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Abstract—The natural nitrogen-15 abundance method does not always make it possible to calculate the rate
of symbiotic nitrogen fixation by legumes and needs to be improved. Five legume species typical for the alpine
belt of the Teberda Nature Reserve (Anthyllis vulneraria, Astragalus levieri, Hedysarum caucasicum, Oxytropis
kubanensis, and Trifolium polyphyllum) have been grown from seeds under conditions of laboratory vegetation
experiment. The results show that nodules on the roots of these plants are formed at early stages of their devel-
opment; Trifolium polyphyllum does not form nodules either under high-mountain conditions or during
growth in the laboratory. The natural 15N abundance in the leaves of legume plants in alpine ecosystems
makes it possible to calculate the contribution of atmospheric N2 to nitrogen nutrition as early as the first year
of their development, while the isotopic nitrogen composition of the roots does not allow this parameter to
be determined. The calculation of atmospheric nitrogen fixation rate should take into account isotope frac-
tionation between symbiotic bacteria (nodules) and the host plant; otherwise, the proportion of fixed nitro-
gen in plant nutrition may be underestimated.
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Symbiotic nitrogen fixation is essential for the
functioning of ecosystems. Although the estimates of
the global input of fixed atmospheric N2 to natural ter-
restrial ecosystems may differ severalfold depending
on what calculation methods are used (from 195 [1] to
128 [2] or even 44 Tg N per year [3]), they nevertheless
indicate that large amounts of nitrogen are bound
from the atmosphere and involved in the biological
cycle. In particular, plants with symbiotic nitrogen fix-
ation in high mountains prevail at first succession
stages during glacier melting, thereby contributing to
the accumulation of nitrogen in the soil and increasing
its availability for future colonizing plants [4].

The quantitative assessment of symbiotic nitrogen
fixation based on analysis of the natural isotopic com-
position of plant nitrogen began to be widely used in
the 1970s–1980s. The method is based on the concept
that the concentration of 15N isotope in nitrogen-con-
taining soil components usually differs from its con-
centration in atmospheric N2. As a result, the isotopic
composition of N in nitrogen-fixing species that take
it up from both soil and atmosphere usually differs
from that in species that use only its soil sources. This
makes it possible to calculate the contribution of
nitrogen fixation to the nitrogen nutrition of plants
using the principle of isotope mixing and isotopic

mass balance [5]. The advantages and limitations of
this method for estimating the proportion of fixed
nitrogen in plant nutrition and its contribution to the
total soil nitrogen pool in different ecosystems have
been characterized in field studies and vegetation
experiments [5, 6].

As shown in a series of studies [4, 7–12], the pro-
cess of symbiotic nitrogen fixation in high mountains
(where nitrogen availability to plants is generally low)
is active under conditions of low temperatures, acid
soils, and low phosphorus availability and provides a
significant proportion of nitrogen nutrition for
legumes (30–100%). The contribution of legumes to
the nitrogen supply for the ecosystem (74–810 mg/m2

per year) depends mainly on their proportion in the
biomass of phytocenosis [7, 8, 13]. Legume plants that
actively fix atmospheric nitrogen increase its availabil-
ity in the soil, thereby influencing other plants in
alpine phytocenosis [14].

Although an increasing number of attempts are
made to improve the quantitative assessment of nitro-
gen that enters the soils of natural ecosystems as a
result of symbiotic nitrogen fixation [15], a number of
issues still require clarification. Theoretically, the cal-
culation should use the weighted average δ15N value
for the whole plant; however, this is often hardly pos-
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sible during the study of perennial legumes forming
strong deep root systems under natural ecosystem
conditions. In addition, there are almost no data on
the isotopic composition of nitrogen in different parts
of legume plants (leaves, roots, and nodules) in high-
mountain ecosystems, and the proportion of fixed
nitrogen in this case is often estimated from the δ15N
value in the aboveground plant parts [7, 12]. The rate
of nodule formation on the roots of perennial alpine
legumes is also unknown, as well as the degree to
which the nitrogen isotopic composition in the roots
and nodules influences the estimate of the contribu-
tion of nitrogen fixation to their nutrition. To resolve
these issues, we carried out a laboratory vegetation
experiment on growing legume plants of the alpine
belt of the Northwestern Caucasus from seeds and
employed the method of natural 15N abundance to
assess the activity of the symbiotic fixation of atmo-
spheric nitrogen.

OBJECT AND METHODS
We cultivated five legume species that are typical of

habitats with the poorest (lichen heaths) and richest
(geranium–hedysarum meadows) amount of mineral
nutrients in the alpine belt of the Teberda Reserve
(Northwestern Caucasus). The former include Trifolium
polyphyllum, Anthyllis vulneraria, Astragalus levieri, and
Oxytropis kubanensis; the latter include Hedysarum
caucasicum. A mixture of quartz sand (50% by weight)
and humus horizon of the soil from the alpine lichen
heath (50%) was used as a cultivation substrate; the
properties of the mixture were described in detail previ-
ously [16]. The seeds of each species were planted in early
May in ten growing pots with a volume of 0.8 L. In July
(at the age of 2.5 months) and August (4 months), plant
samples were taken for analysis from five pots in each
of the two periods. The plants extracted from the sub-
strate were divided into the aboveground and below-
ground parts, and the roots were thoroughly washed
with distilled water and dried. The dried samples were
weighed, ground in a Retsch MM 200 vibration mill,
and analyzed for the nitrogen content and isotopic
composition on a Thermo Flash 1112 elemental ana-
lyzer and a Thermo Delta V Plus isotope mass spec-
trometer at the Common Use Center of the Severtsov
Institute of Ecology and Evolution, Russian Academy
of Sciences.

In two species, Anthyllis vulneraria and Hedysarum
caucasicum, which formed a sufficient number of nod-
ules, their nodules were separated from the roots,
weighed, and analyzed for the content and isotopic
composition of nitrogen as described above.

The contribution of nitrogen fixation (Nbiol, %) to
the plant nitrogen was calculated by the formula

δ − δ
δ −
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δ

×
15 15
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where δ15Ncontr is the 15N natural abundance in the
control plant species, which does not have symbiotic
N2 fixation; δ15Nfix is the 15N natural abundance in the
nitrogen-fixing species; δ15N0 is the 15N natural abun-
dance in the nitrogen-fixing species grown in a nitro-
gen-free medium (taking into account isotope frac-
tionation during nitrogen fixation).

The alpine ecosystems of the Teberda Nature
Reserve provide a unique possibility of using as a con-
trol species the legume T. polyphyllum, which does not
form symbiosis with nitrogen-fixing bacteria but is
taxonomically and functionally similar to nitrogen-
fixing legumes [12]. This excludes the problem of
uncertainty in the selection of control species [5].

The δ15N0 value is not determined experimentally
in most studies, and the authors refer to the values
available from the literature (0 to –1‰) [4, 10, 12].
Recent studies confirm that this value for legume
plants is generally close to the above range, although it
may slightly differ between the aboveground and
belowground plant parts [15]. Nbiol was calculated at
δ15N0 = –0.6‰; this value proved to be most consis-
tent with the results obtained for legumes in the alpine
lichen heath under field conditions using the methods
of natural 15N abundance and 15N isotopic label dilu-
tion [12].

All the data were processed to calculate mean val-
ues and estimate the significance of observed differ-
ences according to Student’s t-test.

RESULTS AND DISCUSSION
Formation of Plant and Nodule Biomass

Different species produced different amounts of
biomass (Fig. 1, Table 1). Anthyllis vulneraria grew
most intensely, forming plants with an average bio-
mass of about 90 mg in the aboveground part and
about 20 mg in the belowground part after 2.5 months.
The aboveground biomass produced by H. caucasicum
and T. polyphyllum was 2.5 times lower. Similarly to
A. vulneraria, the belowground biomass of T. polyphyl-
lum was approximately 4.5 times lower than its abo-
veground biomass, while the aboveground and below-
ground biomasses of H. caucasicum were almost equal.
The biomass was the lowest in two species that most
actively fixed atmospheric nitrogen under field condi-
tions [12], namely, A. levieri and O. kubanensis. The abo-
veground parts of these plants weighted about 14 mg and
their belowground biomass was only 3–4 mg.

The biomass of some plant species increased by the
age of 4 months, while that of other species remained
unchanged (Table 1). The latter included both A. vul-
neraria, which was actively growing during the first
2.5 months, and O. kubanensis, whose growth, on the
contrary, was poor during this period. Other species
increased their biomass by a factor of 1.5–2 both in
aboveground and belowground parts. Therefore,
AN JOURNAL OF ECOLOGY  Vol. 52  No. 1  2021
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Fig. 1. Legume plants grown from seeds in the laboratory vegetation experiment: (a) Trifolium polyphyllum, (b) Anthyllis vulner-
aria, and (c) Hedysarum caucasicum. 

(a)

(b)

(c)
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Table 1. Weight of legume plants of different ages (mean values ± standard deviation, n = 5) and number of nodules formed
by them

* The biomass of plants of different ages significantly differs at P < 0.05.

Species Plant part
Weight of one plant specimen, mg Number of nodules 

per plant, pcs.
Weight of one 

nodule, mg2.5 mth. 4 mth.

Anthyllis vulneraria Aboveground 89.0 ± 26.0 103.5 ± 24.9 15–25 0.1
Belowground 19.0 ± 8.7 20.5 ± 6.4

Astragalus levieri Aboveground 14.2 ± 7.1 22.4 ± 4.1* 1–4 0.2
Belowground 3.2 ± 0.8 6.1 ± 0.9*

Hedysarum caucasicum Aboveground 34.6 ± 7.1 50.9 ± 6.1* 3–8 0.3
Belowground 27.9 ± 4.4 49.4 ± 10.1*

Oxitropis kubanensis Aboveground 14.6 ± 1.3 13.7 ± 1.7 1–3 0.2
Belowground 4.0 ± 1.0 4.5 ± 1.3

Trifolium polyphyllum Aboveground 36.1 ± 5.1 75.6 ± 17.7* 0 0
Belowground 7.8 ± 2.1 19.4 ± 6.4*
young legume plants in the first year differ from peren-
nial plants by a low growth rate of their belowground
biomass (according to the results of excavations of the
H. caucasicum root system under field conditions, the
average aboveground to belowground biomass ratio
was 1 : 5).

Nodules differing in number and size were formed
on the roots of young plants of all species except one,
T. polyphyllum (Fig. 1, Table 1). In our previous study,
T. polyphyllum did not form nodules and showed no
symbiotic nitrogen fixation under the conditions of
alpine lichen heath [12]; these features were also not
observed when the phosphorus availability was
increased and the soil acidity was reduced [17]. In
turn, this research showed that this species did not
form nodules even at higher growing temperatures
than the temperature of field conditions. This con-
firms the phenomenon unique for herbaceous extra-
tropical legumes: T. polyphyllum can be considered the
only known exception to the generally accepted con-
cept that all of them are obligate nitrogen fixing sym-
biotrophs [18]. In particular, all close relatives of
T. polyphyllum intensely fix nitrogen at high elevations
of other mountain systems, e.g., T. alpinum in the
Swiss Alps [19] and T. dasyphyllum in the Colorado
Rocky Mountains [7, 20].

Neither the number nor the size of nodules formed
on 2.5-month-old plants changed after 1.5 months.
Their numbers on the roots were the highest in A. vul-
neraria (15–25 nodules per plant), lower in H. cauca-
sicum (3–8) and still lower in A. levieri and O. kuban-
ensis (1–4 nodules per plant) (Table 1). The abundant
spherical nodules were small (with an average diame-
ter of 1 mm and weight of 0.1 mg) on A. vulneraria
roots, while the rare ellipsoidal nodules were noticeably
larger on the roots of other plant species, reaching a
length of 3–5 mm at an average weight of 0.2–0.3 mg.
The nodules of H. caucasicum were the largest (Fig. 2,
RUSSI
Table 1). A tenfold difference was revealed between the
weight of small nodules of A. vulneraria and weight of
large nodules of O. kubanensis growing in nature [12].

Concentration and Isotopic Composition of Nitrogen
The nitrogen concentration in the aboveground part

of 2.5-month-old plants varied from 2.89% (in T. poly-
phyllum) to 2.96–4.24% (in other species) (Table 2).
These values proved to be higher than those for plants
growing under natural conditions (2.05 and 2.64–
3.30%, respectively [12]). Unlike in the aboveground
part, the nitrogen concentration in the roots of T. poly-
phyllum was not minimal (2.94%). It was lower in two
other nitrogen-fixing species: 1.76% in H. caucasicum
and 2.76% in A. vulneraria; at the same time, it was
higher for O. kubanensis and A. levieri (3.30 and 3.83%,
respectively). According to our unpublished data, the
nitrogen concentration was significantly lower not
only in the aboveground part of plants growing under
field conditions but also in the perennial roots of
legume plants in alpine ecosystems: the minimum
concentration was 0.93% in the roots of T. polyphyllum
and 1.92–2.03% in the roots of other legumes.

The nodules of A. vulneraria and H. caucasicum
had the highest nitrogen concentrations: 4.94 and
4.59%, respectively.

The concentration of nitrogen decreased in the
aboveground parts of all plant species at the age of
4 months and this level was fully suitable for plants
growing in nature. Trifolium polyphyllum still had the
minimum value (1.92%), while the N concentration
for the other species was 2.10 to 3.48%. The nitrogen
concentration in the roots changed to a lower extent; it
significantly decreased only in T. polyphyllum (up to
2.23%) and A. vulneraria (up to 2.33%), remained
unchanged in three other species, and was still the
lowest in the roots of H. caucasicum (1.81%).
AN JOURNAL OF ECOLOGY  Vol. 52  No. 1  2021
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Fig. 2. Nodules of (a) Anthyllis vulneraria and (b) Hedysarum caucasicum. 

(a)

(b)
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Table 2. Concentration and isotopic composition of nitrogen in legume plants (mean values ± standard deviation, n = 5)

The same alphabetic notations within the column show no significant differences at P < 0.05; *, the parameters significantly differ for
plants of different ages at P < 0.05; ** calculated by the nitrogen isotopic composition of the aboveground part (above the line) and
whole plant (below the line).

Species Part 
of the plant

N, % δ15N, ‰
N distribution over 
the plant parts, % Nbiol,

%
2.5 mth. 4 mth. 2.5 mth. 4 mth. aboveground 

part roots nodules-
cles

Anthyllis 
vulneraria

Aboveground 
part 2.96 ± 0.12a 2.33 ± 0.21ad* –0.52 ± 1.45a –1.19 ± 0.54a 81 16 3 –/51**

Roots 2.67 ± 0.11b 2.33 ± 0.05a* 4.95 ± 1.21b 3.21 ± 0.28b*

Nodules – 4.94 ± 0.04b – 8.45 ± 0.44c

Astragalus 
levieri

Aboveground 
part 4.24 ± 0.12c 3.45 ± 0.32c* 0.32 ± 0.31a –0.21 ± 0.24d 86 14 Undeter-

mined
55/39

Roots 3.83 ± 0.40cf 3.41 ± 0.13c –0.08 ± 0.40a –0.88 ± 0.58ad

Hedysa-
rum cau-
casicum

Aboveground 
part 3.21 ± 0.12dg 2.80 ± 0.28d –0.45 ± 0.52a –0.93 ± 0.31a 65 29 6 15/32

Roots 1.76 ± 0.06e 1.81 ± 0.10e –0.04 ± 0.42a –0.77 ± 0.41ad

Nodules – 4.59 ± 0.09f – 4.70 ± 0.37e

Oxitropis 
kubanensis

Aboveground 
part 3.73 ± 0.12f 3.30 ± 0.25c 0.37 ± 0.32a –0.58 ± 0.39ad* 83 17 Undeter-

mined
34/18

Roots 3.30 ± 0.20g 3.62 ± 0.27c 0.21 ± 0.24a –0.97 ± 0.77ad*

Trifolium 
polyphyl-
lum

Aboveground 
part 2.89 ± 0.21ab 1.96 ± 0.14e* –0.08 ± 0.39a –1.20 ± 0.15a* 83 17 – –

Roots 2.94 ± 0.13a 2.23 ± 0.06a* 0.03 ± 0.40a –0.17 ± 0.46d
The nitrogen isotopic composition did not signifi-
cantly differ between the aboveground and below-
ground organs of all legume species (except the roots
of A. vulneraria) at the age of 2.5 months and was close
to the isotopic composition of atmospheric nitrogen:
the δ15N values varied from –0.52 to –0.37‰. The
δ15N value for T. polyphyllum proved to be closest to
the atmospheric value (–0.08‰ for the aboveground
part and +0.03‰ for the roots). The δ15N value was
4.95‰ in the roots of A. vulneraria.

There were some age-related changes in the nitro-
gen isotopic composition of plants. On the whole, they
were characterized by a trend towards decrease in the
δ15N value (approximately by 1‰); however, this
decrease was statistically significant only in O. kuban-
ensis, the roots of A. vulneraria, and the aboveground
parts of T. polyphyllum. The δ15N value still remained
highly positive for the roots of A. vulneraria (3.21‰).
Compared to other parts of plants, the nodules were
significantly enriched in heavy nitrogen isotope (the
δ15N value was 8.45‰ for A. vulneraria and 4.70‰ for
H. caucasicum). It was previously shown that nitrogen
in nodules was often (but not always) enriched in 15N
isotope (δ15N could exceed 10‰) and its accumula-
tion in nodules was associated with bacterial cells [5].
This accumulation corresponds to the general pattern
RUSSI
of microbial nitrogen enrichment with 15N, which was
shown for both total soil microbial biomass [21–23]
and for the mycelium and fruit bodies of ectomycor-
rhizal fungi [24, 25].

The mechanism responsible for the accumulation
of 15N in microbial cells is greater discrimination of
heavy isotope during the dissimilation of nitrogen by
microorganisms, compared to its assimilation. The
efficiency of this mechanism depends on the ratio of
carbon and nitrogen availability to microorganisms,
which controls the activity of nitrogen dissimilation
[22, 23]. Similarly to mycorrhizal symbiosis, microbial
nitrogen dissimilation in symbiotic nitrogen fixation is
expressed in the prevailing transfer of 14N isotope to
the host plant and in the accumulation of 15N in the
biomass of microorganisms. In this case, the fraction-
ation of isotopes between symbionts decreases with a
decrease in the efficiency of symbiosis, which is con-
firmed by the examples of both mycorrhizal [24, 26]
and nitrogen fixing symbioses [5].

Efficiency of Symbiotic Nitrogen Fixation

The deviations of δ15N value from 0‰ in legume
plants are regarded as a consequence of the contribu-
tion of soil sources to nitrogen nutrition, taking into
account that their isotopic composition differs from
AN JOURNAL OF ECOLOGY  Vol. 52  No. 1  2021
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atmospheric nitrogen. These differences make it pos-
sible to calculate the proportion of nitrogen assimi-
lated by plants as a result of nitrogen fixation (biolog-
ical nitrogen) [5].

However, the results of determining the nitrogen
isotopic composition in 2.5-month-old plants did not
allow us to calculate the contribution of biological
nitrogen to the nitrogen pool of young legume plants.
The reason was that the δ15N values for the control
species (T. polyphyllum), which does not form symbi-
osis with nitrogen-fixing bacteria, were closest to the
isotopic composition of atmospheric nitrogen both in
the aboveground (–0.08‰) and in the belowground
(0.03‰) parts of the plant.

This was no longer a problem with plants reaching
the age of 4 months. When the δ15N of the abo-
veground part of the plants were used for calculation,
the contribution of fixed atmospheric nitrogen to the
nutrition was 55% for A. levieri, 34% for O. kubanensis,
and 15% for H. caucasicum (see Table 2). Higher values
were previously obtained under field conditions for the
first two species (about 70% according to the results of
determining the 15N natural abundance and over 90% in
the experiment with isotope label dilution [12]).

The exception is A. vulneraria, for which the δ15N
value in the aboveground part is the same (–1.19‰)
as that for T. polyphyllum, which does not make it pos-
sible to estimate the contribution of nitrogen fixation
to the nutrition of A. vulneraria. Under natural condi-
tions, the role of nitrogen fixation was also signifi-
cantly lower in the nitrogen supply to A. vulneraria
compared to other species, despite the active forma-
tion of nodules [12].

Unlike the aboveground parts, the nitrogen isoto-
pic composition in the roots does not make it possible
to calculate the contribution of nitrogen fixation to the
nitrogen nutrition of legumes in the alpine belt during
the first year of their growth, since the δ15N value for
the roots of T. polyphyllum was closest to the atmo-
spheric value not only at the plant age of 2.5 months
but also at the age of 4 months.

The result of estimating the contribution of nitro-
gen fixation to the nitrogen nutrition of plants proved
to be unexpected. It shows that the species that most
actively form nodules (A. vulneraria and H. caucasi-
cum) use less biological nitrogen for their nutrition.
This seems to be even more unusual if we take into
account that the nodules of A. vulneraria and H. cau-
casicum are significantly enriched in 15N isotope and
this enrichment is directly correlated with the effi-
ciency of nitrogen fixation [5].

Discussing the relatively low involvement of atmo-
spheric nitrogen in the nutrition of A. vulneraria in our
previous study [12], we paid attention to the fact that
the depth of the root system in this plant is basically
lower, which could affect the result of estimation.
Since this factor is mitigated in vegetation experi-
RUSSIAN JOURNAL OF ECOLOGY  Vol. 52  No. 1  2
ments, we believe that the involvement of nitrogen fix-
ation in the nitrogen nutrition of plants that actively
form nodules could be underestimated because of
another factor, namely, isotope fractionation between
symbionts.

Since nodules account for less than 10% of total
nitrogen in a plant (3 and 6% for A. vulneraria and
H. caucasicum), it is usually considered that their
enrichment in 15N isotope does not lead to noticeable
15N-depletion of the nitrogen pool in the plant. The
δ15N value for a legume plant proves to be closer to
atmospheric nitrogen [27, 28] and the fractionation
effect can be ignored during the calculation of the
contribution of nitrogen fixation to its nutrition [5].

However, it is quite obvious that the accumulation
of heavy nitrogen isotope in nodules results in slightly
negative δ15N values in other plant parts due to isotope
fractionation between nodule bacteria and the host
plant. For example, if we assume that the nitrogen
pool of bacteria is 5% of total nitrogen in the plant and
the δ15N value for this pool is 6.0‰, the fractionation
of isotopes will lead to a decrease in the δ15N value for
the plant by 0.3‰, compared to atmospheric nitro-
gen. When the δ15N values significantly differ between
the legume and control species (3–5‰), this effect
will actually hardly influence the calculated portion of
fixed nitrogen. However, if the difference is low (1–
2‰), which is often observed for plants in alpine and
subalpine ecosystems [7, 10, 12], the ignoring of frac-
tionation may lead to a significant (10–20%) underes-
timate of the contribution of nitrogen fixation to
legume nutrition. It is obvious that isotope fraction-
ation between symbionts should be taken into account
in such cases.

In addition, A. vulneraria is a special case where a
heavy nitrogen isotopic composition is characteristic
not only of the nodules but also of the roots as a whole.
The heavier isotopic composition of nitrogen in the
roots is usually explained by isotope fractionation
between mycorrhizal fungi (part of their mycelium is
in the roots) and the host plant [26, 28]. The specific
reason for the accumulation of 15N in the roots of
A. vulneraria is unknown; however, it is quite obvious
that the fractionation of isotopes between the parts of
this plant leads to the formation of the lightest isotopic
composition of nitrogen in its aboveground part
(among all the nitrogen-fixing legume species
included in our study). When the efficiency of nitro-
gen fixation is calculated by the δ15N value in the abo-
veground part of the plant, the isotope fractionation
does not make it possible to determine N2 fixation for
A. vulneraria under conditions of vegetation experi-
ment and probably underestimates this parameter for
the plant studied under natural conditions [12]. The
“heavy” roots in A. vulneraria account for 16% of the
total nitrogen pool, which decreases the δ15N value by
0.5‰ for the aboveground part of the plant.
021
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The best way to calculate the exact proportion of
symbiotic nitrogen fixation in the nutrition of legume
plants is to use the weighted average δ15N value for the
whole plant. This can be easily done under vegetation
experiment and is more problematic during the analy-
sis of crops and much more problematic during the
study of natural ecosystems. Our calculations of the
weighted average δ15N significantly corrected the Nbiol
value: it was increased from 0 to 51% for A. vulneraria
and from 15 to 32% for H. caucasicum (see Table 2). In
both cases, higher estimate are reliable, since this
increase is based on the use of statistically much higher
δ15N values in the plant roots (A. vulneraria) and nod-
ules (A. vulneraria and H. caucasicum) in the calcula-
tions. The decrease in Nbiol for the other two legume
species is not so obvious, since it is determined by
lower (however, with a statistically insignificant differ-
ence) δ15N values in the roots and by the absence of
data on the δ15N for nodules.

CONCLUSIONS

Perennial legumes in the alpine belt of the North-
western Caucasus have symbiotic nitrogen fixation,
which is manifested in the first year of their growth.
The fractionation of isotopes between symbionts can
lead to the formation of a “light” isotopic composition
of nitrogen in the aboveground plant parts and cause
underestimation in calculating the proportion of sym-
biotically fixed nitrogen. The best way to correctly
estimate this proportion is to use the weighted average
δ15N value for the whole plant (including nodules).
Since this poses a significant methodological problem
under field conditions (especially in natural ecosys-
tems), it is expedient to determine the isotopic com-
position of nitrogen in the leaves, roots, and nodules
of the plant and, if necessary (when there are nitrogen
pools with significantly different isotopic composi-
tions), to make corrections for isotope fractionation
while calculating the contribution of symbiotic nitro-
gen fixation to the nitrogen nutrition of the plant.
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