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Simple Summary: In 2020 and 2021, the world underwent the COVID-19 crisis, and in 2022, it is
going through another war crisis. These crises have greatly affected the global economy and raw
material supply chains, and trade is either disabled or very slow. The wood industry and other
industries that depend on primary raw materials feel this effect strongly. These are important reasons
why the wood industry should not depend on only one market and why it is necessary to study less
valuable types of wood species as potential substitutes for the current ones, at least in products where
this is possible due to their characteristics. Fertilising forested plantations with nitrogen fertilisers is
not new, but its influence on different types of wood species has not been sufficiently investigated.
Fast-growing clones are particularly interesting for such a procedure. This paper studies the effect of
fertilisation with nitrogen fertilisers on the anatomical properties of the Poplar clone ‘Villafranca’.

Abstract: This study investigates the effect of nitrogen fertilisation on the anatomical properties of
the juvenile wood of the Populus alba L. clone ‘Villafranca’ from an experimental trial near the Drava
River in Croatia. Nitrogen was applied for two consecutive years, and the immediate and potential
post-treatment effects were investigated. The correlation between annual ring width (ARW) and
individual wood anatomical properties was also examined. The fertilisation effect was confirmed
after the first year of nitrogen application for all wood anatomical properties except the vessel lumen
area (VLA). Fibre length (FL) was reduced, and double cell wall thickness (DCWT), ray area (RA), and
cell wall area (CWA) increased. In contrast, the vessel lumen diameter (VLD) and vessel lumen area
changed inconsistently between treatments. The second year of nitrogen application was determined
to be effective for FL only. Due to the insignificant results in the second year of the application of
nitrogen, the post-fertilisation effect of nitrogen fertilisation was not confirmed.

Keywords: nitrogen fertilisation; Populus alba L. clone ‘Villafranca’; wood anatomical properties;
juvenile wood; annual ring width

1. Introduction

Within the Populus genus, Populus alba L. is a unique pioneer species of riparian
ecosystems [1]. It grows well on various site and soil conditions and is somewhat tol-
erant of climate changes, including drought, temperature, and salinity [2]. Among the
Populus alba L. clones, ‘Villafranca’ is among the most represented and registered refer-
ence clones in different nursery trials [3,4]. It is mainly used for the afforestation of river
lowlands and is planted in specialised plantations to produce furniture logs, pallets, etc.
Previous research has determined its good [5] and confirmed above-average productivity
and good survival [6]. Pelleri et al. [7] found that, after 9 to 10 years, Populus alba L. reaches
a suitable diameter for commercial use (30 cm).

In Croatia, along large rivers, there is a relatively large area of suitable habitats for
growing poplars. Forests along the Drava River in north-western Croatia, including poplar
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forests, are very sparsely represented but are of great economic, ecological, and protective
importance [8]. The same authors argue that preserving and breeding these forests is
challenging and complex, while most pedosystematic units have insufficient plant nutrient
properties. In addition to the numerous methods used in poplar plantation cultivation, fer-
tilisation stimulates growth at various stages of tree development [9,10]. Field fertilisation
trials are one of the most practical, reliable, and accurate ways of determining the site’s
need for nutrients [11].

In the past, fertilisation became a potentially important silvicultural method. Each
plant species generally requires a certain amount of nutrients to ensure its optimal growth.
Fertilisation efficiency (the percentage of the applied element assimilated by the target trees)
varies with the chemical form of the element and the timing of application. Weeds must
also be controlled for seedlings to maximise fertiliser utilisation [12]. The lack of water and
nutrients can be solved through the control of weed vegetation and the lack of nutrients
through fertilisation. Weed control without irrigation increases poplar growth, while irriga-
tion without weed control does not produce this effect [13]. Moreover, clonal variability
in response to soil fertility and fertilisation is a large area of uncertainty. Physiological
characteristics and how different poplar clones develop are of the greatest importance for
the parameters of the size and quality of the yield. Short rotations carry the enhanced
risk of nutrient depletion in the soil due to the frequent removal of juvenile wood rich in
nutrients [14,15]. Fertilisation, given at the right time and in agreement with other silvicul-
tural measures, can not only increase growth but can also increase the value of the yield by
increasing the proportion of wood suitable for peeling and other more valuable products.
Large quantities can be applied but do not contribute to further growth [16]. Nitrogen is
the most limiting element for poplar growth [17] and generally causes the most significant
changes in wood properties [18]. Poplar’s high nutrient demands are associated with
short rotations in plantations and their expected high productivity [17]. Such silvicultural
practices often lead to nutrient depletion from already depleted sites [19]. This has resulted
in the increased application of multiple fertiliser doses in plantation cultivation.

Poplars are usually grown in short rotations resulting in a high proportion of juvenile
wood. Wood is naturally a variable material because it is a product of the living tree
metabolism. The result is the pronounced variability of its properties due to tree physiology,
external influences on its growth, and tree age. Increased tree increments due to fertilisation
may be associated with a more significant change in wood properties than other cultivation
methods [20].

Primarily, research on the effect of fertilisation has focused on increasing the diameter
and height increment of poplar trees [21–25]. The effect of nitrogen fertilisation on poplar
wood structure has been the subject of a certain number of investigations, from the early
years to the present [26–29]. However, the available data are inconsistent and contrasting.
All these studies indicate that the effect of nitrogen varies between poplar species, and there
is no predictable response to nitrogen fertilisation [30]. The use of fertilisation in forestry is
constantly increasing and requires more methods to identify the actual needs for proper
fertiliser doses. Furthermore, it is essential to investigate the effect of nitrogen fertilisation
treatments on wood quality in more detail, emphasising its duration and magnitude.

The wood anatomical properties of Populus alba L. from the natural population on
the same site along the Drava River were previously investigated [31]. The current re-
search is the continuation of efforts to determine the potential of Populus alba L. breeding
and utilisation.

The aim of this study is:

(a) To determine the selected wood anatomical properties of the juvenile wood of the
Populus alba L. ‘Villafranca’ clone from an experimental fertilisation trial.

(b) To investigate the effect of different nitrogen fertiliser doses on the juvenile wood of
selected wood anatomical properties of the Populus alba L. ‘Villafranca’ clone during
treatment and post-treatment.
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(c) To investigate the correlation between annual ring width and wood anatomical prop-
erties following nitrogen fertilisation.

2. Materials and Methods
2.1. Site and Study Materials

In the Forest Office Varaždin, Croatia, Management Unit “Varaždinske podravske
šume”, Department 3a (46◦23′ N, 16◦06′ E), an experimental trial of different poplar clones
was set up in 2001, including one of the Populus alba ‘Villafranca’. The experiment was es-
tablished as a randomised block system with four replicates and ten clones by planting 1/1
seedlings to a depth of 80–100 cm. Eighty seedlings per clone were planted at 4.25 × 4.25 m
spacing. The total area of the experiment was 1.44 ha, while each area was divided into
monoclonal plots of about 0.144 ha for each clone. From each of the four monoclonal plots
(0.036 ha), four trees were selected for harvesting. These are deep alluvial carbonate clay
loam to sandy loam soils of high productive capacity due to a favourable mechanical system,
high water capacity and nutritional potential, and where groundwater in the vegetation
minimum is inaccessible to the roots of major forest species. The mean annual temperature
is 10.8 ◦C, and the total annual precipitation is 728 mm [32]. In the MU “Varaždinske
podravske šume”, soils with high water permeability and poor water resistance predomi-
nate, which is why the existing ecosystems, mostly willow and poplar forests and forest
plantations, are easily susceptible to damage. In 2004 and 2005, a fertilisation experiment
was incorporated into the existing trial to test the response of clones to four nitrogen fer-
tiliser doses: 0, 100, 200, and 300 kg N/ha. In 2004, fertilisation began with the following
treatments: N0—N0P1K1 (control); N1—N1P1K1; N2—N2P1K;1 and N3—N3P1K1, where
the concentrations were N1 = 100 kg/ha, N2 = 200 kg/ha, N3 = 300 kg/h, P1 = 100 kg/ha
P2O5, and K1 = 100 kg/ha K2O. Treatments differed in the amount of nitrogen added. The
same treatment was carried out in 2005. In both years, fertilisation was performed using
two equal doses in two applications, at the end of April and at the end of May.

2.2. Sample Preparation

Sixteen trees of the ‘Villafranca’ clone were collected: four control trees (N0) and
twelve trees with different nitrogen applications (N1, N2, and N3), one from each of four
replicates within the trial. Five-centimetre-thick disks were cut from each tree at breast
height (1.3 m). Radial segments (north-south orientation) were cut from each disk. Four
annual growth rings were selected and marked along one radius: two related to 2004 and
2005 (during fertilisation) and two related to 2006 and 2009 (after fertilisation).

2.3. Measurement of Fibre Length

The maceration procedure was performed using Franklin’s reagent [33] to separate
fibres for measuring fibre length. Small wood chips from each previously selected annual
ring were cut and placed in test tubes. An acetic acid and hydrogen peroxide mixture (1:1)
was poured into the test tubes and placed in an oven for 48 h at 60 ◦C. The macerated
material was stained and mounted on microscope slides in glycerine. To determine fibre
length, 40 unbroken fibres were measured using a light microscope (Carl Zeiss Jena, Carl-
Zeiss-Promenade 10, 07745 Jena, Germany), digital camera (Dino-Lite), and DinoCapture
2.0 software (Dino-Lite Europe, 1321 NN Almere, The Netherlands).

2.4. Measurement of Annual Ring Width

Radial segments (north-south orientation) were dried and sanded. Then, an annual
ring width measurement was performed on a Lintab 6 (Rinntech-Metriwerk GmbH & Co.
KG Hardtstr. 20-22 D-69124 Heidelberg, Germany) measuring table with a precision of
1/100 mm. Both radii were measured, and mean values were calculated.
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2.5. Measurement of Other Wood Anatomical Properties

Each selected annual growth ring was cut in the form of sample blocks sized
10 (tangential) × 10 (radial) × 20 (longitudinal) mm. The sample preparation included
softening and cutting into transverse and tangential sections (30 µm) using a sliding micro-
tome. The sections were stained with a mixture of safranin and Astra blue, washed in a 70%
and 96% ethanol solution, and mounted on microscope slides using Euparal. Using an Axio
Zoom.V16 stereo microscope and AxioVision software (Carl Zeiss) connected to a digital
camera (5 MP), five images as random replicates were taken in the transverse section: one
from the earlywood region, one from the latewood region, and three from the middle part
of the annual growth ring [34]. Likewise, three images were taken in the tangential section.
Due to the complexity of measuring the ray area by the individual manual marking of each
ray in the software, a statistical analysis confirmed no significant differences between the
use of three and five images per section. The samples were photographed at ×160 (fibre
lumen) and ×100 (vessel lumen and ray) magnification. Fibre lumen diameter (FLD) (µm),
vessel lumen diameter (VLA) (µm), and ray area (RA) (%) measurements were performed
using ImageJ software (ImageJ 2014). The ray area was calculated as the ratio between
the ray total area (µm2) and the image area (µm2) multiplied by 100. The fibre lumen area
(FLA) (%) was calculated as the ratio between the fibre total lumen area (µm2) and the
image area (µm2) divided by 100, while the vessel lumen area (VLA) (%) was calculated as
the ratio between the vessel total lumen area (µm2) and the image area (µm2) multiplied by
100. The double cell wall thickness (DCWT) was measured directly on a light microscope
using an objective with a microscope scale and ×960 magnification. The cell wall area
(CWA) (%) is the remaining percentage from the subtraction of the vessel lumen area (%),
fibre lumen area (%), and ray area (%) from the unit area.

2.6. Statistical Analysis

Statistical analysis of all the results was carried out in Statistica 14.0 (TIBCO Soft Inc.,
3307 Hillview Avenue Palo Alto, CA 94304, USA). Repeated measures analysis of variance
and univariate variance analysis (ANOVA) were used to test the effect of the treatments,
years, and the years and treatment interaction. Statistical significance was determined by
p-value. If the p-value is less than or equal to 0.05, the null hypothesis is rejected, and the
differences are declared statistically significant. In contrast (p ≥ 0.05), the null hypothesis is
not rejected, and the differences are not statistically significant. In the second stage of the
variance analysis, the univariate variance analysis model, a post hoc test (Tukey test) of
multiple comparisons of individual treatment pairs, was used. The differences are declared
statistically significant if the p-value is less than or equal to 0.05. Finally, a correlation
analysis was performed to investigate the relationship between the ARW and individual
wood anatomical properties over the years.

3. Results
3.1. Wood Anatomical Analysis and Effect of Treatment over Years

Mean values and the standard deviation for all investigated wood anatomical proper-
ties are given in Table 1. Trends for control and different levels of nitrogen fertilisation by
year within juvenile wood are presented in Figure 1.

The lowest average FL was after treatments N2 and N3 in 2004 (0.76 mm). In the
last year measured (2009), the average FL was highest after all treatments (1.17 mm after
N0, 1.19 mm after N1, 1.15 mm after N2, and 1.16 mm after N3) (Table 1). The average
DCWT was lowest after treatment N0 in 2004 (3.24 µm) but highest after the same treatment
in 2009 (3.91 µm). The highest average DCWT was reached after treatment N2 in 2005
(3.65 µm), while the total highest value was in 2006 (4.13 µm). The highest average DCWT
was reached after treatment N2 in 2005 (3.65 µm), while the total highest value was in 2006
(4.13 µm). The highest average FLD and FLA were after treatment N1 in 2006 (19.52 µm
and 40.14%). Treatment N3 had a similar effect on FLD and FLA, resulting in the total
lowest values for FLD in 2004 (15.43 µm) and FLA in 2009 (28.41%).
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Table 1. Descriptive statistics for different years of the anatomical properties of the juvenile wood of
the clone ‘Villafranca’. Measurements per group of each treatment in a year are n = 160 (fibre length),
n = 120 (double cell wall thickness), n = 20 (fibre lumen diameter, vessel lumen diameter, and vessel
lumen area), and n = 12 (fibre lumen area, ray area, and cell wall area).

Property Year

Treatment

Σ N0 N1 N2 N3

Mean SD Mean SD Mean SD Mean SD Mean SD

FLA
(mm)

2004 0.79 0.11 0.82 0.12 0.81 0.10 0.76 0.10 0.76 0.12
2005 0.88 0.11 0.88 0.10 0.90 0.10 0.87 0.12 0.86 0.10
2006 0.96 0.13 1.00 0.11 0.99 0.11 0.92 0.14 0.95 0.12
2009 1.17 0.14 1.17 0.11 1.19 0.15 1.15 0.15 1.16 0.14

DCWT
(µm)

2004 3.52 0.85 3.24 0.67 3.67 1.17 3.64 0.63 3.53 0.83
2005 3.55 0.70 3.41 0.47 3.51 0.83 3.65 0.66 3.54 0.74
2006 3.77 0.84 3.67 0.68 4.13 1.03 3.52 0.79 3.58 0.62
2009 3.67 0.79 3.91 0.63 3.52 0.64 3.72 0.83 3.63 0.98

FLD
(µm)

2004 16.45 2.57 17.90 2.14 16.70 2.24 15.69 1.73 15.43 3.40
2005 18.53 2.50 18.77 2.66 19.10 1.57 17.68 1.99 18.30 3.45
2006 18.30 2.62 17.47 2.55 19.52 2.53 18.45 3.01 17.52 2.17
2009 18.49 1.89 18.03 2.16 18.80 1.63 18.75 1.64 18.62 2.17

FLA
(%)

2004 36.29 5.47 39.97 4.74 36.41 7.10 33.71 4.90 35.21 3.87
2005 37.31 4.37 39.64 5.09 36.32 3.74 37.46 3.16 36.60 5.08
2006 37.02 5.52 37.15 5.90 40.14 3.78 38.18 4.46 32.32 5.70
2009 31.91 5.26 32.64 4.62 34.65 5.36 33.02 2.63 28.41 6.34

VLD
(µm)

2004 73.31 8.99 71.95 7.51 75.19 8.62 76.17 8.66 69.62 10.03
2005 82.63 9.93 84.36 9.57 82.64 10.79 81.67 11.04 81.25 9.38
2006 86.91 11.15 88.55 11.83 83.16 12.30 89.27 10.61 87.93 9.46
2009 98.05 9.78 95.25 7.69 100.77 11.39 100.58 9.36 94.77 9.31

VLA
(%)

2004 17.81 5.57 19.50 3.92 18.27 7.88 18.49 4.61 15.83 4.77
2005 18.81 3.94 19.15 4.21 19.61 3.68 18.84 3.71 18.62 4.27
2006 22.37 4.85 22.97 3.90 23.51 4.48 22.11 5.12 21.96 5.76
2009 28.72 3.66 29.48 3.20 27.85 3.95 29.64 4.28 27.87 3.21

RA
(%)

2004 10.98 0.96 10.78 0.69 10.17 0.67 11.28 1.08 11.57 0.82
2005 11.64 1.90 11.70 2.40 11.16 0.91 11.30 1.21 12.10 2.70
2006 9.78 1.71 9.68 1.11 8.88 1.19 9.50 1.06 10.81 2.65
2009 7.76 1.41 7.56 0.72 8.57 2.03 7.64 0.92 7.14 1.52

CWA
(%)

2004 33.76 5.58 28.57 3.71 33.41 5.41 36.37 5.01 35.22 5.02
2005 31.27 4.93 28.03 5.36 31.95 5.08 31.50 3.93 31.95 4.05
2006 31.05 5.89 30.56 5.71 27.68 4.33 31.50 7.54 34.17 4.70
2009 31.25 5.52 29.06 2.80 29.60 3.80 28.36 2.54 36.75 7.23

Notes: FL—fibre length; DCWT—double cell wall thickness; FLD—fibre lumen diameter; FLA—fibre lu-
men area; VLD—vessel lumen diameter; VLA—vessel lumen area; RA—ray area; CWA—cell wall area;
SD—standard deviation.

Vessel characteristics also varied with treatments between the years (Table 1). The
average VLD was highest after treatment N2 in 2004 (76.17 µm) and 2006 (89.27 µm). The
highest VLD was after treatment N0 in 2005 (84.36 µm), while it was highest after treatment
N1 in 2009 (100.77 µm). Average VLD showed the lowest values after treatment N3 in 2004
(69.62 µm), 2005 (81.25 µm), and 2009 (94.77 µm) and after treatment N1 in 2006 (94.77 µm).
Similarly, average VLA showed the lowest values after treatment N3 in 2004 (15.83%),
2005 (18.62%), and 2006 (21.96%). For both VLD and VLA, treatment N1 resulted in the
lowest values in 2006 (83.16 µm) and 2009 (27.85%). Fertilisation with the highest nitrogen
dose (treatment N3) decreased the fibre and vessel characteristics compared to the control
(N0). However, the highest nitrogen dose (treatment N3) increased RA and CWA (Table 1).
The control trees (N0) showed lower values of the two properties in comparison to those
fertilised. Average RA was highest after treatment N3 in 2004 (11.57%), 2005 (12.10%), and
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2006 (10.81%), but lowest after the same treatment in 2009 (7.14%). Average CWA was
highest after treatment N2 in 2004 (36.37%) and after treatment N3 in 2006 (34.17%) and
2009 (36.75%). The exact values of CWA were determined after treatments N1 and N3 in
2005 (31.95%) (Table 1). The lowest average CWA was after treatment N1 in 2006 (27.68%).
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Figure 1. Trends of the anatomical properties of juvenile wood for control and different levels of nitro-
gen fertilisation by year. (a) FL—fibre length; (b) DCWT—double cell wall thickness; (c) FLD—fibre
lumen diameter; (d) FLA—fibre lumen area; (e) VLD—vessel lumen diameter; (f) VLA—vessel lumen
area; (g) RA—ray area; (h) CWA—cell wall area. The vertical bars represent 0.95 confidence intervals.
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The effect of years was highly significant for all wood anatomical properties except
CWA. However, the interest was identifying the influence of different nitrogen fertilisation
treatments during selected years. The results and discussion will focus on the treatment’s
main effect and the years-by-treatment interaction terms.

In years during fertilisation and after fertilisation, the years-by-treatment interaction
was significant for all fibre characteristics (FL, DCWT, FLD, and FLA), with DCWT being
highly significant (Table 2). Significant interaction was determined for RA and CWA as
well. Conversely, the same interaction was insignificant for vessel characteristics (VLD
and VLA).

Table 2. Results of repeated measures analysis of variance ANOVA for the anatomical properties of
the juvenile wood of the clone ‘Villafranca’ in different years and treatments by year.

Property Source SS d.f. MS F p

FL
(mm)

Years 50.41 3 16.80 1364.30 0.000000

Years × treatment 0.272 9 0.030 2.50 0.008859

DCWT
(µm)

Years 17.15 3 5.72 9.81 0.000002

Years × treatment 47.60 9 5.29 9.07 0.000000

FLD
(µm)

Years 241.2 3 80.40 17.68 0.000000

Years × treatment 107.9 9 12.00 2.63 0.006425

FLA
(%)

Years 845.0 3 281.70 11.82 0.000001

Years × treatment 477.7 9 53.10 2.29 0.023917

VLD
(µm)

Years 25165 3 8388 93.10 0.000000

Years × treatment 1256 9 140.00 1.55 0.131871

VLA
(%)

Years 5591.0 3 1863.70 89.34 0.000000

Years × treatment 119.9 9 13.30 0.64 0.763408

RA
(%)

Years 412.99 3 137.66 97.23 0.000000

Years × treatment 43.86 9 4.87 3.44 0.000773

CWA
(%)

Years 219.6 3 73.20 2.72 0.047344

Years × treatment 593.5 9 65.90 2.45 0.013121
Notes: FL—fibre length; DCWT—double cell wall thickness; FLD—fibre lumen diameter; FLA—fibre lumen area;
VLD—vessel lumen diameter; VLA—vessel lumen area; RA—ray area; CWA—cell wall area; SS—sum of squares;
d.f.—degrees of freedom; MS—mean sum of squares.

After all the treatments, an increasing radial trend was determined for FL (Figure 1).
A similar trend with increasing values between the years was detected for VLD and VLA.
On the other hand, RA showed a decreasing trend from 2004 to 2009 after all treatments.
Compared to the described trends, DCWT, FLD, FLA, and CWA showed no consistent
radial pattern after different treatments over the years (Figure 1).

3.2. Differences in Wood Anatomical Properties between Treatments

The results of the ANOVA with Tukey post hoc test for the first two years (2004 and
2005) are given in Table 3, and the results for years after fertilisation (2006 and 2009) are
given in Table 4.

The main effect of the treatment was significant for FL only in both years of fertilisation
(Table 3). For both years, significance was determined between N1 and N2, and between N1
and N3. DCWT, FLD, FLA, RA, and CWA were significantly affected by the treatments in
the first year only. On the other hand, the addition of nitrogen fertiliser had no significant
difference in VLD and VLA in 2004 and 2005. Most wood anatomical properties show a
significant difference between treatments N0 and N2, N0 and N3, N1 and N2, as well as
between N1 and N3 in 2004, and between treatments N0 and N2 in 2005 (Table 3). The
difference between N0 and N1 was determined only in DCWT.
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Table 3. Results of repeated measures analysis of variance ANOVA for the anatomical properties of
the juvenile wood of the clone ‘Villafranca’ in two years (2004 and 2005) during nitrogen fertilisation.

Property Year Source SS d.f. MS F p Tukey
Post Hoc *

FL
(mm)

2004
Treatment

0.41983 3 0.1399 11.2 0.000000 N0-N2/N3, N1-N2/N3

2005 0.1646 3 0.0549 4.63 0.003253 N1-N2, N1-N3

DCWT
(µm)

2004
Treatment

13.6881 3 4.5627 6.31 0.000334 N0-N1, N0-N2, N0-N3

2005 0.0000 3 1.2073 2.57 0.053922 N0-N2

FLD
(µm)

2004
Treatment

75.2637 3 25.0879 4.15 0.008825 N0-N2, N0-N3

2005 22.6017 3 7.5339 1.18 0.321366

FLA
(%)

2004
Treatment

256.4162 3 85.4721 3.05 0.038165 N0-N2

2005 81.1634 3 27.0545 1.43 0.246736

VLD
(µm)

2004
Treatment

543.5537 3 181.1846 2.37 0.077484

2005 114.6873 3 38.2291 0.37 0.777731

VLA
(%)

2004
Treatment

145.6191 3 48.5397 1.60 0.196552

2005 11.0784 3 3.6928 0.23 0.872841

RA
(%)

2004
Treatment

13.6097 3 4.5366 6.56 0.000918 N1-N2, N1-N3

2005 6.4606 3 2.1535 0.56 0.643333

CWA
(%)

2004
Treatment

425.2000 3 141.7333 6.08 0.001481 N0-N2, N0-N3

2005 129.7412 3 43.2471 2.00 0.127457

Notes: FL—fibre length; DCWT—double cell wall thickness; FLD—fibre lumen diameter; FLA—fibre lumen area;
VLD—vessel lumen diameter; VLA—vessel lumen area; RA—ray area; CWA—cell wall area; SS—sum of squares;
d.f.—degrees of freedom; MS—mean sum of squares. * Post hoc: significant difference in pairs of treatments
between-,/in case of multiple pairs.

Table 4. Results of repeated measures analysis of variance ANOVA for the anatomical properties of
the juvenile wood of the clone ‘Villafranca’ in two years (2006 and 2009) after nitrogen fertilisation.

Property Year Source SS d.f. MS F p Tukey
Post Hoc *

FL
(mm)

2006
Treatment

0.6389 3 0.2130 14.24 0.000000 N0-N3, N1-N2, N1-N3
2009 0.1379 3 0.0460 2.38 0.068249

DCWT
(µm)

2006
Treatment

26.9698 3 8.9899 14.27 0.000000 N0-N1, N1-N2, N1-N3
2009 9.8136 3 3.2712 5.34 0.001264 N0-N1, N0-N3

FLD
(µm)

2006
Treatment

56.0112 3 18.6704 2.80 0.045806 N0-N3
2009 7.5686 3 2.5229 0.69 0.563483

FLA
(%)

2006
Treatment

398.5898 3 132.8633 5.24 0.003526 N1-N3, N2-N3
2009 255.3311 3 85.1104 3.50 0.023118 N1-N3

VLD
(µm)

2006
Treatment

459.5141 3 153.1714 1.24 0.300380
2009 644.9934 3 214.9978 2.37 0.077259

VLA
(%)

2006
Treatment

31.9503 3 10.6501 0.45 0.718302
2009 58.1498 3 19.3833 1.42 0.242953

RA
(%)

2006
Treatment

23.4016 3 7.8005 2.90 0.045570 N1-N3
2009 13.1649 3 4.3883 2.25 0.095309

CWA
(%)

2006
Treatment

257.6216 3 85.8739 2.64 0.061452
2009 548.7042 3 182.9014 9.03 0.000089 N0-N3, N1-N3, N2-N3

Notes: FL—fibre length; DCWT—double cell wall thickness; FLD—fibre lumen diameter; FLA—fibre lumen
area; VLD—vessel lumen diameter; VLA—vessel lumen area; RA—ray area; CWA—cell wall area; SS—sum
of squares; d.f.—degrees of freedom; MS—mean sum of squares. * Post hoc: significant difference in pairs of
treatments between -.
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The main effect of the treatment was significant for DCWT and FLA only in both
years after fertilisation (Table 4). The first year after fertilisation showed a significant
difference between treatments in FLD and RA, while in 2009 this was detected in CWA
only. Most wood anatomical properties show a significant difference between treatments
N0 and N3, N1 and N2, as well as between N1 and N3 in 2006, and between treatments
N0 and N3, and N1 and N3 in 2005 (Table 3). The difference between the control (N0)
and the lowest nitrogen dose (N1) was determined only in DCWT, as in the two years
during fertilisation. When observing all wood anatomical properties, the highest nitrogen
treatment (N3) mainly differed from treatments N0 and N1.

3.3. Growth Rate and Wood Anatomical Properties

The mean values and standard deviations of annual ring widths are given in Table 5.

Table 5. Descriptive statistics for the juvenile wood annual ring widths (ARW) of the clone ‘Villafranca’
in different years.

Property Year

Treatment

Σ N0 N1 N2 N3

Mean SD Mean SD Mean SD Mean SD Mean SD

ARW
(mm)

2004 20.72 0.92 20.17 0.85 21.97 5.00 19.91 5.20 20.83 4.18
2005 22.23 0.38 21.86 2.27 22.76 1.65 22.20 2.43 22.11 2.24
2006 14.87 0.71 14.04 2.07 15.34 3.05 15.57 1.03 14.53 3.07
2009 8.99 0.75 8.76 2.88 9.37 2.84 9.77 1.74 8.05 2.15

Notes: ARW—annual ring width; SD—standard deviation.

From the results in Table 5, Wider ARW are detected in two years of fertilisation for all
treatments, including N0. Furthermore, differences in ARW between the years following
each treatment are statistically significant.

In the two years during and two years after fertilisation, FL, VLD, and VLA were
strongly negatively correlated with ARW following all treatments (Table 6). However, RA
was strongly positively correlated with ARW. DCWT was weakly negatively correlated
with ARW following treatments N1 and N2 but strongly negatively correlated following
treatments N0 and N3. FLA showed different degrees of correlation with ARW, all being
positive. A moderately positive correlation was detected between FLD and ARW after
treatment N0, while other treatments resulted in a moderately negative correlation. While
CWA moderately correlated with ARW following all treatments, it was positively correlated
after N1 and N2 and negatively after N0 and N3.

Table 6. Correlation coefficients of the annual ring width and anatomical properties of the juvenile
wood of the clone ‘Villafranca’ during and after fertilisation.

Correlation Coefficient

Treatment FL-ARW DCWT-ARW FLD-ARW FLA-ARW VLD-ARW VLA-ARW RA-ARW CWA-ARW

N0 −0.9573 −0.9380 0.5023 0.9669 −0.7904 −0.8504 0.9844 −0.5635
N1 −0.9514 −0.1085 −0.4026 0.1382 −0.8819 −0.9837 0.9190 0.7156
N2 −0.8856 −0.2639 −0.6483 0.4477 −0.9266 −0.9642 0.9861 0.6840
N3 −0.9411 −0.9844 −0.5027 0.9963 −0.8504 −0.9518 0.9513 −0.7553

ALL −0.9176 −0.3092 −0.3330 0.6023 −0.8437 −0.9456 0.9152 0.1227

Notes: ARW—annual ring width; FL—fibre length; FLD—fibre lumen diameter; FLA—fibre lumen area;
VLD—vessel lumen diameter; VLA—vessel lumen area; RA—ray area; CWA—cell wall area.

4. Discussion

Nowadays, fertilisation experiments are more often performed on softwoods than
hardwoods, which means that more literature findings on this topic relate to softwoods.
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In some cases, the impact of the application of one fertiliser on tree productivity is
observed even after several years [35]. However, the short-term effect of fertilisation on
the anatomical properties of wood has been confirmed [36]. Consequently, such effects
depend on the treatment used (type of nutrients, dose, etc.), as well as on the genotype of
the trees [28,37,38].

Nitrogen fertilisation on the clone ‘Villafranca’ was carried out in two consecutive
years, 2004 and 2005. In order to investigate the immediate and possible post-treatment
effect of nitrogen fertilisation on wood anatomical properties, two years during fertilisation
(2004 and 2005) and two years after fertilisation (2006 and 2009) were included in the
measurements. Data on radial variations in the wood anatomical properties of treated trees
are also very scarce. Since the null hypothesis was rejected for specific wood anatomical
properties, especially with the results for 2005, comparisons were made between each pair
of treatments.

Studies exist on the influence of fertilisation on wood properties. However, they are
sometimes difficult to interpret because the response to fertilisation depends on the age of
the trees, the composition of the fertiliser, and the period in which the fertilisation is carried
out [20]. However, since external environmental factors provide the physical conditions for
all biological processes, fertilisation affects the tree’s growth and thus, in a certain way, the
wood structure [39].

The results of this research indicate that only FL was significantly affected by dif-
ferent nitrogen treatments during both years of fertilisation. Research on the Populus
deltoides clone [40] reported longer, thicker, wider fibres and wider vessels after three years
of fertilisation. In this research, the application of nitrogen reduced FL in 2004, while
only N1 increased FL in 2005. This is supported by a few sources on different wood
species [41,42]. The shorter fibre result is possibly due to decreased fusiform cambial
initials following different environmental conditions [26]. DCWT increased after all three
nitrogen doses. Higher nitrogen doses (N2 and N3) had a greater effect on individual wood
anatomical properties.

The larger dimensions of the fibres and vessels after the addition of nitrogen are
possible evidence of the maturity of cambium [40]. FLD and FLA decreased after the
medium (N2) nitrogen dose in 2004. Only VLA showed no significant effect of treatments
during fertilisation. Nitrogen fertilisation on Populus spp. resulted in shorter fibres, but
in contrast, thinner cell walls, wider vessels and fibres, and a decrease in the cell wall
area [29,30,38]. All these results indicate that the nitrogen effect varies with different poplar
species. RA also increased after higher doses (N2 and N3) were applied. Early findings on
hardwood support this result [20].

The first application (first year) of nitrogen fertiliser was expected to affect its structure.
The observed years significantly differed in the amount of precipitation within the growing
season. There was an average amount of precipitation in 2004, while the humid year of 2005
is particularly noteworthy. Average temperatures but typical of the extremely high amounts
of precipitation in 2005 could explain the small or insignificant effect of fertilisation in
that year. We also have to consider the possibility that part of the fertiliser was not used
but washed away on such light soils. However, the differences in FL in 2005 were not
detected in comparison to the control trees (N0), but only between the nitrogen treatments.
This could be due to the differences in the microenvironment of the trees [43], despite
the treatment applied. Environmental factors constantly interact in a complex manner,
complicating the analysis of the effects of the selected factors [39].

The clone ‘Villafranca’ trees were harvested young, producing a high proportion of
juvenile wood. Juvenile wood is considered to be highly variable in properties [26]. This
could explain the radial trends in the certain wood anatomical properties investigated. In
juvenile wood, fibre length usually increases with age [44]. FL showed an increasing trend
as the age of the clone ‘Villafranca’ increased. This suggests that cambial age has an essential
effect on the length of wood fibres [43]. The application of nitrogen fertiliser resulted in an
increase in VLD and VLA with age as well. While the years-by-treatment interaction was
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significant for FL, similar trends in VLD and VLA caused it to be insignificant. Unlike other
wood anatomical properties, only RA showed a consistent decrease with age. Concerning
the significant interaction effect, other fibre characteristics (DCWT, FLD, and FLA) display
non-consistent radial patterns with treatments. The cell wall thickness of juvenile wood is
expected to increase with age and is confirmed after fertilisation in conifers [45–47]. This
trend was seen only after the N0 treatment. According to the results, the change in CVA
could be controlled by the complex interaction of the parameters included in its calculation.
In Eucalyptus grandis fertilised wood, significant differences have been determined in
fibre length, fibre diameter, fibre wall thickness, and vessel diameter following the radial
position [48].

The short-term effect of nitrogen on the anatomical properties of poplar wood has
been confirmed in the literature [38,40] and in this research. The long-term response to
growth was detected after intensive and repeated nitrogen fertilisation [49]. Although
fertilisation can improve growth and affect wood properties, its effect on tree growth is not
long lasting and requires repeated fertilisation treatments [26]. While nitrogen fertilisation
hardly affected the anatomical properties of the wood in 2005, significant differences were
detected two years after fertilisation. VLD, VLA, and CWA showed no significant effect
post fertilisation, while the same was true in 2005. Consequently, no differences were
expected after two years of treatment. Insignificant differences between treatments were
determined for DCWT, FLD, FLA, and RA in 2005. However, they were calculated as
significant the year after. No such effect was reported in the literature. Inconsistent data
resulted from the analysis of individual wood anatomical properties during fertilisation
and post fertilisation. Compared to the control (N0), the effect was significant after three
years (in 2006) for FL and FLD. DCWT was significantly different between treatments in
2006, but not in 2005. The effect of treatment after 2006 was determined only for DCWT
and CWA.

Usually, the response to treatment is found in the year following fertilisation or in the
year of re-fertilisation [49]. Significant effects up to four years might be expected [36] but
in continuation over the years. The results point to the possibility of a prolonged effect of
nitrogen fertilisation despite the suggestion that the site may not have been in a condition
to respond to fertilisation in 2005. Some preliminary data confirm the excellent response
of this clone to nitrogen fertilisation. However, it is not easy to make definite conclusions
about the long-term results of this research because of certain confounding influences, such
as overall site and climatic conditions in the years investigated.

Wood quality is assumed to deteriorate, and the growth rate increases with the inten-
sity of the silvicultural treatments applied [50], such as with fertilisation. However, it is
challenging to characterise the effect of nitrogen fertilisation as exclusively positive or nega-
tive. This is due to the different requirements regarding the anatomical properties of poplar
wood for specific purposes. On the one hand, the paper industry requires longer wood
fibres with thinner walls and thus larger diameters and proportions of their lumens [47,51].
On the other hand, thicker fibre walls and a more significant proportion of wood cell walls
contribute to increased wood density and thus better mechanical properties [43]. The
results of this research could be interpreted accordingly. Nitrogen fertilisation reduced FL
to some extent but increased DCWT and CWA. This effect is likely to be considered positive
regarding the different poplar wood utilisation.

Nitrogen fertilisation increases the annual ring widths of different species [27,49]. The
faster growth rate in 2004 and 2005 was associated with younger tree age and response to
nitrogen fertilisation. The nitrogen quantities required for sustainable growth of different
Populus species are between 100 and 300 kg/ha/year [17]. The amounts in this range were
applied in the current research. Good growth, especially in 2004, can be attributed to the
synergistic influence of initial soil fertility, fertilisation, and favourable climatic conditions,
which affected the favourable state of nutrition.

The variation in DCWT was poorly explained by ARW following the lowest and
medium nitrogen dose (N1 and N2). This was supported by findings on the positive



Biology 2022, 11, 1348 12 of 14

effect of the treatment on ARW, an important factor explaining the effects on primarily cell
wall thickness [47,52]. A similar correlation was detected for FLA after the N1 treatment.
Other wood anatomical properties were moderately or strongly correlated with ARW, both
positively and negatively. This suggests that the observed changes in wood anatomical
properties are associated with growth responses [41]. ARW is often weakly correlated with
wood density in fertilised trees [36,52]. CWA and wood density are dependent parameters
within annual growth rings. However, this research displays the opposite correlation
between CWA and ARW.

5. Conclusions

Only FL was significantly affected by the different nitrogen treatments during the
application of nitrogen in two consecutive years. Each of the three levels of nitrogen
fertilisation differently affected changes in the anatomical properties of the juvenile wood
of the clone ‘Villafranca’ in each year of application. In the first year, fertilisation reduced FL
and increased DCWT, RA, and CWA, while VLD and VLA were not significantly affected.
Inconsistent changes were detected in FLD and FLA.

While most wood anatomical properties were not affected by the treatments in 2005,
the short-term effect of nitrogen fertilisation is seen in the results in 2004. The post-treatment
effect was detected in FL, DCWT, FLD, FLA, and RA. However, due to the insignificant
results in 2005, it is impossible to confirm the post-treatment effect of nitrogen fertilisation
on these properties.

In comparison to the control (N0), most wood anatomical properties were changed
after the medium (N2) and highest nitrogen dose (N3).

The most significant source of variation was determined to be the treatment in the first
year of fertilisation. The effect of the years and time interaction significantly affected most
of the wood anatomical properties investigated.

Both positive and negative effects of nitrogen fertilisation on wood anatomical proper-
ties regarding different demands for wood utilisation can be deduced from this research. A
moderate to strong correlation between individual wood anatomical properties and ARW
following nitrogen fertilisation was determined, both positive and negative. Furthermore,
response to growth was detected in all wood anatomical properties except DCWT and FLA.

The results of this research may contribute to a better understanding of the effects
of nitrogen fertilisation on the quality of poplar juvenile wood, providing essential data
for the future use of fertilisers in poplar breeding. The research can also serve as a basis
to support and increase the ecological and economic value of Drava floodplain forests
near Varaždin.
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