Laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) was used to determine the relative amount of major elements
(K, Ca, Mg, P) and heavy metals (Cd, Hg, Pb) in stem wood plane on straight
line trajectory  starting  from pith to  bark with measurement step 0.1  mm.
While inductively coupled plasma mass spectrometry (ICP-MS) was used to de-
termine average content of the mentioned elements in mechanically separated
tree rings to quantify data obtained using LA-ICP-MS method and expressed in
relative units. Stem disc samples were collected from six year old hybrid as-
pen trees growing in marginal agricultural land in the central part of Latvia
(hemi-boreal climate conditions) that were initially fertilised with biogas pro-
duction residues, sewage sludge, and wood ash. We concluded that the con-
tent of analysed major elements and heavy metals in the hybrid aspen tree
rings varied considerably not only within the analysed stem plane (across tree
rings) of one sample tree, but also within one annual ring with significant dif-
ferences between the content of major elements in earlywood and latewood.
Nevertheless, the results of the content of major elements and heavy metals
in hybrid aspen tree rings highlighted the significant impact of the initially
used fertiliser (especially wood ash) on the average content of elements. Hy-
brid aspens can be considered bioindicators of both the management activities
and general growing conditions even if soil pH is close to neutrality, suggesting
a limited mobility of the heavy metals.
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Introduction
Plants have evolved to be extremely pro-

ficient in mass transfer with their surround-
ings and to survive as earth’s dominant bio-

mass; they also accumulate and store bio-
logically important elements and contami-
nants  from  the  surroundings,  thus  acting
as  passive  samplers  (Burken  et  al.  2011).

Fast growing tree species such as  Populus
spp. in short rotation woody crop (SRWC)
systems  may  efficiently  meet  societal
needs  ranging  from  renewable  energy
sources  (used  as  alternative  production
systems  that  reduce  pressure  on  native
forests)  to  environmental  mitigation  by
phytoremediation,  which  is  the  use  of
plants for the in situ treatment of contami-
nated soils, sediments, and water (Schnoor
1997,  Rockwood  et  al.  2004,  Mala  et  al.
2007). In addition, Populus spp. are charac-
terised by  high genomic  plasticity,  an  im-
portant  aspect  for adaptation to the pre-
dicted  extremes  of  meteorological  condi-
tions,  e.g.,  summer  drought  (Viger  et  al.
2016).

In  cases  of  non-hyperaccumulating  con-
taminants (i.e., relatively low contaminant
concentrations),  species  such  as  Populus
spp. may phytoremediate while simultane-
ously  providing  revenue  from  fuelwood
and other  timber products (Rockwood et
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al.  2004).  Populus spp.  trees  are  optimal
plants  for  the  absorption,  accumulation,
storage, and degradation of environmental
pollutants, such as heavy metals, pesticide
residues, fertilisers and nitrates, petroleum
hydrocarbons,  landfill  leachates,  salts,  ex-
plosives, and other waste products (Mala
et  al.  2007,  Zalesny  2007,  Valujeva  et  al.
2016).  Use  of  fast-growing  trees  with  a
good phytoremediation capacity  in SRWC
systems is  an emerging holistic  approach
for  sustainable  energy,  agricultural  and
agroforestry  development,  utilisation  of
marginal lands (Ghezehei et al. 2015,  Blan-
co-Canqui 2016), and global environmental
mitigation (Rockwood et al.  2004,  Gheze-
hei et al. 2015).

Trees from temperate and boreal regions
usually  form  visible  annual  growth  rings
that can be dated accurately.  Hence,  it  is
possible to collect wood samples of differ-
ent ages to analyse the elemental composi-
tion of  the tree rings (Nabais  et al.  1999,
Sensula et al. 2017). This method is known
as dendrochemistry,  i.e., the chronological
analysis of elements in the annual growth
rings of wood (Nabais et al. 1999,  Scharn-
weber et al. 2016,  Sensula et al. 2017). An
important assumption in dendrochemistry
is  that  the  elemental  concentrations  in  a
given growth ring are the result of environ-
mental conditions at the time of wood for-
mation (Berger et al. 2004,  Vaganov et al.
2013, Maillard et al. 2016). Dendrochemistry
is  still  an  evolving scientific  field  (Scharn-
weber et al.  2016),  whose applications in-
clude the biomonitoring of environmental
pollution (Cocozza et al. 2016), reconstruc-
tion  of  longer-term  changes  in  environ-
mental  conditions,  or  the  detection  and
dating of volcanic eruptions, etc. (Komárek
et al.  2008).  It  should be mentioned that
due  to  the  complex  nature  of  uptake,
transportation, incorporation, and remobil-
isation of various elements and the mixed
signal of structural (wood) and non-struc-
tural (xylem sap) compounds, any conclu-
sions on environmental  signals in dendro-
chemical  research have to be interpreted
with caution (Scharnweber et al. 2016).

Many techniques have been used to ana-
lyse the matrix and trace elements includ-
ing the toxic heavy metal content of tree

rings,  including  XRF  (x-ray  fluorescence)
spectrometry (MacDonald et al. 2011, Smith
et al.  2014,  Scharnweber et al.  2016),  XCT
(x-ray  computed  tomography  – Van  Den
Bulcke et al. 2014), PIXE (particle-induced x-
ray  emission)  analysis  (Glass  et  al.  1993,
Calva-Vazquez et al. 2006), EMPA (electron
microprobe  analyzer  – Kuczumow  2004),
XRD  (x-ray  diffraction),  IR  (infrared  spec-
troscopy), SIMS (secondary ion mass spec-
trometry), and LA-ICP-MS, etc. (Watt et al.
2007,  Vašinová-Galiová et al. 2013,  Sensula
et  al.  2017,  Perone et  al.  2018).  Of  these
techniques, LA-ICP-MS is becoming increas-
ingly popular given its  speed and ease of
use. The technique provides relatively high
spatial  resolution  on  the  scale  of  several
micrometres, permits scanning of the sam-
ple surface, and can be used to obtain two-
dimensional  maps  of  elemental  distribu-
tion. There are also other benefits: low de-
tection limits important in trace and ultra-
trace  analysis,  multi-elemental  analysis,
minimisation of contamination risk and loss
of volatile elements during the decomposi-
tion of the sample, minimal or no prepara-
tion of samples required (Vašinová-Galiová
et  al.  2013),  and the method is  micro-de-
structive. Determination of elemental com-
position using LA-ICP-MS is limited by the
use of suitable internal reference material
needed for elemental analyses (Hoffmann
et  al.  1994,  Prohaska  et  al.  1998,  Wat-
mough et  al.  1998),  consequently,  results
are often presented in relative units.

The use of the LA-ICP-MS method in the
characterisation of  the fertiliser impact  in
SRWC  systems  has  been  little  studied  so
far. The main aim of this study is to evalu-
ate  the  distribution  of  major  biologically
important  elements  (K,  Ca,  Mg,  P)  and
heavy metals (Cd, Hg, Pb) in tree rings of
juvenile hybrid aspen (Populus tremuloides
Michx.  ×  P.  tremula  L.)  and  their  depen-
dence on the initially-used fertiliser (biogas
production  residues,  sewage  sludge,  or
wood ash) in marginal agricultural land in
hemi-boreal climate conditions.

Materials and methods

Study site and treatments
Stem  disc  samples  were  collected  from

six-year-old  hybrid  aspen  (Populus  tremu-
loides Michx. × P. tremula L.) trees growing
on an experimental plot in marginal agricul-
tural  land  in  the  central  part  of  Latvia
(56.6919 N, 25.1370 E, according to the LKS-
92 coordinate system, Transverse Mercator
projection).  Biophysical  criteria  underpin-
ning the marginality of the study site were
excess soil moisture, unfavourable texture,
and stoniness (Confalonieri et al. 2014). The
experimental  plot  was  established  in  the
spring  of  2011.  Hybrid  aspen  seedlings
(clone  No.  4),  produced  in  a  nursery  of
Joint  Stock  Company  “Latvia’s  State  For-
ests”, Latvia, were planted with a 2.0 × 2.0
m average distance between the trees. The
experimental plot of the hybrid aspens was
part of a large-scale multifunctional planta-
tion of short rotation energy crops and de-
ciduous trees with a total area of 16 ha. The
type of soil was classified as Luvic Stagnic
Phaeozem (Hypoalbic) or Mollic Stagnosol
(Ruptic,  Calcaric,  Endosiltic)  according  to
the Food and Agriculture Organization of
the  United  Nations  classification  (2006)
with the dominant loam (at 0-20 cm depth)
and sandy loam (at 0-20 cm and 20-80 cm
depth) soil texture.

Four replications of  four different fertili-
sation  subplots  were  established:  control
(no  fertilisation),  sewage  sludge,  wood
ash, and biogas production residues (diges-
tate). The size of each subplot was 30 × 24
m and they were established in the spring
of  2011.  Class  I  (according  to  the  regula-
tions of the Cabinet of Ministers of the Re-
public  of  Latvia  No.  362)  sewage  sludge
(dose 10 tDM ha-1) from “Aizkrauklesūdens”
(Aizkraukle Water) and stabilised wood ash
from the boiler house in Sigulda (dose 6 tDM

ha-1)  were  spread  mechanically  before
planting the hybrid aspens. Digestate (as a
point source fertiliser, dose 30 t ha -1) from
the methane reactor in the Vecauce district
(Latvia)  was  applied  immediately  after
planting the hybrid aspen seedlings. Imme-
diately  after  the  application  of  fertilisers,
soil chemical analyses were done. Major el-
ements and heavy metals concentration in
soil samples were determined using extrac-
tion with a mixture of concentrated HNO3

and HClO4 and determination using an in-
ductively coupled plasma optical emission
spectrometry (ICP-OES).

According to the results of soil  chemical
analyses,  no  statistically  significant  differ-
ences  (p  > 0.05)  between major  element
(K, Ca, Mg, P) and toxic heavy metal (Cd,
Hg, Pb) content in fertilised soils and con-
trol plots were detected, although it is well
known that previously-used fertilisers con-
tain both a certain amount of nutrients and
heavy metals (Tab. 1, Tab. 2). Furthermore,
the heavy metal target values and precau-
tionary limits were not exceeded in the fer-
tilised soils as per legislative regulations for
soil and ground quality (Regulations of the
Cabinet  of  Ministers  of  the  Republic  of
Latvia No. 804).
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Tab. 1 - Major element (K, Ca, Mg, P) total concentration in soil after the application of
fertilisers in the experimental plot.

Soil depth
Element, 
unit

Fertilizer

control digestate
sewage
sludge wood ash

0-20 cm K, g kg-1 2.05 ± 0.27 1.86 ± 0.26 1.66 ± 0.24 2.10 ± 0.18

Ca, g kg-1 2.71 ± 0.81 2.30 ± 8.10 1.84 ± 2.20 2.41 ± 8.94

Mg, g kg-1 2.30 ± 0.23 2.08 ± 1.04 1.89 ± 0.28 2.41 ± 0.18

P, g kg-1 0.81 ± 0.24 0.65 ± 0.12 0.62 ± 0.08 0.66 ± 0.18

20-80 cm K, g kg-1 2.96 ± 0.44 2.38 ± 0.29 2.68 ± 0.34 2.83 ± 0.28

Ca, g kg-1 2.69 ± 0.55 8.22 ± 4.60 2.54 ± 1.05 6.37 ± 4.21

Mg, g kg-1 3.04 ± 0.35 4.18 ± 1.26 3.18 ± 0.43 3.63 ±0.59

P, g kg-1 0.71 ± 0.20 0.46 ± 0.06 0.33 ± 0.03 0.44 ± 0.07
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Variation of elements occurrence in hybrid aspen tree rings

Tree disc sampling and preparation
Three  sample  trees  from  four  different

fertilisation  subplots  (digestate,  sewage
sludge, wood ash, and control or no fertili-
sation) were selected (Tab. 3). Stem discs
were sawn at a 0.20 m height with the aim
of representing all tree rings (six in total) in
the  samples,  while  the  thickness  of  the
tree discs  was  approximately  2  cm.  Discs
were  air  dried  and  abraded  with  trace
metal free sandpaper. Discs were split into
pieces with a maximum diameter 4.0 cm.

LA-ICP-MS analyses
Samples  of  tree  rings  were  analysed by

LA-ICP-MS.  The instrumentation consisted
of  a  laser  ablation  system  UP213® (New
Wave  Research  Inc.,  Fremont,  CA,  USA)
that  generated  aerosols  of  the  sample
from  the  sample  surface,  and  an  ICP-MS
Agilent 7500ce® (Agilent Technologies Ltd,
Japan)  was  used  to  detect  the  isotopes.
Ablation parameters were optimised with
respect  to achieving the best  S/N (signal-
to-noise) ratio and lateral resolution using
glass reference material  National Institute
of  Standards  and  Technology  (NIST)  610.
NIST  610  (SRM  610  – Trace  Elements  in
Glass)  is  the  standard  reference  material
(SRM) produced and certified to facilitate
the development of chemical methods of
analysis  for  trace  elements.  Optimised
laser ablation parameters were applied for
the analysis of all measured samples: laser
spot  size  100  μm;  scan  speed  70  μm  s-1;
laser  beam  fluence  2.5  J  cm-2;  repetition
rate 10 Hz; carrier gas flow 1.0 L He min-1.

The sample was placed into a SuperCell®

(New Wave Research) with a volume of 33
cm3 and  ablated  using  a  commercial  Q-
switched  Nd:  YAG  laser  operated  at  a
wavelength of 213 nm. A line scan pattern
was used for sample ablation. The sample
was  moved  during  laser  ablation  with  a
constant  scan  speed  with  a  straight  line
trajectory. First, the ablation pattern went
from the center of the tree ring (pith) to
the edge of the sample (bark) across all an-
nual  tree  rings.  The  second  pattern  was
perpendicular to the first. An XY-stage was
used  to  move  the  sample  along  a  pro-
grammed trajectory and a charge coupled
device (CCD) camera was used to monitor
the  ablation  event.  Ablated  material  was
transported from the sample chamber us-
ing  helium  carrier  gas  (1.0  L  min -1)  and
mixed with argon (0.6 L min-1) prior to the
torch.  The following isotopes were deter-
mined in all samples: 13C (for monitoring of
ablation  rate  of  tree  samples),  26Mg,  39K,
44Ca, and  31P (as the major elements),  and
111Cd, 202Hg, and 208Pb (as the heavy metals).
Due to missing calibration standards of the
wood sample,  the NIST 610 was used for
recalculation of the content of selected el-
ements (Mg, K,  Ca,  P,  Cd,  Hg, Pb).  When
the matrix of NIST 610 is completely differ-
ent from the wood sample, it means that
amount of sample released by laser pulse is
different for these various materials (called
different ablation rate). Hence, we cannot

use term content when the different abla-
tion  rate  is  not  compensated.  Therefore,
the  term  “relative  amount”  was  used  in
this paper. However, in our case the rela-
tive  changes  of  the  amount  of  elements
were  observed,  meaning  that  compensa-
tion of different ablation rate of NIST 610
and wood samples was not necessary. The
ablation  rate  of  the  tree  samples  was
checked by 13C measurements where it was
found that its signal differed by less than
8% relative standard deviation (RSD) in indi-
vidual samples, and 10-12% RSD sample by

sample. Based on this information, we con-
cluded that the ablation rate between the
individual  samples  did  not  vary  signifi-
cantly,  and  therefore  we  could  compare
the  relative  amount  of  elements  to  each
other  in  each  individual  sample,  and  also
sample by sample.

In addition, to evaluate the suitability of
the  LA-ICP-MS  method  for  dendrochem-
istry  and  to  demonstrate  the  benefits  of
the LA-ICP-MS method for mapping the rel-
ative amount of the mentioned major ele-
ments and heavy metals, the method was
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Tab. 2 - Toxic heavy metal (Cd, Hg, Pb) total content in soil after the application of fer-
tilisers in the experimental plot. (LOD): limit of detection.

Soil
depth

Element Soil
texture

Fertilizer

control digestate sewage
sludge

wood ash

0-
20

 c
m

Cd, 
mg kg-1

loamy sand < LOD 0.03 ± 0.02 0.07 ± 0.01 0.02 ± 0.02

loam 0.12 ± 0.04 0.18 < LOD 0.09 ± 0.09

average 0.1 ± 0.4 0.07 ± 0.04 0.05 ± 0.02 0.06 ± 0.04

Hg, 
mg kg-1

loamy sand 0.019 0.033 ± 0.001 0.037 ± 0.002 0.027 ± 0.006

loam 0.05 ± 0.01 0.073 0.025 0.05 ± 0.02

average 0.04 ± 0.01 0.04 ± 0.01 0.034 ± 0.003 0.04 ± 0.01

Pb, 
mg kg-1

loamy sand 6.7 8.1 ± 0.5 9.0 ± 0.9 9 ± 1

loam 9.8 ± 0.7 11.1 8.7 10 ± 2  

average 9.0 ± 0.9 8.8 ± 0.8 9.0 ± 0.6 9.1 ± 0.9
20

-8
0 

cm
Cd, 
mg kg-1

loamy sand 0.05 ± 0.04 0.012 ± 0.008 0.012 ± 0.008 < LOD

loam 0.12 ± 0.07 0.05 ± 0.04 < LOD 0.03 ± 0.03

average 0.07 ± 004 0.02 ± 0.01 0.009 ± 0.006 0.01 ± 0.01

Hg, 
mg kg-1

loamy sand 0.03 ± 0.01 0.022 ± 0.004 0.021 ± 0.002 0.018 ± 0.003

loam 0.05 ± 0.02 0.04 ± 0.01 0.019 ± 0.002 0.024 ± 0.006

average 0.035 ± 0.009 0.028 ± 0.005 0.021 ± 0.002 0.021 ± 0.004

Pb, 
mg kg-1

loamy sand 7 ± 1 6.9 ± 0.5 6.6 ± 0.5 6.2 ± 0.5

loam 10 ± 1  8.2 ± 0.9 6.3 ± 0.3 7.2 ± 0.7

average 8.0 ± 0.9 7.3 ± 0.5 6.6 ± 0.4 6.8 ± 0.5

Tab. 3 -  Characterisation of six-year-old hybrid aspen sample trees selected for the
chemical analyses in the experimental plot (at the stem discs sampling time). (DBH):
Diameter at breast height (1.3 m).

Fertilizer Sample tree 
(ID)

Tree height
(m)

Naturally wet biomass (kg) DBH
(mm)

Stem Branch

Control A 1 8.25 12.10 2.95 63

A 5 9.14 17.10 4.10 71

A 9 9.82 17.52 4.88 75

average 9.07 ± 0.45 15.57 ± 1.74 3.98 ± 0.56 70 ± 4

Sewage 
sludge

A 2 9.16 16.26 3.88 76

A 8 9.81 23.10 7.42 89

A 11 8.91 20.22 7.86 86

average 9.29 ± 0.27 19.86 ± 1.98 6.39 ± 1.26 84 ± 4

Digestate A 3 9.70 20.94 8.52 83

A 6 11.20 32.58 11.66 95

A 10 10.83 29.84 8.50 94

average 10.58 ± 0.45 27.79 ± 3.51 9.56 ± 1.05 91 ± 4

Wood ash A 4 7.25 12.22 5.18 65

A 7 8.93 17.82 8.34 81

A 12 6.53 5.82 1.50 52

average 7.57 ± 0.71 11.95 ± 3.47 5.01 ± 1.98 66 ± 8
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performed on one sample (the first three
tree  rings  of  sample  tree  A4  were  map-
ped).

Sample preparation for ICP-MS analyses
Sample discs were sawn to a thickness of

approximately 0.5 cm. For the analysis with
LA-ICP-MS, a part of sample near the previ-
ously burned line was taken from different

rings. For each tree ring two samples were
prepared.  Weight  of  samples  varied  be-
tween 0.2 and 0.5 g. Samples were trans-
ferred  to  digestion  vessels  of  microwave
furnaces. Six mL of concentrated HNO3 and
2 mL of concentrated H2O2 were added di-
rectly  to  each sample,  and samples  were
digested by means of closed-vessel micro-
wave-assisted  digestion  (Start  E®,  Mile-

stone,  Shelton,  CT,  USA).  Digestion  tem-
perature was raised to 150 °C in 15 min, and
then  held  for  another  30  min.  Digested
samples  were  transferred  to  25  mL  volu-
metric  flasks  and  diluted  with  deionised
water until mark.

ICP-MS analyses
Determination of elements was done by

inductively coupled plasma mass spectrom-
etry (ICP-MS). Analysis was performed us-
ing  Agilent  Technologies  8900  ICP-QQQ®

mass  spectrometer.  The  instrumental  pa-
rameters  were  set  as  follows:  RF  power
1550 W,  sampling depth 8  mm,  nebulizer
gas flow 1.0 L min-1, auxiliary gas flow 0.9 L
min-1. Helium was used as a collision cell gas
with  a  flow rate of  5.0 mL min-1.  For  the
quantification of all  elements, a five-point
calibration graph  method with  blank cor-
rection was applied. Element standard so-
lutions in the concentration range from 0.5
to 100.0 µg L-1 were prepared from Trace-
CERT® inorganic standard stock solution for
ICP with concentration of elements of 100
mg L-1 (Sigma-Aldrich, St. Louis, MO, USA).
In total,  13 samples representing separate
tree rings  from three  sample trees,  were
analysed.

Quantification of data obtained by laser
ablation ICP-MS

Data obtained by the ICP-MS method (av-
erage  content  of  elements  in  each  sepa-
rate tree ring;  in total,  13  tree rings were
analysed) was used to determine data ob-
tained by LA-ICP-MS (average values of rel-
ative amount of elements in the same tree
rings were calculated). Parameters charac-
terising the relationship between data ob-
tained using the ICP-MS method (average
content of elements in tree rings) and data
obtained  using  LA-ICP-MS  method  (aver-
age  relative  amount  of  elements  in  tree
rings) are summarised in Tab. 4.

Statistical analysis
The  data  of  the  content  or  relative

amount of major elements and toxic heavy
metals in tree rings of hybrid aspen were
divided into four groups according to dif-
ferences in fertiliser source. Data process-
ing  was  performed  in  OpenOffice® 4.1.1
Calc and R (R Core Team 2017). The corre-
spondence of  the dataset to the nominal
distribution  was  verified  using  graphical
analysis  (function  qqPlot  of  the  package
“car”) in the program R, which plots empir-
ical  quantiles  of  a  variable,  or  of  studen-
tised residuals from a linear model, against
theoretical quantiles of a comparison distri-
bution.  Pearson’s  correlation  coefficients
were used to estimate the correlations be-
tween the average content of heavy met-
als and major elements in the annual tree
rings at an individual tree level. Differences
of statistics in the average content or rela-
tive  amount  of  elements  in  hybrid  aspen
tree rings between treatments were ana-
lysed by pairwise comparisons using t-tests
with pooled standard deviation.
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Tab.  4 -  Parameters  of  the relationship (linear  regression)  between data obtained
using ICP-MS method (average content of elements in tree rings) and data obtained
using LA-ICP-MS method (average relative amount of  elements  in tree rings).  (*):
Equation describes linear regression between content of elements (mg kg -1) in tree
rings (ICP-MS method) and average relative amount of elements (relative units) in the
same tree rings (LA-ICP-MS method); (y); content of element; (x): relative amount of
element.  (**): Hg content in tree rings determined using ICP-MS method is below
detection limit (< 0.06 mg kg-1).

Element
Pearson’s correlation

coefficient (r)
Determination
coefficient (R2) Equation (*)

Mg 0.90 0.81 y = 0.08 · x + 151.54

K 0.92 0.85 y = 0.29 · x + 382.03

Ca 0.83 0.68 y = 0.0044 · x + 206.48

P 0.94 0.89 y = 0.44 · x + 67.72

Cd 0.81 0.65 y = 0.042 · x + 0.087

Pb 0.89 0.79 y = 0.026 · x - 0.020

Hg (**) - - -
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Fig. 1 - Example of mapping of K relative amount (B) in the first three hybrid aspen
tree rings (2011-2013) of the sample tree A4, (A) using LA-ICP-MS method and variation
of K content in hybrid aspen tree rings (2011-2016) depending on the distance from
pith to bark calculated using quantified data obtained using the LA-ICP-MS method
(C).
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Results and discussion
Dendrochemistry has the potential to de-

tect  and  reconstruct  environmental
changes that influence soil chemistry over
the life of the tree (Smith & Shortle 1996,
Watmough 1997, DeWalle et al. 2002, Cui et
al.  2012).  It is generally accepted that the
mineral content of tree stem wood partly
depends  on  the  chemical  composition  of
xylem sap (Levy et al. 1996). The elemental
content of each tree ring may reflect to a
certain  extent  the  properties  characteris-
ing the soil and availability of elements dur-
ing the year when the ring was formed (Ya-
nosky & Carmichael 1993, Levy et al. 1996).
This is the reason why tree ring analysis has
been used for several years to investigate
historical  changes  that  have  occurred  in
the soil chemistry (Levy et al. 1996).

Variation in the content of major 
elements

Chemical  elements  associated  with  the
ionic composition of the cytoplasm of cells
are  crucial  components  of  higher  plants.
They enable various processes throughout
the lifetime of plants associated with cellu-
lar energy, operation of a large number of
enzymes, etc. (Taiz & Zeiger 2010, Vaganov
et  al.  2013).  Published  data  on  the  radial
distribution of elements in stem wood are
relatively scarce and do not always agree
(Saarela  2009),  highlighting  knowledge
gaps in dendrochemistry.

The results of our study showed a large
variability in the content of major biologi-
cally  important  elements,  not  only  be-
tween hybrid aspen sample trees, but also
in the plane of stem wood of hybrid aspen
trees (across tree rings). Furthermore sig-
nificant  differences  were  found  between
the  content  of  major  elements  in  early-
wood and latewood  in  annual  tree  rings;
the  content  in  latewood  was  generally
higher  showing  a  pronounced  ring  struc-
ture (Fig. 1). The most abundant element in
hybrid  aspen stem wood  samples  was  K,
which  is  an  important  component  of  the
cytoplasm.  The  average  major  element
content in wood samples decreased: [K] >
[Mg] > [Ca] > [P]. The average K content in
a tree ring ranged from 776 mg kg-1 (rela-
tive  amount  138)  in  the  plot  initially  fer-
tilised with sewage sludge (sample tree A8,
tree ring formed in 2013) to 5810 mg kg -1

(relative amount 19,000) in the plot initially
fertilised with digestate (sample tree A10,
tree ring formed in 2016). The average Mg
content in a tree ring ranged from 157 mg
kg-1 (relative amount 62.0) in the plot  ini-
tially fertilised with digestate (sample tree
A10, tree ring formed in 2015) to 5,080 mg
kg-1 (relative amount 61,600) in the plot ini-
tially fertilised with wood ash (sample tree
A12, tree ring formed in 2011). The average
Ca content in a tree ring ranged from 236
mg kg-1 (relative amount 677) in the plot ini-
tially fertilised with wood ash (sample tree
A4,  tree ring formed in 2012) to 1450 mg
kg-1 (relative amount 282,000)  in the plot
initially  fertilised  with  wood  ash  (sample

tree A12, tree ring formed in 2012), but the
average tree ring P content was from 99.7
mg kg-1 (relative amount 73.0) in the con-
trol plot (sample tree A5, tree ring formed
in 2016) to 2,430 mg kg-1 (relative amount
5,370)  in  the  plot  initially  fertilised  with
wood  ash  (sample  tree  A12,  tree  ring
formed in 2011).

N, P, and K are the main macronutrients
essential  for tree metabolism and various
physiological  processes related to growth
(Fromm  2010,  Vaganov et  al.  2013).  Rela-
tionships between the average content of
major  biologically-important  elements  in
stem wood of hybrid aspen trees and soil

properties  (Tab.  1)  or  parameters  which
characterise  sample  trees  (Tab.  3)  were
evaluated and significant correlations were
not detected.

Variation of average content of major ele-
ments  in  hybrid  aspen  tree  rings  (2011-
2016)  by  initially  used  fertilisers  is  sum-
marised in  Fig.  2.  Comparing the  average
major element content in the hybrid aspen
tree rings in control plots and plots where
different fertilisers were initially used, sta-
tistically  significant  impact  of  fertilisation
was detected. The highest average content
of  major  elements  was  detected  in  plots
where wood ash fertiliser was applied and
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Fig. 2 - Content of major elements in hybrid aspen tree rings (2011-2016). In the box -
plots, the median is shown by the bold line, the box corresponds to the lower and
upper quartiles, whiskers show the minimal and maximal values (within 150% of the
interquartile range from the median).
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the lowest was found in the control plots.
Increased major element (Ca, Mg, P) con-
tent  in  stem  wood  plane  was  found  for
sample tree A12 (plot where wood ash fer-
tiliser was initially applied). Also soil analy-
sis showed elevated Ca and Mg total con-
tent  in  the soil  in  the  relevant  plot  (plot
where sample tree A12 was grown), when
compared to all other plots including plots
initially fertilised with wood ash, although
in  general  correlation  between  content
amount of major elements in stem wood of
hybrid aspen trees and soil properties was
not detected. Furthermore, biomass incre-
ment parameters (Tab. 3) of sample tree 12
were the lowest compared to all other ana-
lysed trees.

Variation in heavy metal content
Understanding the process governing the

migration  and  plant  availability  of  trace
metals in soils is essential for predicting the
environmental impact of spreading metal-
containing wastes  such as  wood ash and
sewage  sludge  on  agricultural  land  (She-
rene  2010).  The  results  demonstrated  a
large variability in the content of Pb and Cd
within tree stems: Pb content ranged up to
18.5 mg kg-1 (relative amount 720) and Cd
content  was  up  to  33.9  mg  kg-1 (relative
amount 804); within the annual tree ring,
there were a large number of peaks or out-
liers in the datasets (Fig. 3).  Furthermore,
there were no significant trends in the tree
rings representing changes in heavy metal
uptake during tree ring formation. In con-

trast  to  the  macroelements  (Ca,  Mg,  K,
etc.) that mostly showed significant differ-
ences between elemental contents in ear-
lywood and latewood (Saarela 2009, Silkin
& Ekimova 2012), no significant differences
were found between the content of heavy
metals  in  earlywood and latewood in  an-
nual tree rings. Additionally, the results of
our study showed that the average heavy
metal  content  in  tree  rings  decreased  in
the following order: [Pb] > [Cd] > [Hg], sim-
ilar  to  the  soil  in  the  experimental  plot
(Tab. 2).

The  average  Pb  content  in  tree  rings
ranged from 0.07 mg kg-1 (relative amount
3.5) in the plot initially fertilised with diges-
tate (sample tree A3,  tree ring formed in
2016) to 2.7 mg kg-1 (relative amount 105) in
the  plot  initially  fertilised  with  wood  ash
(sample tree A12, tree ring formed in 2016),
but  the  average  tree  ring  Cd  content
ranged from 0.09 mg kg-1 (relative amount
0.07) in the plot initially fertilised with di-
gestate (sample tree A10, tree ring formed
in 2014) to 6.2 mg kg-1 (relative amount 146)
in the plot initially fertilised with wood ash
(sample tree A12, tree ring formed in 2016).

Although the pH of  the soil  in the plots
was near neutral,  indicating a limited mo-
bility of the heavy metals (Sherene 2010),
the average Pb content in the hybrid aspen
tree  rings  was  significantly  different  (p  <
0.05)  between  the  control  and  fertilised
plots; higher Pb content in tree rings of hy-
brid  aspen were found in  fertilised plots,
e.g.,  1.2  mg  kg-1 (relative  amount  50)  in

plots with wood ash fertiliser, in compari-
son to control  plots  (0.5  mg kg-1,  relative
amount 21). There were no statistically sig-
nificant differences in the average Cd con-
tent in hybrid aspen tree rings between the
control plots and fertilised plots. Neverthe-
less,  the highest  average Cd content was
found  in  plots  where  wood  ash  fertiliser
was applied  (1.2  mg kg -1,  relative  amount
26); the lowest content was found in plots
where the digestate fertiliser was applied
(0.3 mg kg-1, relative amount 4.0).

The potential of Populus spp. for the phy-
toremediation  of  heavy  metals  is  being
confirmed under several experimental situ-
ations (Guerra et al. 2011). The recent study
by  Radojčić Redovniković et al.  (2017) de-
monstrated  that  Populus spp.  could  be  a
good  candidate  for  the  phytoextraction
processes  of  Cd  in  moderately-contami-
nated soils,  while  in heavily-contaminated
soil it can only be considered as a phytosta-
biliser.  For  Pb remediation,  only  the  phy-
tostabilisation process can be considered.
Furthermore,  Mala et al. (2007) concluded
that  the  hybrid  aspen  could  accumulate
large amounts of the toxic heavy metals Cd
(800-1,500  mg  kg-1)  and  Pb  (5,000-13,000
mg kg-1) in the roots and about 100 mg kg-1

of Cd was also found in the above-ground
part  of  the  hybrid  aspen.  Furthermore,
Mandre (2014) highlighted that high levels
of  heavy metals  in the soil  did not mean
similar concentrations and ratios in plants
growing in contaminated soil.

Results  of  our  study  demonstrated  the
significant  impact  of  the  fertiliser  initially
used (especially wood ash) on the average
heavy metal content in hybrid aspen tree
rings, despite the fact that the representa-
tive soil chemical analyses did not show a
significant  impact  of  the  fertiliser  initially
used  on  heavy  metal  content  in  the  soil.
This  can  be  explained by  the  well-known
fact that a tree root system uptakes both
nutrients and heavy metals  from the soil;
thereby the tree ring chemical content rep-
resents a much larger volume of soil, and
thus more general growing conditions than
the analyses of separate soil samples, espe-
cially  considering  that  the  mechanical
spreading of fertiliser is not homogeneous.

The  results  of  analyses  made using  the
ICP-MS method indicated that the Hg con-
tent  in  tree  rings  is  below  the  detection
limit (0.06 mg kg-1). The variation of Hg oc-
currence  expressed  in  relative  units  (re-
sults  of  analyses  made  using  LA-ICP-MS
method) in hybrid aspen tree rings is pre-
sented in Fig. 3. The variation of the Hg rel-
ative  amount  in  hybrid  aspen  tree  rings
was up to 2.0,  but a large number of  Hg
measurements  were  below  the  detection
limit as well. The tree ring average Hg rela-
tive amount ranged up to 0.32 (plot initially
fertilised  with  digestate,  sample  tree  A3,
tree ring  formed in  2012).  Comparing the
average Hg  relative  amount  in  hybrid  as-
pen tree rings in plots where different fer-
tilisers were initially used, the highest aver-
age Hg relative amount in tree rings was
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Fig. 3 - Variation of Pb, Cd, and Hg content in hybrid aspen tree rings (2011-2016). In
the boxplots, the median is shown by the bold line, the mean is shown by the red star,
the box corresponds to the lower and upper quartiles, whiskers show the minimal
and maximal  values  (within  150% of  the interquartile  range from the median)  and
black stars represent outliers of the datasets.
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found in plots fertilised with digestate (rel-
ative  amount  0.11),  while  the  lowest  in
plots  fertilised  with  wood  ash  (relative
amount 0.03). Additionally, statistically sig-
nificant differences (p < 0.05) in the aver-
age Hg relative amount in tree rings were
found between the control plots and plots
fertilised with digestate.

Assad et al. (2016) recently demonstrated
the role of the Populus  spp. above-ground
biomass  in  capturing the atmospheric  Hg
released from the soil. Molina et al. (2006)
and  Laacouri  et  al.  (2013) hypothesised
that variations in Hg uptake by the vegeta-
tion cover depended on a large number of
factors including tree species, Hg concen-
trations in the soil and atmosphere, organ-
isms,  and  season.  Results  of  our  study
demonstrated  statistically  significant  dif-
ferences in average Hg relative amount in
hybrid aspen tree rings between the con-
trol  plots  and the plots  fertilised with  di-
gestate,  although  there  were  no  statisti-
cally significant differences in total Hg con-
tent in the soil after the application of fer-
tiliser according to soil  chemical analyses.
These results confirm the effectiveness of
using hybrid aspen as a bioindicator.

Relationship between heavy metal and 
major element content

The  characterisation  of  heavy  metal
transporters in  Populus spp. is very scarce
(Guerra et al. 2011). Calcium ions contained
in the woody plant cell walls are known to
be  a  part  of  pectin  substances  and  bind
non-methylated carboxyl groups of uronic
acid. It is also well-known that pectin sub-
stances are highly effective regarding met-
al ion sorption and are widely used, for ex-
ample,  in  medicine  to  remove  toxic  ions
from human organisms (Silkin  & Ekimova
2012). Therefore, it would be logical to as-
sume  that  calcium  and  heavy  metal  ions
are  part  of  the  same polymer  and,  most
probably, a part of the pectin substances.

The strength of the relationship between
the analysed heavy metals (Cd, Hg, Pb) and
the content of the major elements (Mg, K,
Ca)  in  hybrid  aspen  tree  rings  is  summa-
rised  in  Tab.  5.  The  results  of  our  study
showed the strongest positive correlation
(r > 0.5) between the annual tree ring aver-
age Ca and Cd content,  and between the
Ca  and  Pb  content  in  hybrid  aspen  tree
rings. Furthermore, in several hybrid aspen
sample trees, a strong positive correlation
was  found  between  the  annual  tree  ring
average Cd  and  K  content,  and  between
the Cd and Mg content. Conversely, weak
or no correlation was found between the
tree ring average Ca and Hg content.

Analysing  different  fertilisation  subplots
separately,  the strongest  positive correla-
tion between the annual tree ring average
content of heavy metals and the major ele-
ments was found between the Cd and Ca
content, and between the Cd and Mg con-
tent  in  all  hybrid  aspen  sample  trees  in
plots where wood ash fertiliser had been
initially applied (on average, r = 0.87 and r =

0.83, respectively  – Fig. 4). Unequivocally,
a strong positive correlation was found be-
tween  the  annual  tree  ring  average con-
tent of Pb and Ca in all hybrid aspen sam-
ple  trees  in  the  control  plots  (average  r
was 0.77).

Correlations  between  content  of  heavy
metals and major elements in tree rings de-
termined in this study can be explained by
specific transport mechanisms of different
clusters  of  elements  in  hybrid  aspen.  For
example,  P-type  adenosine  triphosphates
(ATPases) are used to translocate a diverse
set of ions, including H+, Na+/K+, H+/K+, and
Ca2+, plus heavy metals and possibly lipids
(Kuhlbrandt  2004).  The  P1B-type  ATPases,
known  as  heavy  metal  ATPases  (HMAs),
are involved in the transport of a range of
essential as well as potentially toxic metals
across cell membranes.

Functional  studies  on  the  HMAs  have
shown  these  transporters  to  be  divided
into two subgroups based on their metal-
substrate specificity:  a Cu/Ag group and a

Zn/Co/Cd/Pb  group  (Tangahu  et  al.  2011).
Consequently, similar correlations between
content of Cd and major elements in tree
rings,  as  well  as  between  content  of  Pb
and major elements found in this study, are
explained by the fact that both Cd and Pb
belong to the same subgroup of metal-sub-
strate  specificity  of  HMAs,  thereby  trans-
port  and  accumulation  processes  for  Cd
and Pb in stem tissues of hybrid aspen are
similar.

Taking into account the growing interest
in  the  use  of  hybrid  aspen  in  SRWC  sys-
tems,  both  in  marginal  lands  and agricul-
tural land, to mitigate the negative impacts
on the environment caused by more inten-
sive management (e.g.,  use of  fertilisers),
for  phytoremediation  purposes  etc.,  fur-
ther work is needed to fill the knowledge
gaps  pertaining  to  biochemical  processes
of element transport and accumulation in
hybrid aspen tree rings and to determine
the impact of environmental factors includ-
ing climate change and weather extremes
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Tab. 5 - Variation of correlation coefficients (r) between annual tree ring macroele-
ment and heavy metal content (Pb and Cd) or relative amount (Hg) at an individual
tree level.  The  frequency of  occurrence of  relevant correlation depending on the
strength of correlation is shown.

Element r value Pb (%) Cd (%) Hg (%)

Ca r < -0.5 17 17 33

-0.5 < r < 0.5 33 8 42

r > 0.5 50 75 25

K r < -0.5 33 25 25

-0.5 < r < 0.5 33 25 67

r > 0.5 33 50 8

Mg r < -0.5 8 0 25

-0.5 < r < 0.5 58 25 33

r > 0.5 33 75 42

Fig. 4 - The rela-
tionship between 
the annual tree 
ring average Cd 
and Ca and Mg 
content in hybrid 
aspen tree rings in 
plots where wood 
ash fertiliser was 
initially applied.
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affecting  the  uptake  of  elements.  Addi-
tional information is needed on the impact
of different clones (genotypes) on the vari-
ation of  major elements and heavy metal
occurrence in hybrid aspen tree rings and
on the synergetic effect between  Populus
spp. genotype and various levels and types
of pollution in different climatic regions.

Conclusions
The results from the analysis of the con-

tent  of  major  biologically  important  ele-
ments and heavy metals in the tree rings of
six-year-old  hybrid  aspen  (Populus  tremu-
loides  Michx. ×  P. tremula  L.) cultivated in
marginal  agricultural  land  in  hemi-boreal
conditions and initially fertilised with diges-
tate, sewage sludge, and wood ash can be
summarised as follows.

Although  content  of  major  elements  in
the hybrid aspen stem plane varied consid-
erably,  the  content  of  major  elements  in
latewood  were  generally  higher  when
compared  to  earlywood,  showing  a  pro-
nounced ring structure. This trend was not
observed for heavy metals.

Initially-used  fertilisers  (especially  wood
ash) significantly impact content of major
elements and heavy metals in hybrid aspen
tree rings. Therefore, hybrid aspens can be
considered  as  an  effective  bioindicator
even if soil pH is near neutral, indicating a
limited mobility of the heavy metals.

LA-ICP-MS  in  combination  with  ICP-MS
was successful in describing spatial differ-
ences  in  the  major  element  and  heavy
metal content in tree rings of hybrid aspen
grown  in  different  fertilisation  regimes.
Use of ICP-MS to quantify LA-ICP-MS data
provided detailed spatial quantitative infor-
mation  on  element  content  in  tree  rings
that have the potential to fulfill knowledge
gaps in dendrochemistry.
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