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Abstract

Fertilization is a method to enhance tree growth and timber production. Ammonium nitrate and wood ash are
commonly used fertilizers, which can be applied at the same time to increase levels of both nitrogen and other
macro- and micronutrients. We studied how ammonium nitrate and wood ash fertilization affects photosynthetic
activity and transpiration at leaf level in a deciduous tree plantation in former agricultural land with mineral soil,
located in the central part of Latvia (Keipene parish). Additionally, we performed foliar and soil nutrient analyses.
Our results support the notion that nitrogen fertilization may not result in increased photosynthetic activity. It is
possible that the photosynthetic activity has increased at canopy scale along with increasing leaf area, not at leaf scale.
Wood ash addition seems to have resulted in higher photosynthetic activity for hybrid alder, although it could not be
explained with phosphorus availability. Although closely related to photosynthesis, in most cases transpiration was
not positively affected by fertilization. Environmental factors, such as humidity, temperature and wind speed may
have a greater effect on this process.
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forestry.

Introduction

Fertilization is a silvicultural practice, applied
to enhance tree growth and thus to increase timber
production. In forests on mineral soils, nitrogen (N)
containing fertilizers are usually applied, whereas in
peatland forests phosphorus (P) and potassium (K)
fertilizers are mostly used (Saarsalmi & Milkonen,
2001). In forests on mineral soils the normally applied
N dose with fertilizers is 150 kg ha! and the following
growth response is 20-25 m* ha' (Pukkala, 2017). The
effect is the most intense in the first five years; however,
it may last about 12 years (Saarsalmi & Mélkdnen,
2001). Ash is a by-product of biomass burning. It
contains major bioavailable nutrients required for
optimal tree growth: potassium (K), phosphorus (P),
calcium (Ca), magnesium (Mg), and several trace
elements; however, it does not contain nitrogen. Wood
ash can also be used as liming material due to its high
content of calcium oxide and hydroxide (Karltun et
al., 2008). The recommended dose of P for peatland
forests is 40-50 kg ha™', and that for K is 40-80 kg
ha™', which correspond to a wood ash dose of 2000—
5000 kg d.w. (Sikstrom, Almqvist, & Jansson, 2010).
In Finland, wood ash has been extensively applied to
conifer stands in drained peatland forests since 1935.
In Sweden, wood ash is produced on a large scale as
well and applied to acidified forest soils in the southern
part of the country (Lundstrom et al., 2003). There
have been studies of the impact of forest fertilization
on tree growth in Latvia as well. Wood ash and
potassium sulphate application significantly improved
tree growth in Norway spruce stands on both drained
mineral and peat soil. The effect increased continually
in the following 4 years (Okmanis et al., 2016). The
effect of wood ash has also been evaluated for Scots

pine and Norway spruce seedlings. Ash application (5
to 10 t ha™') to restoration site on drained fertile peat
soil one year before planting the seedlings resulted
in an improved tree height and diameter growth. The
effect was long-term and lasted 10 years after the
seedlings had been planted (Jansone ef al., 2020).

The worldwide plantation area is still expanding
and most of them are fertilized at some stage
of development. In addition to increased wood
biomass, another benefit of fertilizer application is a
shortened rotation period (Smethurst, 2010). Silver
birch is the most frequently planted tree species in
Latvia, followed by Norway spruce and black alder.
In an experimental Norway spruce plantation in
Kalsnava, Latvia, fertilization with ammonium nitrate
(NH,NO,), superphosphate and potassium nitrate with
doses 56 kg ha! of N, 24 kg ha! of P and 44 kg ha'! of
K, respectively, significantly increased the dimensions
of trees (ca. 17% increase of stemwood volume, 7% —
of diameter and 3% — of height) in long-term (Jansons
etal., 2016).

Photosynthesis can be defined as the process
by which plants use sunlight to synthesize organic
compounds from carbon dioxide and water.
Transpiration is a process coupled with photosynthesis,
and it is the discharge of water vapour through
stomata (Tuzet, 2011). The two main functions of
transpiration are reducing the temperature of the
plant and providing the flow of water and nutrients to
leaves. Photosynthetic response of plants to elevated
concentrations of nutrients is complex and depend
on many environmental and physiological factors.
Studies show that tree canopy-scale photosynthesis
increases either along with increasing needle N
contents or additional leaf area, or both of these factors
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(Evans, 1989). In an N-deficient environment, the
use of organic C compounds for N assimilation and
growth is restricted and less carbohydrate is exported
from plant leaves (Paul &Driscoll, 1997).

The effect of N addition on photosynthesis at leaf-
and canopy-scale depends on the balance between
tree photosynthetic capacity and leaf area. Several
studies suggest that high foliar N concentrations
could lead to unbalanced nutrient availabilities.
Phosphorus may play an important role in restricting
leaf-scale photosynthetic capacity (Bauer et al.,
2004; Ellsworth et al., 2015; Niinemets et al., 2001;
Walker et al., 2014). Increased nitrogen availability
and foliar concentrations do not always indicate
increased photosynthetic activity. Under certain
conditions nitrogen is increasingly allocated to non-
photosynthetic compounds, e.g., free amino acids
(Nésholm & Ericsson, 1990; Nésholm, 1994). The
amino acid arginine is excessively found in needles
of conifers growing in N-rich environment (Bauer et
al.,2004; Nordin, Uggla, & Nésholm, 2001). Arginine
synthesis is often enhanced by low availability of P
and several other macro- and micronutrients and could
be a possible general response to environmental stress
(Nésholm & Ericsson, 1990). However, most of these
studies focused on the fertilization effects on conifers
and needle chemistry.

Variations in photosynthetic activity have been

Studying this parameter can provide useful information
on the growth potential of certain tree species and
certain genotypes (Kundu et al., 1998; Orlovi¢ et al.,
2014). The aim of the study was to investigate how
forest fertilization influences leaf-level photosynthetic
activity, transpiration and foliar nutrient levels in a
deciduous tree plantation.

Materials and Methods

Study site — the Keipene plantation — is located in
the central part of Latvia, Ogre municipality, Keipene
parish (56°55°59.3°’N 25°08’15.4°E). Tree seedlings
were planted in 2012 and 2013 on former agricultural
land with mineral soil. In 2016, prior to fertilization,
soil and leaf/needle analyses were carried out and
phosphorous deficiency was diagnosed. Fertilizers
were spread manually in 2017. In total, 16 parcels
were fertilized with 0.44 t ha'! ammonium nitrate
and in parcels, where decreased tree growth was
observed, wood ash was added (3 t ha'). Wood
ash was obtained from SIA Graanul Pellets pellet
factory. The element concentration of wood ash was
9.6 g kg' P, 25.96 g kg!' K., 153.32 g kg! Ca and
11.58 g kg! Mg. The following tree species were
included in the study: silver birch (Betula pendula
Roth.), common alder (Alnus glutinosa (L.) Gaertn.),
wild cherry (Cerasus avium (L.), Moench syn. Prunus
avium L.) and also an aspen hybrid and an alder

reported as determinants of plant productivity. hybrid.
Table 1
Fertilizer use per plot and characteristics of fast-growing tree plantation in Keipene
No. of plot Tree species Fertilized area, ha Ammonium nitrate, kg Wood ash, kg
18 Black alder 0.12 53 -
20 Silver birch 0.12 53 -
19b Hybrid alder 0.06 26 180 (1.73 kg P, 4.67 kg K,
27.60 kg Ca, 2.10 kg Mg)
6b Hybrid aspen 0.09 40 -
7 Silver birch 0.18 79 -
22 Black alder 0.12 53 -
8a Wild cherry 0.09 40 270 (2.59kg P, 7kg K,
41.40 kg Ca, 3.13 kg Mg)
8b Hybrid aspen 0.09 40 -
24 Black alder 0.14 62 -
25 Silver birch 0.14 62 -
26a Black alder 0.08 35 -
26b Hybrid alder 0.04 18 -
27¢ Silver birch 0.08 35 -
27b Black alder 0.08 35 -
67 Hybrid aspen 0.12 53 -
57 Silver birch 0.12 53 -
57 Silver birch 0.12 53 -
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Figure 1. Photosynthetic activity (A) of fast-growing deciduous tree species and hybrids at different
fertilization regimens (mean values + SEM).

Photosynthetic activity (A) and transpiration
(E) were measured with LCI Compact Portable
Photosynthesis System, using the chamber for
broadleaves. The photosynthetically active light
intensity of leaf area (Qleaf) was set to 1500 pmol m™
sI. Measurements were carried out for 3 trees in each
parcel. The samples of leaves (3 of each tree) were
collected from the upper parts of tree canopies after
taking measurements of photosynthetic activity. Soil
samples were collected prior to foliar measurements
in 2019, from depths of 0—10 cm, 10-20 cm, 2040
cm and 40-80 cm.

The collected leaves were dried at 70 °C and

milled. Leaves were not washed prior to preparation.
Soil samples were air-dried, homogenized and sieved
(2 mm pore size), according to the ISO 11465:1993.
To measure macronutrient levels —-N (g kg'), Ca (g
kg!), Mg (g kg'), K (g kg') and P (g kg'), both soil
and leaf samples were microwave-digested (Mars 6
iWave. CEM), using 65% HNO,. Leaf extracts were
analyzed with Inductively coupled plasma - optical
emission spectrometer (ICP-OES, iCAP 7200 Duo
Thermo Fisher Scientific) and soil extracts — with
Flame Atomic Absorption Spectroscopy (FAAS,
AAnalyst 200. Perkin Elmer).
Data were processed and analyzed with Microsoft
Excel and Rstudio. We performed Student’s T-test
and Wilcoxon rank sum test with continuity correc-
tion (the test was chosen, depending on normality of
data distribution) to estimate differences between the
control and treatment plots at species level. Spearman
rank correlation analysis was performed for foliar and
soil nutrient concentrations. Statistical analyses were
conducted, using software RStudio, at a 95% confi-
dence level.

Results and Discussion

In the control plots, where hybrid alder was
planted, the average value of photosynthetic activity
(A) was 28.3 + 4.5 umol m? s’!, whereas in parcel,
where ammonium nitrate was spread, the value was
34.9+5.7 umol m? 5!, and in parcel, where wood ash
was applied additionally to ammonium nitrate, the
average value was 46.9+2.4 pmolm?s'. The average
values of photosynthetic activity for silver birch and
hybrid aspen in both control and parcels treated with
NH,NO, did not differ significantly. For silver birch
the average values were 37.1 + 3.9 pmol m? s! and
35.2+4.8 umolm?s!in control and treatment parcels,
accordingly, and for aspen hybrids the values were
39.8 £ 2.5 umol m? s and 39.2 + 1.5 pmol m? s™'.
For black alder and wild cherry higher
photosynthetic activity was recorded in control plots
(34.7 £ 2.3 umol m? s un 29.3 £ 4.8 umol m? s°!
for black alder, 41.1 £ 1.7 pmol m? s' and
37.8 + 14.8 umol m? 5! for wild cherry, respectively).
Statistically significant increase in photosynthetic
activity was found only in case of alder hybrid, when
wood ash was applied along with ammonium nitrate
(p = 0.0228, Student’s T-test). It is known that for
silver birch the maximum photosynthetic efficiency
at full sunlight is about 10 — 50% (Perala & Alm,
1990). The comparison of the mean values of A and
the calculated standard error of the mean (SEM) are
shown in Figure 1.

Silver birch is able to compensate the damage of
leaves and defoliation by increasing photosynthetic
activity. This means that even less optimal growing
conditions would not affect photosynthesis and could
explain the insignificant differences between control
and N treatment plots. (OECD, 2006).
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Figure 2. Transpiration (E) of fast-growing deciduous tree species and hybrids at different fertilization
regimens (mean values = SEM).

Hybrid alder shows higher photosynthetic rate
in the N treatment plots, compared with black alder.
The rate is even higher, when wood ash is applied.
Previous studies show that hybrids express higher
photosynthetic rates, which is interpreted as being a
result of a heterosis effect, resulting from an enhanced
expression of genes coding for CO, fixation-related
proteins (Parnik et al., 2014; Song et al., 2010).

Comparing the transpiration (E) measurements,
higher values were only registered for black alder
(3.65 +0.45 in control plots and 4.57 = 0.72 mol m? s™!
in treatment plots). In the rest of the cases in plots,
where fertilizers have been applied, the measured

values were lower (for birch 3.56 + 0.50 mol m? s’
in control and 2.56 + 0.46 mol m? s in treatment
plots, for hybrid alder the transpiration values were
4.09 £ 0.50, 3.99 = 0.22 and 1.35 £ 0.02 mol m? s’!
in control, nitrogen treatment and wood ash/nitrogen
treatment, respectively. For wild cherry, transpiration
was registered only in control plots (2.14 £ 0.14 mol
m? s). The comparison of the mean values of E and
the calculated SEMs are shown in Figure 2. No general
pattern was observed between fertilizer application and
transpiration. Such factors as humidity, temperature
and wind speed may have affected transpiration
rates. Birches use water inefficiently and excessive

Table 2
Foliar nutrient content of fast-growing deciduous tree species and hybrids (mean values £+ SEM)
Species | Iertilization N, g kg P, g kg Ca, g kg’ Mg, g kg K, g kg
regimen
Black alder Control 38.0+0.8 3.81£0.67 11.68 +1.07 3.86 +0.19 14.37 £ 0.65
NH,NO, 38.12 £ 1.00 3.67+0.17 9.97 +0.45 3.59+0.15 13.40 £0.29
Silver birch | Control 39.47 £ 0.90 3.87+0.29 7.09+1.07 3.23+0.21 10.21 £0.70
NH,NO, 37.42+0.70 3.79+0.11 7.37+0.79 344 +0.13 10.08 £ 0.61
Hybrid alder | Control 37.50+0.46 3.598 £0.12 9.95+0.79 2.71+0.28 13.35+0.65
NH,NO, 39.71 £ 1.38 4.050 £0.20 10.38 +£1.03 3.19+0.23 13.98 £ 0.60
NH,NO, + 35.77+1.59 2.97+0.09 9.89 £ 0.25 3.28+0.23 13.62 £0.75
wood ash
Hybrid aspen | Control 36.46 + 1.64 4.84+0.28 13.92+2.16 3.97+0.11 19.51+0.99
NH,NO, 36.66 + 1.24 4.56+0.22 1091 +1.01 3.57+0.13 17.58 £ 0.47
Wild cherry | Control 34.50+£2.14 4.36+0.28 1447 £1.76 4.69+£0.19 16.29 + 1.11
NH,NO, + 37.56 £0.72 4,58 +0.65 19.95 +1.85 476 +0.14 18.22 £ 1.60
wood ash
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transpiration is characteristic to this species. In large
trees daily transpiration is about 514 kg water per 1 kg
foliage (OECD, 2006). Black alder is another water-
demanding species, and their leaves lack a mechanism
for transpiration control (Laessens, Oosterbaan, &
Peter, 2010). Results show that birch, black alder and
alder hybrids have the highest transpiration rates.

Although no statistically significant differences
in foliar chemistry between control and fertilized
plots were found when comparing the treatments, an
increase in phosphorus concentration was observed
for hybrid alder in case of ammonium nitrate addition.
It was expected that wood ash application would
avert phosphorus deficiency, resulting in higher
photosynthetic activity; however, the contrary was
observed for hybrid alder — in plots treated with
wood ash, phosphorus concentration was the lowest
among treatments. One of the possible explanations
for increasing photosynthetic activity could be the
role of trace elements in photosynthesis, whose levels
might have increased after addition of wood ash.
An overall increase in foliar nutrient content was
observed for wild cherry; however, it did not result in
photosynthetic activity increase. Foliar nutrient levels
are summarized in Table 2.

No statistically significant correlations were found
between leaf nitrogen, leaf carbon and soil parameters
(total soil carbon, total soil nitrogen and pH);
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however, the correlations in most cases were weakly
to moderately positive. The increased soil nitrogen
content is reflected in increased foliar nitrogen levels,
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Conclusions

1. The study indicates that nitrogen addition may
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such as humidity, temperature and wind speed may
play a larger role in this process.
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