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ABSTRACT

Alder (Alnus glutinosa) is a nitrogen-fixing species commonly used in the reclamation of mining sites. Nitrogen supply is assumed to
be beneficial for soil development, soil carbon storage and overall ecosystem recovery. However, earlier studies show that in old alder
plantations, growth is slow. The experiment reported here was done to test the hypothesis that a surplus of nitrogen can suppress the
nitrogen fixing activity of Frankia, which is the nitrogen-fixing symbiont of alder, resulting in a reduction in the growth of alder. Potted
alder seedlings were grown in a greenhouse into two types of non-sterilised spoil heap soils from the Sokolov brown coal mining district in
Czechia. Two different concentrations of ammonium nitrate were tested, which mimic the addition of 25 and 50 kg N.ha-7, together with a
control in which no nitrogen was added. The addition of nitrogen to the soil significantly reduced both alder growth and the formation of
Frankia tubers. This indicates that once there is sufficient nitrogen in soil, alder growth will be suppressed even in the absence of competition

from other plants, which has implications for using alder in reclamation.
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Introduction

Post-mining sites are often poor in available nitrogen
(N) (Bradshaw 1996). Planting N-fixing trees is a com-
mon approach to improving soils and increasing the N
pool in soil organic matter (Batterman et al. 2013; Brook-
shire et al. 2019; Levy-Baron et al. 2019; Kou-Giesbre-
cht and Menge 2021). Alders are a genus of actinorhizal
plants, which are often used for afforestation of post-min-
ing sites in central Europe. This is due to their pioneer
status (Pietrzykowski et al. 2018; Perakis and Pett-Ridge
2019) and nitrogen-fixing ability of their bacterial sym-
bionts of genus Frankia, which fix atmospheric nitrogen.
Frankia are Gram-positive bacteria belonging to the Ac-
tinobacteria phylum. Among them, Frankia alni is the
only formally identified species known to form a sym-
biotic relationship with actinorhizal plants of the genus
Alnus. In associations with members of the Betulaceae
family, Frankia typically initiate intracellular infections
(Santi et al. 2013). These bacteria possess the ability to
fix atmospheric nitrogen (N,), both while residing within
plant root tubers and as free-living organisms in the soil
(Sellstedt and Richau 2013). Nitrogen fixation is facili-
tated by nitrogenase, an enzyme complex that is highly
sensitive to oxygen (Jang et al. 2000). The process of ni-
trogen fixation in root nodules can demand up to 12%
of the host plant’s total photosynthetic input, making the
symbiotic relationship particularly beneficial in environ-
ments where nitrogen availability islow.

Earlier studies at the Sokolov post-mining sites (Frouz
et al. 2015) show that the growth of 30-year old alder,
A. glutinosa, is stunted. A plausible explanation is that
there is already sufficent nitrogen in the soil and this re-
duces Frankia performance, consequently negatively af-
fecting the growth of alder. This assumption is supported
by several laboratory experiments, as well as field obser-
vations on other alder species.

A greenhouse experiment using hydroponic culture,
Bélanger et al. 2011, reports that if exogenous nitrogen
(potassium nitrate) concentrations are increased they
gradually inhibit the symbiosis between Alnus glutino-
sa, A. viridis, A. incana and Frankia. In another green-
house study, different concentrations of ammonium ni-
trate reduced nodulation and nitrogen fixation in Alnus
sieboldiana (Yamanaka et al. 2016). Tiffany Laws and
Graves (2005) report that ammonium nitrate negative-
ly affects nodule (tuber) activity in Alnus maritima and
Frankia, and growth of alder.

In addition, field studies with various species of alder,
namely Alnus rubra, A. incana and A. alnobetula spp.
crispa, report that the addition of N in the form of organ-
ic or inorganic fertilizer reduces Frankia infestation and
nitrogenase activity, and consequently tree growth (Hurd
et al. 2005; Gaulke et al. 2006; Markham and Anderson
2021).

The aim of this study was to test the hypothesis that ni-
trogen addition will reduce Frankia infestation and alder
growth at post-mining sites. It is also expected that this
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effect will be more pronounced in old spoil soils where
the natural background of nitrogen is already high.

Materials and Methods

Materials

Alder [Alnus glutinosa (L.) Gaertn.] seeds were ob-
tained from Lesy Ceské republiky Company (Czech Re-
public).

Soils used in this study came from the Sokolov min-
ing district (Czech Republic), specifically sites that are
located at 450-550 m above sea level, where average an-
nual rainfall is 650 mm and average annual temperature
is 6.8 °C. Soils used in this experiment originated from
clay-rich tertiary mudstone deposits in post-mining spoil
heaps after brown coal mining. The material consists
mainly of clays (kaolinite, illite and montmorillonite),
quartz and calcium carbonate. Two soils were used in
this study, both coming from a chrono sequence of al-
der plantations (Frouz et al. 2001). The first soil, hereafter
called young, came from an 18-year old alder plantation,
while the other called old, came from a 70 years old plan-
tation. Carbon content in the young soil was 4% and 10%
in the old soil. N content was 0.2 and 0.6%, and pH was
8.5 and 6.5 in young and old soil, respectively (Bartuska
and Frouz 2015).

Pot experiment

Seeds of Alnus glutinosa (L.) Gaertn. were washed in
distilled water and then allowed to germinate for one
week. Once germinated, similarly developed seedlings
were chosen and planted individually in 150 ml pots
filled with post-mining spoil heap soils from the Sokolov
mining district in Czechia.

The pots were then treated with the equivalent 0 kg/ha,
25 kg/ha and 50 kg/ha ammonium nitrate and each treat-
ment was replicated 7 times.
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Fig. 1 Aboveground dry mass of alder in young and old soil exposed to
various levels of N fertilization (mean and SD). Statistically homogeneous
groups of fertilization treatments are marked by the same letter (LSD
post hoc test p < 0.05).

In addition to irrigation and providing fertilizer, which
was provided by top-watering, plants were checked every
other day and watered from the bottom with pure water
as needed.

The experimental plants were then placed in a green-
house kept at an average temperature of 20 °C and under
a light regime of 14/10 LD, 600 W.m~2 for four months.

After this period, the plants were carefully extracted
from the pots, dried at room temperature and weighed.

Data analysis

Tree biomass and Frankia infestation were tested using
two-way ANOVA using soil age and N fertilization level
as factors. In addition, one-way ANOVA was used to test
the effect of the N fertilizer on both soils separately. If
the ANOVA showed significant results, LSD post hoc test
was used. Computation was done using Statistica 13.0.

Results

Over the course of the experiment the effect of the
fertilizer on plant growth was obvious. Dry aboveground
biomass of alder seedlings was significantly affected by
both soil age and application of nitrogen fertilizer (Ta-
ble 1). The growth of seedlings was strongly negatively
affected by the nitrogen fertilizer, with seedlings grow-
ing in the nonfertilizer treatment having a significantly
higher dry mass than those growing in both fertilizer
treatments, with no significant difference between the
latter two (Fig. 1). Seedlings in the old soil grew slight-
ly and significantly better than in young soil (Fig. 1,
Table 1).

Production of Frankia tubers was significantly (Table
1) affected by nitrogen fertilizer; no tubers were formed
in any of the fertilizer treatments, thus tuber production
in non-fertilizer treatments were significantly higher
than in those treated with fertilizer (Fig. 2). In terms of
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Fig. 2 Mass of Frankia tubers on alder roots in young and old soils
(mean and SD) exposed to various levels of N fertilization. Statistically
homogeneous groups of fertilization treatments are marked by the
same letter (LSD post hoc test p < 0.05).
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Table 1 Output of two-way ANOVA (p values) exploring effect of soil
age and nitrogen fertilization and their interaction on aboveground
biomass of alders and mass of Frankia tubers.

Parameter Soil age N fertilization Interaction
aboveground 00123 >0.0001 ns
biomass

mass of tubers ns > 0.0001 ns

tuber production, there was no significant difference be-
tween the two soils (Fig. 2, Table 1).

Discussion

In agreement with the hypothesis and previous re-
search (Hurd et al. 2005; Gaulke et al. 2006; Bélanger et
al. 2011; Yamanaka et al. 2016; Markham and Anderson
2021), the addition of nitrogen affects the symbiotic rela-
tionship between alders and Frankia. This indicates that
the poor growth of alder trees in old soils (Frouz et al.
2015) may be at least partly associated with surplus ni-
trogen.

Contrary to the hypothesis, alder seedlings grew bet-
ter in old than young soil, this however, was not recorded
for the Frankia tubers. In the present experiment, soils
from alder plantations which were already inoculated
with Frankia strains that had time to establish on the lo-
cal spoil heap soils, so it is unlikely that there were any
problems with colonization or mismatch between alder
and Frankia strains (Balkan et al. 2019; Wolfe et al. 2022;
Yuan et al. 2023). Colonization of trees by Frankia in
young soil can be negatively affected by the availability of
phosphorus and micronutrients as the soil was alkaline
(Buchbauerova et al. 2024). Slightly better performance
of alder seedlings in old soil can be due to better availa-
bility of nutrients in these soils. Also, the symbiotic rela-
tionship is further affected by the presence and activity
of other symbionts, like mycorrhizal fungi and rhizobac-
teria (Yamanaka et al. 2005), which may be better devel-
oped in old soil.

Condlusion

Results clearly show that surplus of nitrogen suppress-
es colonization of alder roots by the N-fixing symbiont
Frankia and have a negative effect on alder growth. This
indicates that accumulation of nitrogen in soil due to the
activity of alders and their symbionts may have negative
effect on these symbiotic interactions and eventually im-
pair performance of alder trees. These findings have a
clear implication for the restoration of spoil heap soils.
While planting nitrogen-fixing trees can speed up soil
development, their long- term persistence at a site is un-
likely.
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