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Abstract

Forest ecology faces a significant challenge in understanding the dynamics
of populations of forest-forming trees during their renewal phase, as it shapes
the subsequent development and structure of forest ecosystems. The forest
regeneration process relies on the dynamics of the seed yield of the woody
plants and the unique characteristics of their distribution. In the case of the
Cembrae sp. five-needled pines belonging, which have wingless seeds, their
renewal is closely linked to the activities of Nucifraga sp. birds that scatter the
seeds to create food reserves in the soil. This research aims to explore the
geographical variations of Siberian stone pine (Pinus sibirica Du Tour) natural
regeneration as a function of seed abundance. This study was conducted in
three Russian mountain regions known for their forests predominated by Pinus
sibirica: the Aldan Highlands, the Northern Urals, and the Khamar-Daban
Mountains. It was discovered that each region exhibited distinct patterns in both
cone yields and Pinus sibirica regeneration. The fluctuations in the thin-billed
nutcracker (Nucifraga caryocatactes macrorhynchos Brehm C. L.) populations
during the seed harvest season, influenced by the nature of the seed production
dynamics in each region, we believed to play a major role in the quantity
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of Pinus sibirica seedlings appearing in the subsequent year. These findings explain
the observed variations in the renewal dynamics of annual emergent seedlings
of Pinus sibirica and its reliance on cone yield in the examined regions.

Introduction

Identifying patterns in the dynamics of woody
plant populations during their renewal stage,
which profoundly influences the subsequent
development and structure of biogeocenosis, is a
significant challenge in forest ecology. Alongside
seed production, the distribution of seeds from
tree species that contribute to forest formation is a
crucial stage to consider. The functioning of forest
ecosystems is not governed by rigid laws but rather
exhibits stochastic patterns rooted in the theory
of probability." Currently, the study of plants is primarily
focused on accumulating information, preceding the
stage of generalization.

The regeneration of five-needle pines of the
Cembrae subdivision, which have wingless seeds
and rely on mutualism with Nucifraga birds, remain
an unresolved problem despite numerous studies.
Nutcrackers play a crucial role in facilitating the
dispersal and renewal of these plants by creating
soil food reserves, spreading seeds over long
distances.2%4% However, most studies on this
topic focus only on specific aspects of the "seeds-
nutcracker-seedlings" chain. Some studies discuss
the yield dynamics and seed productivity of forest
stands,®78%10 while others examine seed dispersal
and caching by nutcrackers 2511213141516 Although
these studies provide a general forecast of the
influence of these factors on subsequent renewal,
they often lack a quantitative assessment and fail to
capture the dynamics of the whole process.

The Siberian stone pine (Pinus sibirica Du Tour),
a typical representative of the five-needle pines, is
widely distributed in Russia. Studies on its natural
regeneration mainly focus on quantifying undergrowth
based on environmental conditions ,5%17:181920 Some
articles suggest the selective introduction of seeds
by nutcrackers,'” 8% as these birds deliberately
cache seeds in specific microhabitats with preferred
environmental conditions.?! This behaviour highlights
a fundamental difference between Pinus sibirica and
all anemochorous and some zoochorous plants,

whose seeds accidentally fall on suitable soil surface
for germination. Therefore, studying the natural
regeneration of Pinus sibirica and closely related
species in Cembrae sp. requires a synecological
interdisciplinary approach that incorporates
principles from ornithology and zoopsychology,?
going beyond the ordinary silvicultural methods.

Currently, the ecology of Nucifraga birds remains
relatively studied well,"232425 and there is a growing
understanding of their cognitive abilities.?12.1526:27.28.29
It has been observed that each nutcracker maintains
individual caches, %2 which are carefully arranged to
prevent competition and theft by others.?#2%3 These
caches nutcrackers find using exceptional visual
memory and landmarks unaffected by snow cover,
serve as a vital food source for nutcrackers and
their offspring throughout the autumn-winter-spring
period. Unutilized caches germinate and give rise
to dense clusters of seedlings known as "nests".
However, there is a lack of quantitative data on the
population dynamics of nutcrackers in relation to
the seed production of five-needle pines.16:24:31.3233
Furthermore, the investigation of the nutcracker's
role and the influence of seed production on the
renewal dynamics of these pine species is still
limited.'531343536 Since these studies have been
conducted using different methods, at various times
and in diverse regions, combining their results is
often challenging. Nonetheless, they collectively
contribute to a general understanding of the intricate
processes and complex relationships within the
"seeds-nutcrackers-seedlings" system.

The objective of our research was to explore the
relation of the quantity of one-year-old Pinus sibirica
seedlings to productivity of the cones in three regions
where they grow. We aim to provide an explanation
for the observed correlations, focusing on the role of
the thin-billed nutcracker (Nucifraga caryocatactes
macrorhynchos Brehm C. L.). Our findings are based
on extensive, long-term studies conducted in the
Northern Urals.
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Material and Methods

A comparative investigation was conducted to study
the patterns of seed crop dynamics and renewal
of Siberian stone pine in different mountain forest
regions. The research locations included Southern
Yakutia (Aldan Highlands 59°40" N., 125°24" E.)
in 2012, Northern Urals ("Denezhkin Kamen™
mountain region 60°25" N., 59°32" E.) in 2013,
and South-Eastern Baikal region (Khamar-Daban
mountainrange 51°32"N., 103°32"E.)in 2017 (Fig. 1).
Throughout these regions, Siberian stone pine trees

har 2

are distributed across various forest stands either
individually, in groups, or as dominant species.
The sampled areas were chosen within 160-180-year-
old forests of Siberian stone pine in the Aldan
Highlands and the "Denezhkin Kamen™ mountain
(Northern Urals), located at an elevation of 500-
550 meters above sea level. In addition, subalpine
Siberian stone pine woodlands in the Khamar-Daban
ridge were chosen at an altitude of 1700 meters
above sea level (Fig. 1).

Fig. 1: Allocation of plots studied: a - in the Aldan Highland; b — in the Northern Urals;
c — in the Khamar-Daban mountain range. 1 - the area of growing Pinus sibirica Du Tour

We examined the patterns of yield dynamics in
Siberian stone pine forests and the regeneration
dynamics of Pinus sibirica seedlings across multiple
regions over similar time periods. Specifically, the
study covered the Aldan Highlands from 2000 to
2012, the Northern Urals from 1997 to 2012, and
the Khamar-Daban mountain range from 2002 to
2015. To ensure the integrity of the data, sample
plots were selected that had not experienced any
significant disturbances in the past three to four
decades, such as fires, extensive windfall, or logging,
which could impact the regeneration of Siberian
stone pine.*” Another criterion was the absence of
dense thickets (with no more than 0.5-1.0 thousand
specimens per ha (thous. spec./ha)) of shrubs

and woody plants under 2 meters in height (total
projective cover not exceeding 12%), as these
could impede the nutcracker's access to the soil
substrate. Environmental conditions, abundance,
vitality, and age of the Pinus sidirica undergrowth
(young trees) were assessed at 30—40 accounting
sections measuring 5x5 meters, systematically and
evenly distributed within the respective areas. The
accounting sections were placed every 25 meters
within the respective forest areas and at the same
elevation, forming two or three parallel lines. The
quantification of Siberian stone pine renewal focused
on two parameters: the number of "nests" (dense
clusters of seedlings grown up from seed caches)
and the number of undergrowth or seedlings within
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them. The age of the undergrowth was determined
to a one-year accuracy by calculating the annual
vertical increments of the stem. The dynamics of
initial seedling generations were reconstructed on
the basis of the undergrowth age and the calculated
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coefficients (presented in Table 1) of the survival
curves (shown in Fig. 2) previously proposed for
the environmental conditions specific to the study
regions.®

Table 1: Empirical coefficients of survival curves of the Pinus sibirica undergrowth
for study areas

Age of the 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
undergrowth,

years old

Aldan Highland 19 24 28 32 36 39 43 46 49 52 54 57 59 62 64
NorthernUrals 1.8 24 29 34 38 43 47 51 55 59 63 67 70 74 77
Khamar-Daban 1.6 2.1 27 32 36 41 45 49 54 57 61 65 69 73 76

mountain range

The approach used to develop survival curves
for Siberian stone pine seedlings in suitable
environmental conditions is based on the findings
from counting their numbers in 100-200 "nests" that
have sprouted from seed caches within the moss
cover and are 1-16 years old. Annual seedlings
per "nest" can range from 1-2 to 25-30.3"17:38 Qur
own data indicates that under the canopy of parent
stands in the Aldan Highlands and the Northern
Urals, the average number of annual seedlings
per "nest" is approximately 5.4+0.4 and 6.7+0.6,
respectively. In the subalpine parent woodlands
of the Khamar-Daban ridge, the average number

100 4

is 7.2+0.6 seedlings. The subsequent survival
of Siberian stone pine seedlings follows a hyperbolic
function (Fig. 2). In all the regions examined,
the most significant decline (73%) in the number
of seedlings within the "nests" occurs during the first
five years of their life, reducing to 1.4—1.9 individuals.
Afterward, the decline in the number of individuals
within the "nests" is more gradual. By the age of 10,
approximately 1.2—1.6 individuals (21-23% of the
initial count) remain within the "nests," and by the
15th year, only around 14—16% of the initial count,
corresponding to a single young tree.

Fig. 2: Empirical survival curves of the Pinus sibirica undergrowth in its “nests”® from the initial

number of one-year-old seedlings (%): a — in the Aldan Highland; b — in the Northern Urals; ¢ —in

the Khamar-Daban mountain range. On the X-axis — age of the P. sibirica undergrowth, years old.
Points — average number of undergrowth of a given age in the “nest”.

The annual fluctuations in the crop yield of Siberian
stone pine cones, which typically contain 60-80

seeds, is determined by the presence of fallen
mature cone scars on the annual shoots of the
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branch (c/s) in specific years.*® This assessment
is conducted by examining 5-8 branches from
the upper portion of 15-20 tree crowns within the
designated sample areas. From 0 to 5 mature cones
can be found per shoot in some years. These visible
scars on the shoots, indicating cone presence, can
be observed for a period of 15-17, and sometimes
up to 20 years. The traces left by aborted cones
(unripe cones that have fallen) of the same year differ
from mature cones in terms of size, resin amount,
and degree of overgrowth.

In the Northern Urals, visual observations of
nutcracker activity were conducted exclusively for
the period from 1997 to 2012. These observations
took place annually in August—September along
fixed accounting routes measuring 7 kilometers in
length. The observation area spanned a 50-meter
wide strip on both sides of the route, covering the
30—-40-day period when nutcrackers were actively
harvesting seeds.?' The occurrence of nutcrackers
was measured by recording their number per hour
(birds/hour) during the observation period.

The Microsoft Office Excel program was used for
the standard statistical processing of the materials
received and for the presentation of graphs. We used
linear regression equations. On the graphs of the
dynamics of the regeneration, nutcracker occurrence
and cone yields the calculated standard errors of the
mean values have been inserted.

Results

In the Aldan Highlands, on a sample plot within
a berry-green-moss forest type, there is a stand
with an average height of 23 meters (with a sum
of cross-sectional areas of 29.5 square meters per
hectare). This stand consists of Pinus sibirica trees
(50%), Picea obovata Ledeb (20%), Pinus sylvestris
L (10%), Larix gmelinii Rupr (10%), and Betula
pendula Roth (10%). In general, over the period
from 2001 to 2012, number of Siberian stone pine
undergrowth appeared on the moss substrate with a
projective cover of 89.2% dominated by Pleurozium
schreberi Brid, was 4.0 thousand specimens per
hectare (thous. spec./ha) in 3.2 thousand "nests"
per hectare. In the Northern Urals, under the canopy
of a forest stand (consisting of Pinus sibirica 60%,
Pinus sylvestris 20%, Larix sukaczevii Djil 10%,
Betula pendula 10%) with a height of 22 meters
(with a sum of cross-sectional areas of 32.5 square

meters per hectare) in a geographically similar berry-
green-moss forest type, the total number of Siberian
stone pine undergrowth that appeared between 1998
and 2012 on the Pleurozium schreberi cover (96%)
was 2.9 thous. spec./hain 2.2 thousand "nests" per
hectare. In the subalpine woodlands of the Khamar-
Daban ridge, characterized by a height of 16 meters
(with a sum of cross-sectional areas of 6.2 square
meters per hectare) and predominantly consisting
of Pinus sibirica (90%) and Picea obovata (10%),
the total number of Siberian stone pine undergrowth
from 2003 to 2015 was 3.5 thous. spec./ha in 1.8
thousand "nests" per hectare.

In the low-mountain Siberian stone pine forests on
the Aldan Highlands and the Northern Urals, an
average of 2.2-2.4 fallen cone scars per annual
shoot (c/s) can be taken as an indication of a high
relative crop. In the subalpine woodlands of the
Khamar-Daban ridge, this indicator ranges from
1.8-2.2 c/s. Over a similar period, the average
relative crop of cones in the Aldan Highlands (1.9
c/s) is approximately 1.5 times higher compared
to the Urals (1.4 c/s) and Khamar-Daban (1.4 c/s).
This difference in cone yields possibly explains the
more abundant annual renewal of Siberian stone
pine under the canopy of the parent stand in the
Aldan Highlands, with an average of 1.3 thousand
seedlings per hectare. In similar conditions of the
geographically replacing forest type in the Northern
Urals, the average is 1.0 thousand seedlings per
hectare. Consequently, the total accumulation
of undergrowth over the period under review is
almost 1.5 times greater in the Aldan Highlands.
In the subalpine woodlands of the Khamar-Daban
ridge, the smaller number of undergrowth "nests"
(1.8 thousand per hectare) may be attributed to the
dense thickets of Bergenia crassifolia (L) Fritsch
and Rhododendron aureum Georgi, which have a
projective cover of 76.3% and hinder the nutcracker's
access to the soil substrate for seed caching. The
preferred substrate for nutcrackers, Pleurozium
schreberi moss cover, only constitutes 25.6% of the
total projective cover. Under the canopy of the
forest stands in the Aldan Highlands and the Urals,
openwork thickets of forest grasses and Vaccinium
uliginosum L., Vaccinium vitis idea L., Vaccinium
murtillus L., which reach heights of 20—-30 cm and
have a total projective cover of 35-40%, do not
impede the nutcracker's access.
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The analysis of Siberian stone pine yields in the
three regions revealed diverse dynamics. The Aldan
Highlands exhibited lower chronological variability
(Cv = 21.6%) compared to the Urals (Cv = 46.5%)
and Khamar-Daban (Cv = 30.9%). In the Aldan
Highlands, there were minimal fluctuations in cone
crops between 2000 and 2011, as depicted in Fig. 3a.
The period from 2000 to 2004 showed consistently
increased yields, followed by a relatively stable
period of high yields from 2005 to 2009 and in
2011. However, 2010 was an exception with lower
productivity (1.1 c/s). During the period from 1997 to
2011 in the Northern Urals, there were two years with
high cone crops (1999 and 2004) separated by four
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years with low to medium crops, as shown in Fig. 3b.
This cyclic pattern of alternating high and low crops
every 4-6 years, which was previously observed
in this region,®324° was expected to continue with
another high crop in the following years. However,
contrary to expectations, there was a decline in cone
crops in 2011, resulting in an absolute crop failure
(0 cf/s). The yields of subalpine woodlands in the
Khamar-Daban ridge exhibited noticeable fluctuating
dynamics from 2003 to 2014. This pattern involved
a repetition of relatively high and increased yields
after one year, alternating with low and medium
yields (Fig. 3c).

2000 2003 2006 2009 2012

2011 2014

Fig. 3: Dynamics of regeneration (Ns) and relative crops of mature cones (Nc) of Pinus sibirica: a

— in the Aldan Highland; b - in the Northern Urals; ¢ —
figures show: 1 — surviving undergrowth, thous. spec./ha, with a standard error (¥ m); 2 —

in the Khamar-Daban mountain range. The
initial

calculated abundance of seedlings, thous. spec./ha; 3 — number of fallen cone scars per annual
shoot (c/s) with a standard error (£ m).

The dynamics of seedling generations in the studied
regions are not consistent and can exhibit substantial
fluctuations (Cv = 50.0-98.2%), even in the Aldan
Highlands where cone yields are relatively stable
(Fig. 3a). However, even minor fluctuations of cone
yields have an impact on the subsequent emergence
of seedlings under the canopy of the parent stand

There is a relatively close positive relationship
(R? = 0.46) between the number of one-year-old
seedlings during the period 2001-2012 and the
previous year's cone crops (Fig. 4a). Unlike the
Aldan Highlands, both the Northern Urals (Fig. 3b)
and the subalpine woodlands of the Khamar-Daban
ridge (Fig. 3c) exhibit a decrease in seedling numbers
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immediately the year after high cone yields, and vice
versa, an abundant appearance of seedlings after
a relatively weak crop. This negative relationship
between one-year-old seedling numbers and the
previous year's cone yield is evident (Fig. 4c, e).
The fluctuations in the dynamics of seedling
generations somewhat mirror the fluctuations in cone

Last year’s crop of cones

115

yields, but with a two-year delay. In these regions, a
higher abundance of seedlings is observed primarily
two years after high cone yields, as indicated by the
positive close relationships (R? = 0.49 in the Northern
Urals and R? = 0.48 in Khamar-Daban) between
seedling numbers and the crop of the year before
last (Fig. 4d, f).

Two years ago crop of cones
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Fig. 4: The dependence of the abundance (Ns, thous. spec./ha) of one-year-old seedlings on the
relative harvest (Nc, c/s) of mature cones last year (a; c; e) and two years ago (b; d; f).
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Discussion

A correlational visual relationship indicates
the existence of a pattern without providing an
explanation or revealing the underlying mechanism
of factor interaction. Thus it differs from a functional
real relationship.“°4! Correlation merely identifies
parallel variations in characteristics, which could be
influenced by certain third factors.*?

The observed direct positive correlation between the
abundance of one-year-old seedlings of Pinus sibirica
and the level of last year’s relative cone crop
in the Aldan Highlands' Siberian stone pine
forest (Fig. 4a) appears to be natural and easily
understandable. Similar relationships have been
noted in anemochore forest-forming species and
in Pinus sibirica in certain conditions of Western
Siberia®* and the mountain forest-tundra ecotone
in the Northern Urals.*® Previous studies on the
natural regeneration of Siberian stone pine and
other wingless-seeded five-needle pines in various
regions of their habitat have also reported a similar
dependence of seedling numbers on the seed crop
from the year before last,3!3%444546 a5 we have found
in the Northern Urals (Fig. 4d) and Khamar-Daban
(Fig. 4f).

The presence of a soil seed bank containing dormant
Siberian stone pine seeds that germinate after two
winters is often considered the primary reason for
the observed relationships between the generation
of one-year-old seedlings and the crop from two
years prior.#” However, our study in the Aldan
Highlands contradicts this conclusion. Furthermore,
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in the Northern Urals, no seedlings were found in the
following year (2012) after a completely lean year
(0 c/s)in 2011. In any scenario, there is a consistent
pattern involving the emergence of seedlings from
the seeds of the previous year's crop. The observed
relationship between their abundance and the
harvest from two years prior is actually influenced by
an unaccounted factor. In the context of our study,
one potential intermediary factor between seed
yields and Siberian stone pine regeneration is the
activity of nutcrackers.

The annual assessment of the relative nutcrackers
occurrence (birds/hour) in the Northern Urals at the
time of the seed caches season in August-September
(1997-2012) revealed that, until approximately
2006, there were notable similarities between the
fluctuations in nutcracker occurrence and the cone
yield in the last year (Fig. 5). This observation is
supported by a positive correlation (R? = 0.55)
(Fig. 6a). Similar delays in the relationships between
other plants and their primary seed consumers,
exhibiting comparable patterns of seed production
fluctuations, have been observed.*"“® This situation
is expressed by a famous trophic relationship in the
"producer-consumer" or "prey-predator" system,#%-5051
where the predator's population naturally increases
in the following year after a surge in the main food
resource, fueled by the presence of young individuals.
Since 2006, the dynamics of yield fluctuations and
nutcracker occurrence have become synchronized
(Fig. 5). Consequently, there is a strong relationship
(R2 =0.84) between nutcracker occurrence and the
yield in a given year (Fig. 6b).

2.5 + Ne . Nn
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0 +—+—+—+—+—+—+—+—+—++—+++24a++ 0
1997 2000 2003 2006 2009 2012

Fig. 5: Dynamics of the relative crops of mature cones (Nc, c/s) of Pinus sibirica (1) and the
occurrence of nutcrackers per hour (Nn, birds/hour) on the accounting rout (2) in the period
of seed caching in the Northern Urals.
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Fig. 6: The dependence of the occurrence of nutcrackers (Nn, birds/hour) on the
relative harvest of mature cones (Nc, c/s) last year (a) in 1997-2006 and this year
(b) in 2006-2012 in the Northern Urals.

Simultaneously, we can observe a consistent
synchronization between fluctuations in the renewal
of Pinus sibirica and the variations in the relative
nutcracker population of the previous year (Fig. 7).
Consequently, an upsurge in the generation of
one-year-old seedlings occurs in the next year
after an increase in nutcracker presence during

6 +Ns

1997

2000 2003

the seed caching period, while a falling in renewal
follows the subsequent year after a decrease in their
population. This relationship expressed in a strong
positive correlation (R? = 0.81) between the relative
abundance of one-year-old seedlings in a given year
and the occurrence of nutcrackers (Fig. 8) in the last
year’s seed caching season.

N

2006 2009 2012

Fig. 7: Dynamics of regeneration of Pinus sibirica (Ns) and the occurrence
of nutcrackers (Nn) in the season of seed caching in the Northern Urals.
The figures show: 1 — surviving undergrowth, thous. spec./ha, with a
standard error (* m); 2 — initial calculated abundance of seedlings, thous.
spec./ha; 3 — the occurrence of nutcrackers per hour on the accounting
route, with a standard error (£ m).
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Fig. 8: The dependence of the abundance (Ns,
thous. spec./ha) of one-year-old seedlings on
the occurrence of nutcrackers (Nn, birds/hour)
in the last year’s seed caching season in the
Northern Urals

By comparing our findings with previously published
data on yield in Siberian stone pine forests from
various regions,®"81931 it becomes evident that each
region demonstrates its unique pattern of seed yield
dynamics. Interestingly, abundant or poor harvests,
as well as their duration, can either align (such
as in the Urals and Khamar-Daban from 2004 to
2007; Fig. 2b, c) or exhibit complete opposition.
Some previous studies reported that the dynamics
of Siberian stone pine seed yields in the foothill and
mountain in the Urals and the nearest regions in
Western Siberia were nearly identical.” However, it is
possible that in some nearby regions the fluctuations
in yield dynamics have ceased to coincide, leading
to changes in the quantitative nutcracker dynamics
(Fig. 5) and the appearance of its dependence on the
current year's yield (Fig. 6b). Similar synchronicity
with yields is manifested in the dynamics of the
abundance of mouse-like rodents in Western
Siberian forests of Pinus sibirica® or squirrels in
the subalpine woodlands of Pinus Cembrae L.°
in the Alps, as a result of their migrations due to
changes in the main food supply or the search for
alternative more abundant and satisfying food. In
this case, the nutcracker population in a specific
region depends on both last year's harvest, which
impacts the number of young in that year, and this
year's harvest, including in some nearby areas,
which triggers bird migrations. The first case exhibits

a typical "producer-consumer" relationship (Fig. 6a),
possibly supplemented by migratory nutcrackers
in certain years. In the other case, fluctuations
in nutcracker dynamics align with cone yields
(Fig. 6b). Despite these changes and significant
variations in nutcracker numbers over the years
(Fig. 7), the consistent positive association between
Siberian stone pine renewal and the previous year's
nutcracker population during the seed caches period
remains unchanged (Fig. 8).

It is highly likely that significant fluctuations
in nutcracker dynamics and changes in their
dependence on yields are influenced as much by
the quantitative variations in the local population
as by the number of migrants from other regions.
Nutcrackers are dependent on the availability of
cone-bearing trees and the quantity of cones in their
area during the harvest season.'®'6:3252 They travel
long distances in search of their primary food source,
with some individuals reportedly moving up to 650
kilometers away from their natal territories.®® For
instance, there were sharp increases in bird numbers
in 2000 following a high-yielding year in 1999,
followed by a subsequent decline in 2001 (Fig. 5).
The scarcity of food sources can also result in a
decline in the population size and even the refusal of
birds to breed.53%4.555657 A significant reduction in the
nutcrackers occurrence was observed in the region
during alean yearin 2011, when they failed to appear
in the autumn and did not breed in the following
year, but began to return in August in 2012 [Fig. 5].
These fluctuations can be attributed not only to low
crop yields but also to increased competition among
nutcrackers, resulting from a surge in bird numbers
following a high crop in the last year and limited food
availability this year.23283053 This, in turn, appears
to be connected to the subsequent decrease in
nutcracker numbers for the following year. After a
period of limited productivity seeds, a high yield
remains unused as animal feed by the remaining
few consumers. As a result, the following year sees
a proliferation of young plants.®®% However, this
phenomenon is applicable only to species that are
dispersed by wind (anemochoric species).

To ensure the regeneration of five-needle pines, itis
crucial to have a sufficient population of nutcrackers
(Nucifraga sp.),'"® as they are the sole distributors
of their seeds. If the population of nutcrackers in a



TANTSYREV et al., Curr. World Environ., Vol. 19(1) 109-123 (2024) 119

specific region is relatively small, the overall quantity
of seed caches will be low,® even if the crop yield
is high. Consequently, the number of one-year-old
seedlings will be low for the subsequent year. For
instance, despite a bountiful crop (2.3 c¢/s) in 2004,
accompanied by a relatively low occurrence of
nutcrackers (3.7 birds/hour), the Siberian stone
pine forest in the Northern Urals only produced 0.7
thous. spec./ha of seedlings in 2005 (Fig. 3b, Fig. 7).
Conversely, if this year's crop is lower than last
year's, there is a notable increase in seed utilization,
facilitated by a higher numbers of birds.%® In our
context, this can be perceived as seed caching.
Following abundant harvests in 1999 (2.4 c/s) and
2004 (2.3 c/s), there was an increase in the number
of birds in 2000 (12.9 birds/hour) and 2005 (7.2
birds/hour), coupled with an average crop (1.4-1.6
c/s). Consequently, a significantly larger amount of
seeds was stored, leading to more than a twofold
increase in renewal during 2001 and 2006 (1.7-1.8
thous. seedlings/ha). The extremely low number of
seedlings (less than 0.1 thous. spec./ha) in 2000
(Fig. 3b) after a high crop (2.4 c/s) in 1999, with a
relatively high occurrence of nutcrackers (7.3 birds/
hour), is likely explained by the near complete
depletion of food caches for feeding a higher number
of chicks and its may be due to low natural loss
of birds (Fig. 7). A similar situation occurred in
Khamar-Daban (Fig. 3c), where there was only 0.2
thous. spec./ha of seedlings in 2012 after a high
crop (1.9 c/s) in 2011. Overall, by examining the
relationship between Siberian stone pine renewal
and cone yields, while considering the fluctuation
in nutcracker populations in the Northern Urals, we
can explain a similar pattern observed in Khamar-
Daban. After a year of high yields, the abundance
of seedlings is two to three times lower compared to
years with average or low yields (Fig. 3c).

According to some studies, nutcrackers consume
up to 85% of their caches during the entire autumn-
winter-spring season for both their own sustenance
and feeding their chicks.?%24 Additionally, snow cover
up to 60 cm high does not hinder nutcrackers from
effectively excavating their caches.?' Nutcrackers
exclusively feed their chicks with Siberian stone
pine seeds during the nesting period. The number
of chicks in a brood, typically ranging from 1 to 3
(occasionally up to 5), depends on the quantity
of stored seeds and the crop yield,®" Since

nutcrackers only retrieve their individual caches, 5272
it can be assumed that most of the seedlings emerge
from unutilized caches due to natural loss during
the winter. Ornithologists suggest that a common
characteristic among all bird species is that, as their
numbers increase, their caution decreases, making
them more vulnerable to predators.?53 In other
words, as the population of nutcrackers increases,
the number of bird deaths also rises. Even if the
natural mortality rate remains relatively constant
in percentage terms, it will increase in absolute
quantitative terms alongside the bird population.
Therefore, the greater the abundance of nutcrackers
in a region at the time of seed harvest, the greater
the number of bird deaths during the winter, resulting
in more unutilized seed caches that can germinate.
It would be reasonable to assume that if a nutcracker
were to die early in winter, the number of unused
caches (potential seedlings) would be greater
compared to its death later in winter. This may
explain why, after a rise in the nutcracker population
in the region, there was an increase in the seedling
abundance the following year.

The presence of a direct positive relationship
between the renewal of Siberian stone pine and
the previous year's cone abundance in the Aldan
Highlands suggests that in this region, where there
are consistently high cone yields over several
years, the local nutcracker population is likely to be
relatively stable and acts as a consistent agent of
seed dispersal, similar to the role of wind. Similarly,
in the subalpine woodlands of the Khamar-Daban
ridge, where the abundance of Siberian stone pine
seedlings is also positively correlated with the cone
yield from two years ago, the fluctuations in the
previous year's nutcracker population are likely
responsible, which in turn correlates with the seed
crop from the previous year, as observed in the
Northern Urals.

Conclusion

The various regions within the Siberian stone
pine growth area exhibit distinct patterns in
seed production dynamics. Each of the three
regions discussed in the article demonstrates its
own relationship between Siberian stone pine
regeneration and seed yields. Based on our
examination of Pinus sibirica natural regeneration
in the Northern Urals, considering the long-term
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dynamics of nutcracker populations, we conclude
that the key factor influencing the quantitative
renewal of Siberian stone pine is the activity of
nutcrackers and their number in the preceding year’s
seed caching season. Conversely, the nutcracker
population is influenced by seed yields from both the
previous and current year and possibly also by the
yield levels in neighboring regions. Given the varying
seed production dynamics in the three regions
studied and the established diverse relationships
between seedling numbers and seed yields, each
region is likely to have its unique dynamics in
nutcracker populations, which play a crucial role
in seed dispersal. The reasons behind changes in
nutcracker population dynamics in the Urals and
alterations in the relationship between nutcracker
numbers and seed yields remain unclear, along with
several other unanswered questions. Therefore,
further research is necessary to shed light on these
matters.
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