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Abstract

The role of N; fixation in structuring plant communities and influencing ecosystem function will
be potentially large. In previous study, we investigated nodule biomass and activity, and calcu-
lated the amount of N; fixation in a naturally established 18-year-old alder (Alnus hirsute (Turcz.)
var. sibirica) stand following disturbance by road construction in Takayama, central Japan. In this
study, to estimate the facilitation effects by alder on the spatial distribution of the regenerated
tree species, we examined the distribution pattern of the regenerated tree species in this naturally
established 18-year-old alder stand. The distribution pattern of alder and the regenerated woody
species was analyzed in terms of spatial point processes and the regenerated species tended to
distribute near the alder site. In particular, bird-dispersed tree species (endozoochory species)
with relatively high shade tolerance showed a significant attraction to alder. These results suggest
that alder will be used as roost trees and play the role of mother trees for these regenerated spe-
cies at the degraded site. It was also suggested that the endozoochory species, which occupy 13 of
26 regenerated species in this stand, might regenerate faster than other species at this alder stand.
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1. Introduction

Given the virtually ubiquitous limitation of plant growth by N supply (Vitousek & Howarth, 1991), the role of
N, fixation in structuring plant communities and influencing ecosystem function is potentially large (Chapin et
al., 1994; Thomas & Bowman, 1998). Nitrogen accretion is accelerating due to N, fixation during community
development, facilitating invasion by later successional species and accelerating the rate at which succession
proceeds (Thomas & Bowman, 1998). Interspecific facilitation by plants may be more important in structuring
plant communities and the ecosystem function than previously thought (Hunter & Aarssen, 1988; Callaway &
Walker, 1997). For example, alpine Trifolium species have high rates of symbiotic N, fixation, which influenced
the abundance, and growth of nearby plant species growing (Thomas & Bowman, 1998). The abundance of
some species was positively associated with the presence of Trifolium, though other species were less abundant.
These results suggest that N, fixing species may exert both facilitative and inhibitive effects on the abundance
and growth of plant species growing near them and, in the process, substantially influence the spatial hetero-
geneity in community structure and primary production.

Species of actinorhizal Alnus that fix N through the metabolic activity of the filamentous bacterial symbiont
Frankia, play an important role in the N cycle of temperate forest ecosystems (Tjepkema et al.,1986; Tobita et
al., 2013h). An interest in these Frankia-Alnus systems has increased as their value in the revegetation of deteri-
orated wildlife habitats and the rehabilitation of N-deficient disturbed areas has become apparent (Sharma, 1988;
Baker & Schwintzer, 1990; Zitzer & Dawson, 1992; Tobita et al., 1993; Chapin et al., 1994; Enoki et al., 1997).
In the mixed Alnus-conifer young-growth stands, Alnus species appear to provide much more productive un-
derstory vegetation and wildlife habitat than similar-aged pure conifer stands (Hanley et al., 2006). Alnus spe-
cies often regenerate naturally at disturbed sites by road constructions or natural soil slide, and so on (Tobita et
al., 2010). If there are facilitative effects on plant abundance by the N,-fixer, Alnus species, the distribution pat-
tern of regenerated plants may be also influenced by the distribution of alder.

Dispersal mechanisms promoting seed arrival from distant sources are key in primary succession (Finegan,
1984; Walker & Chapin, 1987). As plants are sessile, both the initial spatial pattern of offspring (Houle, 1992)
and the spatial population structure (Armest et al., 1991) are determined by the location of parent plants and
their seed dispersal ability (Nanami et al., 1999). In addition, stands established on degraded soils will have no
mother trees of other tree species at an early stage of stand development. Large trees of other tree species, roost
trees for the birds, act as foci for depositing and recruiting of bird-dispersed, endozoochory, plants (Hatton, 1989;
Maltez-Mouro et al., 2007). In the temperate zones, many fleshy-fruited plants rely on migrating birds to dis-
perse their seeds (Johnson et al., 1985; Nakanishi, 1996). If Alnus species may perform as roost trees for birds
and play a role as mother trees, endozoochory tree species might distribute around the Alnus trees as shown in
Maltez-Mouro et al. (2007).

Alnus hirsuta var. sibirica is a deciduous early successional tree species that is widely distributed in northern
districts and highlands of Japan. We investigated nodule biomass and the amount of N, fixation in a naturally
established 18-year-old stand of A. hirsuta var. sibirica in areas degraded by road construction in Takayama,
central Japan (Tobita et al., 2010, 2013a). We found the horizontal distribution of nodules in A. hirsuta var. sibi-
rica varied among tree sizes, and in particular, for trees with smaller dbh, there was a concentration of nodule
density near the stem (Tobita et al., 2010). In addition, the N, fixation rate in this A. hirsuta var. sibirica stand
was estimated at 56.4 kg-ha “-year*, which corresponded to 66.4% of the N content in leaf litter in a year (To-
bita et al., 2013a). These results suggested that the N, fixation of A. hirsuta var. sibirica contributed to rapid N
accumulation into the soil. In this study, we tried to clarify the effects of the Alnus species on the spatial distri-
bution of regenerated tree species at this naturally established 18-year-old stand of A. hirsuta var. sibirica.

Of course, many processes, such as the germination and survival of seeds and seedlings, growth of saplings,
competition between herbaceous species, light environment, soil water content, and litter as physical obstruc-
tions, should contribute to the present distribution of each species (Hatton, 1989). In this study, we consider the
potential impact of the presence of Alnus species as one of many factors of determining for the spatial distribu-
tion of the regenerated woody plants.

2. Materials and Methods
2.1. Study Site

The study site was at an altitude of approximately 1100 m on Mt. Norikura in the eastern part of Takayama city,
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Gifu prefecture, central Japan (36°9'N, 137°15'E). A study plot of 30 x 35 m was set up in an alder (Alnus hir-
suta Turcz. var. sibirica (Fischer) C.K. Schn.) stand (in detail: Tobita et al., 2010). Alder regenerated naturally
after the disturbance when a road was built through the site in 1975. Alders are a deciduous and early succes-
sional species, widely distributed in the northern districts and highlands of Japan. These trees are used to im-
prove the growth of mixed conifer plantations, produce logs and revegetate degenerated soil. In our study site,
all the canopy trees were alders. The tree height was about 15 m, and the canopy of this stand was almost closed
(Hasegawa & Takeda, 2001; Tobita et al., 2010). The mean (+ SD) stem diameter at breast height (dbh) of trees
was 12.4 (£3.8) cm in April 1995 and the frequency distribution of dbh was unimodal, indicating that this stand
comprised trees of similar age (Tobita et al., 2010). Because several trees died during the study, the stand densi-
ty varied from 1114 ha* in April 1995 to 1038 ha* in May 1996. Although the site floor was densely covered in
herbaceous plants, regenerating specimens of several species of trees and shrubs were also present. The neigh-
boring forest stand was used for coppicing, and has been dominated by Pinus thunbergii, Quercus mongolica,
Betula platyphylla var. japonica, Prunus grayana, Lindera obtusiloba, and Euptelea polyandra.

2.2. Regenerated Woody Plants

From June to November 1996, naturally regenerated woody species in the study site were mapped to analyze the
pattern of spatial distribution and the height and positions of the stem base were measured. All regenerated spe-
cies was divided into three groups by seed-dispersal type; namely as bolochory species by gravity, anemochory
species by wind, and endozoochory species by birds.

2.3. Data Analysis of Spatial Distribution of Regenerated Woody Plants

The alder population, including trees which died before April 1995, was reconstructed using data on detectable
fallen trees, dieback trees and stumps (Tobita et al., 2010). Subsequently, we constructed the five populations of
alder; 1) Live trees in April 1995 and dead trees before April 1995; 2) live trees in April 1995; 3) live trees in
April 1996; 4) live trees in April 1997 and 5) dead trees before April 1996. To analyze of the spatial interactions
with the regenerated species, two populations of alder were used; live trees in April 1996 and dead trees before
April 1996. We understand that the number of dead trees before April 1995 would be underestimate because we
counted only those detectable, such as fallen trees, dieback trees, or stump.

The spatial pattern of regenerated woody species (all species and the major seven species, for which a rela-
tively larger number of individuals emerged (n > 25)) and alder populations was analyzed using the function
L(t), a transformation of Ripley’s K(t) function (Ripley, 1977), as suggested by Besag, (1977). The function
AK(t) (A =intensity) is defined as the expected number of plants within distance t of an arbitrarily chosen
plant. The unbiased estimate of K (t) is defined as:

K(t): n72|A|Zi¢jZWi}1|t(uii )’ (1)

where n is the number of plants in a plot A; |A| denotes plot area; U; is the distance between ith and jth
plants in A; |, (u) is equal to 1 if u<t and O otherwise; W; is the proportion of the circumference of a
circle, centered at the ith plant and radius u; that lies within A and summation is for all pairs of plants not
more than t apart (Ripley, 1977; Diggle, 1983; Nanami et al., 1999). L(t) is defined as follows:

L(t)=[K(t)/x]" -t ey

A value of L(t)=0 indicates that the spatial pattern at distance t is random. Values of L(t)>0 indicate
clumped distributions, while those of L(t) <0 indicate regular distributions.

The spatial interaction between two groups of plants was also analyzed using the bivariate function L, (t) ,a
transformation of the function K, (t) (Lotwick & Silverman, 1982):

L, (t) =[ Ky, (t)/2 ] ~t 3)

The function K, (t) is a generalization of the function K(t) to a bivariate point process. Ly, (t)=0 in-
dicates that the two groups are spatially independent, values of L, (t) >0 indicate a positive association (at-
traction) and values of L, (t)<0 indicate a negative association (repulsion). The significance of both func-
tions was determined with Monte Carlo simulations (Besag, 1977; Nanami et al., 1999). The null hypothesis is
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complete spatial randomness. To analyze the univariate spatial pattern, spatial independence was assumed for
bivariate spatial interactions between two groups. Ninety-five per cent confidence envelopes were defined as the
highest and lowest values of L(t) for each spatial scale found in 950 analyses of random point distributions.
Ninety-nine per cent confidence envelopes require 990 simulations. Earlier uses of both functions and Monte
Carlo simulations are discussed (Peterson & Squierss, 1995; Nanami et al., 1999).

3. Results
3.1. Spatial Distribution Pattern of Alnus hirsuta var. sibirica

The alder populations showed significant clumped distribution (Figure 1); live and dead trees in April 1995 at
0.5m (P <0.01), live trees in 1996 at 9.5 - 10.0 m (P< 0.05) and 0.5 m (P < 0.05), and live trees in 1997 at 0.5 -
1.0 m (P < 0.05). The magnitude of departure from randomness at large distance declined from 1995 to 1997.

3.2. Species Composition

In this stand, 23 woody species with 389 individuals were regenerated (Table 1) and the plant density of all re-
generated plants was 0.37 plants m? in this stand. These regenerated species included 14 tree species with 229
individuals, and 9 shrub species with 160 individuals. 13 endozoochory plants with 239 individuals, 7 anemo-
chory plants with 106 individuals, and 3 bolochory plants with 44 individuals comprising these regenerated
plants. In terms of tree species, Prunus incisa, Cornus controversa, Juglans mandshurica, and Acer rufinerve
were the major tree species, while Weigela hortensis, Sambucus racemosa, and Aralia elata were the major
shrub species. There was no seedling of alder at the forest floor. The frequency of height of all regenerated
woody species showed the mode at 0 - 0.5 m (Table 1). Except for Salix bakko, almost all individuals of each
tree species were less than 4 m in height, while the height of the shrub species was less than 3 m, but the portion
of taller individuals exceeded that of tree species.
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Figure 1. L(t) values for the population of Alnus hirsuta var. sibirica: (A) live trees in April 1995 and dead

trees before April 1995; (B) live trees in April 1996; (C) live trees in April 1997. The solid line shows actual
L(t) values of extant plants, dashed and dotted lines show 95 and 99% confidence envelopes derived from
1000 simulation of random point processes in the study plot, respectively. Values outside the envelopes indi-

cate significant departures from randomness.
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Table 1. Number and height of regenerated woody species in this Alnus hirsuta var. sibirica
stand. Species are shown in order by life form; tree species and shrub species. The seed dis-
persal type was shown as bolochory (B), endozoochory (E), and anemochory (A).

Species Seed dispersal Number Hight (m)
type plot 0-05 05-1.0 10-15 15-20 >20

Tree species

Prunus incisa E 64 9 12 4 3 1
Cornus controversa E 54 4 6 9 8 7
Juglans mandshurica B 34 18 6 2 2 5
Acer rufinerve A 28 14 4 1 1
Acer mono A 13 4 5 3
Castanea crenata B 9 5 1
Malus toringo E 8 8
Pourthiaea villosa E 4 2 2
Prunus grayana E 4 2 1 1
Prunus sargentii E 4 1 1 1 1
Salix bakko A 4 1 3
Acer crataegifolium A 1 1
Quercus mongolica B 1 1
Rhus trichocarpa E 1 1
Shrub species
Weigela hortensis A 49 1 7 18 16 7
Sambucus racemosa E 45 12 10 12 8 2
Aralia elata E 26 3 2 5 6 3
Euonymus sieboldianus E 16 1 1 2
Hydrangea paniculata A 10 3 2 3 2
Viburnum opulus E 7 6 1
Stachyrus praecox E 5 1 1 3 3 1
Abelia serrata A 1 1
Lindera obtusiloba E 1 1
Total 389 73 58 62 52 33

3.3. Spatial Distribution Pattern of Regenerated Woody Species

The population of all regenerated tree species was significantly clumped at all distances (scales), and was max-
imally (without distinct peaks) clumped at 1.5 m (P < 0.01; Figure 2(A)). The population of bolochory species
(including 3 species) was significantly clumped at scales ranging from 1.5 to 2 m (P < 0.05; Figure 2(B)). The
population of endozoochory species (include 13 species) was also significantly clumped at all distances, 0.5 - 10
m (P < 0.01; Figure 2(C)). The population of anemochory species (include 7 species) was significantly clumped
at0.5-5.5m (P <0.01) and 6 m (P < 0.05), and maximally clumped at 0.5 m (Figure 2(D)).

The major regenerated tree species, which appeared for more than 25 plants in this study plot, were seven
species, including Juglans mandshurica of bolochory species, Acer rufinerve and Weigela hortensis of anemo-
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Figure 2. L(t) values for the population of major seven regenerated woody species (n > 25) in
this Alnus hirsuta var. sibirica stand: (A) all species (23 species, n=389); (B) 3 bolochory species
(n=44); (C) 13 endozoochory species (n=239); (D) 7 anemochory species (n=106) Con-
ventions as in Figure 1.

chory species, and Cornus controversa, Prunus incisa, Sambucus racemosa, and Aralia elata of endozoochory
species. Acer rufinerve, Sambucus racemosa, and Aralia elata were significantly clumped at all distances (P <
0.05 or 0.01) (Figure 3(B), Figure 3(F) and Figure 3(G)). One of the shrub species, Weigela hortensis, was al-
so significantly clumped at almost all distance except 10 m (P < 0.05 or 0.01) (Figure 3(C)). The shrub species
showed significant aggregation at a wider range than tree species. Within endozoochory species, the two tree
species, Cornus controversa and Prunus incisa, showed different distribution pattern from the two shrub species,
Sambucus racemosa, and Aralia elata. Cornus controversa was significantly clumped at 0.5 - 2 m (P < 0.01)
and 2.5 m (P < 0.05) (Figure 3(D)). Prunus incisa were significantly clumped at 0.5 - 3.5 m (P < 0.01) (Figure
3(E)). Juglans mandshurica showed no significant departure from randomness except at 0.5, 1.5, and 7.5 m (P <
0.05) (Figure 3(A)). Aralia elata showed a distinct peak at 3 m (Figure 3(G)).

3.4. Spatial Interaction between Regenerated Woody Species and
Alnus hirsuta var. sibirica

The population of all regenerated tree species showed a significant attraction to alder (live trees in 1996) at 0.5 -
2m (P <0.01) and at 2.5 m (P < 0.05) (Figure 4(A)). As the results of analysis among seed dispersal patterns,
the population of bolochory and anemochory species showed no significant departure from the independence of
alder population (live trees in 1996) (Figure 4(B) and Figure 4(D)). The population of endozoochory species,
which included 13 species, also showed a significant attraction to alder (live trees in 1996) at 0.5 - 1.5 m (P <
0.01) and at 2 m (P < 0.05) (Figure 4(C)).

As the results of the analysis between each species and alder, Juglans mandshurica, Acer rufinerve, and Ara-
lia elata showed no significant departure from the independence of alder population (live trees in 1996) (Figure
5(A), Figure 5(B) and Figure 5(G)). Weigela hortensis showed a significant repulsion from the alder population
(live trees in 1996) at 4.5 m (P < 0.05) (Figure 5(C)). Prunus incisa showed a significant attraction to alder (live
trees in 1996) at 0.5 - 2.5 m (P < 0.01) (Figure 5(E)). Sambucus racemosa showed a significant attraction to
alder (live trees in 1996) at 2 - 2.5 and 5.5 - 7.5 m (P < 0.05) (Figure 5(F)). Cornus controversa showed no sig-
nificant departure from the independence of alder population (live trees in 1996) (Figure 5(D)), but showed a
significant attraction to alder (live and dead trees in 1995) at 0.5-1.5m (P <0.01) and at 2 - 2.5 (P < 0.05) (da-
ta not shown).

Aralia elata showed a significant attraction to dead alder trees (dead trees as of 1996) at 0.5 m (P< 0.05) and
1.5m,3.5-6.0m (P <0.01) (Figure 6(C)). Weigela hortensis also showed a significant attraction to alder (dead
trees as of 1996) at 2 - 2.5 m (P < 0.05) (Figure 6(B)). Acer rufinerve showed a significant repulsion from alder
population (dead trees as of 1996) at 0.5 m (P < 0.05) (Figure 6(A)).

4. Discussion

Regenerated woody species tended to distribute near the Alnus hirsuta var. sibirica. In particular, endozoochory
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Figure 3. L(t) values for the population of each of seven major regenerated woody species

(n > 25) in this Alnus hirsuta var. sibirica stand: (A) Juglans mandshurica; (B) Acer rufinerve;

(C) Weigela hortensis; (D) Cornus controversa; (E) Prunus incisa; (F) Sambucus racemosa; (G)
Aralia elata. Conventions as in Figure 1.
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Figure 4. L, (t) values of bivariate distribution of regenerated woody species population and
Alnus hirsuta var. sibirica (live trees in April 1996): (A) all species (23 species, n=389); (B) 3
bolochory species (n=44); (C) 13 endozoochory species (n=239); (D) 7 anemochory spe-
cies (n=106). The solid line shows actual L, (t) values of extant plants, dashed and dotted
lines show 95% and 99% confidence envelopes derived from 1000 simulation of random point

processes in the study plot, respectively.
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species with relatively high shade tolerance showed a significant attraction to alder. These results suggest alder
will be used for roost trees and play a role as mother trees of these regenerated endozoochory tree species. It was
suggested that endozoochory species, which occupied 13 of 26 regenerated species in this stand, might regene-
rate faster than species with other types of seed dispersal at the naturally regenerated stands of Alnus species af-
ter the soil disturbance.

The population of all regenerated tree species showed a significant attraction to alder (Figure 4(A)), but dif-
fered in terms of spatial interaction with Alnus species among the regenerated woody species (Figure 5). As
predicted, some endozoochory species, such as Prunus incisa and Sambucus racemosa, showed significant at-
traction to alder (Figure 5(E) and Figure 5(F)). Viburnum tinus, which has bird-dispersal seeds, were clumped
at the site without their mature trees on the upper trees (Maltez-Mouro et al., 2007). They discussed that one of
the reasons for the aggregation pattern of the Viburnum tinus was because the seeds of Viburnum tinus were
dispersed under those of other species, which were used as roosted trees by birds. In the case of herbaceous spe-
cies with bird-dispersal seeds, they showed a strong aggregation pattern under large trees, which would act as
roosting trees for birds and foci for to deposit and recruit endozoochory plants (Hatton, 1989). The number of
birds in the plantations of Alnus species usually exceeds that of Eucalyptus and Pinus species, because the num-
ber of soil animals, which can be bird-fed, will increase with the soil fertilization (Carlson & Dawson, 1985). In
this study, we have no data on the number of birds and seed falls, but observed the gathering of birds in the
crown of this alder stand during daytime. In this study plot, it was suggested that Alnus hirsuta var. sibirica was
used as roost trees and mother trees for endozoochory species.

However, two of the four endozoochory species, Cornus controversa and Aralia elata, showed independent
spatial distribution with alder (Figure 5(D) and Figure 5(G)). Cornus controversa showed attraction when we
analyzed spatial interaction including dead alder trees (data not shown). These results indicated that the attrac-
tive distribution pattern between Cornus controversa and alder became unclear with increasing dead alder trees.
Conversely, Aralia elata attractively distributed relative to the population of dead alder trees (Figure 6(C)).
These results indicated that it may be necessary for Aralia elata to improve the light conditions in addition to
seed supply to regenerate in this alder stand, because Aralia elata is a species requiring significant light (Tobita
etal., 1993).

Weigela hortensis, which is an anemochory species, showed a significant attraction with the population of
dead alder trees (Figure 6(B)), and a significant repulsion from the population of live alder trees (Figure 5(C)).
Thomas & Borman (1998) reported the similar results; namely that some anemochory species showed repulsion
from a leguminous species, Trifolium. However, Acer rufinerva, which is also an anemochory species, showed a
significant repulsion with the population of dead alder trees (Figure 6(A)), and showed an independent distribu-
tion from the live alder population (Figure 5(B)). Though Acer rufinervais an intolerant understory species
(Masaki et al., 1992), these results suggest that Weigela hortensis may be more light demanding than Acer rufi-
nerva (Katsuta et al., 1998). However, Weigela hortensis showed vegetative reproduction in several cases,
which might affect the analytical results of the spatial distribution of this species.

The distribution pattern of bolochory species depends on the behavior of mammal species as well as the loca-
tion of the mother trees. For example, the location of the mother trees alone could not explain the distribution
pattern of the seedlings in Quercus serrata which were regenerated under the plantation of Pinus thunbergii
(Tobita et al., 1993). Though Juglans mandshurica, a bolochory species, showed no significant departure from
the independence of the alder population (Figure 5(A)), this species was observed to grow close to the alders.
These results led to speculation of secondary dispersal by mammals.

The horizontal spatial pattern of individuals in a plant community may reflect many factors (Maltez-Mouro et
al., 2007) and has been interpreted in terms of wide-ranging of processes, including mortality due to herbivores
or pathogens, gap disturbance, competition, microhabitat variability, and limited dispersal range from adults
(Hatton, 1989). The presence of canopy trees, regardless of N,-fixing or otherwise, will promote a change in the
physical properties on the forest floor (Maltez-Mouro et al., 2007). In this study, we cannot determine the factors
mainly affecting the distribution pattern of the regenerated plants at this alder stand. However, it was suggested
that the presence of alder might promote the regeneration of woody species as one of many factors determining
for the spatial distribution. It was also suggested that the N, fixation ability of the alder (Tobita et al., 2013a)
may not only help improve soil fertility but also promote vegetative regeneration by used as roost and mother
trees for these regenerated species at degraded site.

This study demonstrated only the results at one stand of A. hirsuta var. sibirica at one time. In the future re-
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search, it will be necessary to confirm the species composition and successional proceeding after several dec-
ades at this alder stand, and also to verify the facilitative effects on distribution pattern of regenerated plants at
several stands with different successional stages and with different dominant Alnus species.

5. Conclusion

Regenerated woody species, in particular, endozoochory species with relatively high shade tolerance, tended to
show a significant attraction to Alnus hirsuta var. sibirica. These results suggest that alder will be used for roost
trees and play a role as mother trees of these regenerated endozoochory tree species at the naturally established
stands of Alnus species after the soil disturbance. This study also suggested that the symbiotic N, fixation of A.
hirsuta var. sibirica might affect the distribution pattern of regenerated tree species as well as improving soil
fertility.
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