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Abstract: Resprouting is an important functional trait for determining community dynamics and
the persistence of individuals and populations. However, community-wide research on resprouting
has primarily focused on severely damaged trees. We investigated resprouting from trees in a range
of undisturbed natural forests along an elevational gradient in central Japan and analyzed the data
at inter- and intraspecific levels. First, we formulated interspecific relationships among resprout
production, parent stem growth, multi-stemmedness, and dominance in forest communities using
a structural equation model (SEM). Second, we analyzed intraspecific variation in the resprout
number per stem for nine resprouting species using a hierarchical Bayesian method. We found that
resprout production and parent stem growth were negatively correlated; resprouting resulted in
multi-stemmed adult forms, and species with multi-stemmed forms tended to be less dominant in
undisturbed forest communities. We observed various intraspecific resprouting responses to parental
and environmental factors. For example, soil temperature had generally positive effects for most
species, whereas dbh appeared to have only weak effects on a few species. Our SEM summarized
well the direct and indirect relationships of species’ traits, including resprout production, in the
undisturbed forests. The observed intraspecific patterns in the resprouting responses can serve as a
starting point for understanding species’ traits within this context.

Keywords: resprout production; undisturbed forests; tree community; parental factor;
environmental factor

1. Introduction

Although less attention has traditionally been paid to resprouting of woody species than to
seedlings as a mode of regeneration, resprouting is an important demographic process influencing
various aspects of the community dynamics and evolutionary processes of trees (e.g., [1–8];
the term “resprouting” is defined as young shoots/branches emerging from the trunk bases of
already-established tree individuals, including those from both damaged and undamaged individuals
in this study). Indeed, many woody species living in various types of forests and woodlands do
resprout when damaged (e.g., [3,5,9–11]). Resprouting helps damaged individuals survive, regrow,
and persist in the habitat (e.g., [12–15]). As a natural consequence of the persistence of individuals,
resprouting influences population dynamics [16]. Previous models have indicated that resprouting
of component species can have significant effects on community dynamics [2,4,17]. The growing
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appreciation of the importance of tree resprouting has led to the concept of the “persistence niche” of
species [4].

Varying extents of resprout production have been observed among species coexisting in forest
or woodland communities, ranging from obligate resprouters to obligate reseeders [1,3,6,8,12].
Interspecific variation in resprouting has been characterized according to the type of frequency
distribution of species based on the extent of resprout production. The distribution tends to be a
continuum in communities with less intense disturbances such as tropical and temperate forests
where the major disturbance agent is wind, whereas it tends to be dichotomous, with distinct
groups of resprouters and non-resprouters in communities with intense disturbances such as
fire [7]. The coexistence of species with various sprouting abilities suggests that trade-offs in
resource allocation to different tree parts (stems, reproductive organs, storage in roots and stems
for future resprouting, and export to growing resprouts) or functions (growth, tolerance, persistence,
colonization, and regeneration) underlie the variation [2,4,6,18–23]. The most important trade-off
for understanding variation in resprouting may be that between resource allocation to parent stem
growth versus resprouting. This trade-off can be detected via negative interspecific correlations
between the growth rate of parental stems and the resprouting frequency [4,6,22]. Various extents of
resprout production of species can have several direct or indirect effects on their growth form and
dominance in forest communities. For example, individuals of frequently resprouting species tend
to be multi-stemmed, i.e., the above-ground part of individuals consists of multiple stems ramifying
from single root systems [18–20]. Because multi-stemmed individuals must allocate growth to multiple
stems, multi-stemmedness may reduce height growth [6,18,19]. Moreover, multi-stemmed growth
forms can decrease the structural stability of above-ground parts of trees, thereby reducing their
growth [18,24]. Consequently, species with many multi-stemmed individuals are likely to be less
successful in forest communities with strong competition for light. Resprouting species are often
predicted to be non-dominant in productive forest communities with high canopies, high tree densities,
and less intense disturbances [18,19,24]. However, complicated interspecific relationships among
resprout production, parent stem growth, multi-stemmedness, and dominance in undisturbed forest
communities have not yet been explained.

Substantial variation in resprouting has also been observed among individuals within each
species. The factors that produce variation in resprout number within single species can be
categorized into two groups: factors influencing resprout production and factors causing mortality of
existing resprouts. Previous studies have revealed that the production of resprouts within a single
resprouting species is influenced by various factors including parent stem size (e.g., [1,3,10,11,25–27]),
light intensity [25,28–31], site productivity/soil nutrient availability [5,27,32], and severity of damage
to parent stems [1,33,34]. The resprouting responses to such factors are thought to be primarily caused
by phenotypic plasticity; hence, intraspecific variation in resprouting responses is an essential issue
for achieving a better understanding of species’ characteristics (e.g., [5,31]). One well-known factor
that causes mortality of existing resprouts is herbivory by large mammals (e.g., deer). Browsing by
large mammalian herbivores can have substantial impacts on the regeneration processes of woody
species via seedlings and resprouts (e.g., [35–37]). Therefore, the evaluation of browsing effects on
resprouting should not be neglected for forest communities under observable herbivory pressure by
large mammals.

Despite increasing interest in resprouting in woody species, most research has focused on
resprouting of severely damaged individuals (often accompanied by the total loss of stems and
leaves by severe disturbances such as fire, clipping, and strong winds) and the role of resprouting
in stand restoration after disturbances (e.g., [1,3,7,10,12–15,31,38]). In fact, research on resprouting
of undamaged individuals is rather scarce [29,39–44]. However, many species also resprout without
observable damage [1,39,40]. Resprouts from undamaged individuals, often referred to as the
“sprout bank” [1,28,29,41], can help to maintain individuals by replacing stems [42] or filling gaps
immediately after they are created [1]. Resprouting of undamaged individuals may cause adults
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to form multi-stems [23]. However, most research on resprouting of undamaged individuals has
focused on only a few target species, making it difficult to evaluate interspecific variation and to
examine underlying trade-offs. Therefore, community-wide analyses of resprouting of individuals in
undisturbed forests where most individuals are undamaged are required.

In this study, we measured resprouts of tree individuals in 56 plots each 10 × 10-m in size
(half of which were within deer exclosures, and the other half outside exclosures) established in a
range of undisturbed natural forests along an elevational gradient in central Japan. We also obtained
data on parental and environmental factors (parent diameter at breast height (dbh), parent dbh
growth, soil temperature, soil nitrogen concentration, soil pH, slope inclination, total stand basal area,
cumulative basal area of stems larger than focal stems, and presence/absence of deer exclosures) as
variables potentially influencing resprouting. Using the above data, we analyzed inter- and intraspecific
variation in resprouting from trees in these undisturbed forests. In the analyses of interspecific variation,
we posed the following questions: (1-1) Does the interspecific variation in resprout production in
undisturbed forests, expressed as the ratio of resprouting individuals and the mean number of
resprouts per individual, form a continuum or a dichotomy with distinct groups of resprouters and
non-resprouters? (1-2) How are species-specific resprout production of individuals, parent stem
growth, multi-stemmedness of adult trees, and relative dominance mutually dependent? To address
question 1-2, we used structural equation modeling (SEM). In the analyses of intraspecific variation, we
posed the following question: (2-1) How do parental and environmental factors affect resprout number
per stem within each resprouting species? To formulate the effect of parental and environmental
factors on resprout number per stem, we used hierarchical Bayesian analysis with a zero-inflated
Poisson distribution.

2. Materials and Methods

2.1. Study Area

This study was conducted in natural forests along an elevational gradient ranging from 900 to 1851
m above sea level in the University of Tokyo Chichibu forest (UTCF), central Japan (Figure 1). Stand
structure and species composition varied depending on both the elevation (i.e., from cool-temperate
deciduous broad-leaved forests at lower elevations to sub-alpine evergreen coniferous forests at higher
elevations) and past artificial disturbance history (i.e., from old-growth forests to secondary-growth
forests). Climatic factors also varied along the elevational gradient. The estimated annual mean
temperatures in the study area ranged from 4.5 to 9.5 ◦C, annual mean precipitation from 1495.8 to
1593.8 mm, and mean annual maximum depth of snow from 24 to 33 cm [45]. The topography of the
research area was characterized by relatively steep slopes, with a mean (±SD) of 29.5◦ ± 8.1◦ in the
study plots (Figure 1). Bedrock primarily consisted of sandstone and mudstone throughout the study
area [46]. The soil type in most of the study area was Cambisols, with Humo-Ferric Podzols found at
higher elevations and Andosols in some limited areas [47]. The major agent of natural disturbance
in the cool-temperate forests in Japan is strong winds (e.g., typhoons) [48]. However, clear evidence
for recent major natural disturbances could not be found at the research sites or in the forest around
the research sites [49]. Artificial disturbances (i.e., cutting) have occurred at some lower elevations
of the study area, but the study sites have not been artificially disturbed for at least the past 45 years.
Bark stripping by sika deer (Cervus nippon Temminck) has become another possible source of mortality
for adult trees over the last decade [50].
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Figure 1. Locations of plots in the University of Tokyo Chichibu forest (35°55′ N, 138°50′ E), Chichibu 
City, Saitama Prefecture, central Japan. In the topographic map (left), solid circles represent plots, 
and the contour interval is 100 m. 

2.2. Data Collection 

Data collection was conducted at 30 research sites in the above-mentioned natural forests as a 
part of a broader research project in which we are monitoring ecosystem dynamics, biodiversity, and 
biological interactions in forests under browsing pressure by sika deer. 

Between September 2012 (after the cessation of radial growth) and June 2013 (before the onset of 
radial growth), we established two 30 × 30-m plots at each site (60 plots in total): one inside a deer 
exclosure and the other with no deer exclosure. We marked all tree stems in the plots larger than 3.18 
cm in diameter at breast height (dbh), identified them to species, recorded whether they were 
damaged in their crowns or bark, and measured dbh (first census). We also recorded whether tree 
individuals had multiple stems with dbh >3.18 cm. From June to November 2015, we conducted 
measurements at 28 sites (56 plots) for the present study (second census). Two sites were excluded 
from the study due to labor constraints. We recorded the resprouting status of the stems (>3.18 cm in 
dbh in the first census; hereafter, target stems) in the center 10 × 10-m subplot in each plot. We 
re-measured the dbh of all target stems. We also recorded the number and lengths of resprouts on 
the target stems. For practical reasons, measurements of resprouts were only conducted for 
resprouts with stem lengths longer than 15 cm that were emerging from the parent stem surface 
within 30 cm from the ground. Between September 2016 and May 2017, we re-measured the dbh of 
all target stems (third census), and we also recorded whether target stems had survived during the 
period between the first and third census and whether they had incurred damaged in their crowns 
or bark. The total number of observed target (parent) stems was 853. 

The extent of damage to target stems was generally low. We found that only 2 of the 853 target 
stems were damaged in their crown (dieback) in the first census. During the period from the first to 
third census, injuries to bark occurred in 7.1% of stems in the plots without deer exclosures, whereas 
injuries occurred in only 1.1% of stems in plots inside deer exclosures; this difference was likely due 
to bark stripping by deer. However, the bark stripping was not severe, as it did not result in any 
perceivable mortality for adult trees; the annual mortality of stems (by any mortality agent) did not 
differ significantly between plots inside deer exclosures (2.06% year−1) and plots without deer 
exclosures (2.23% year−1; p = 0.291 using the likelihood ratio test for logistic regression). 

To examine possible effects of environmental factors on resprouting, we measured soil 
temperature, soil nitrogen content, soil pH, and slope inclination. From 23 June to 17 September 

Figure 1. Locations of plots in the University of Tokyo Chichibu forest (35◦55′ N, 138◦50′ E), Chichibu
City, Saitama Prefecture, central Japan. In the topographic map (left), solid circles represent plots,
and the contour interval is 100 m.

2.2. Data Collection

Data collection was conducted at 30 research sites in the above-mentioned natural forests as
a part of a broader research project in which we are monitoring ecosystem dynamics, biodiversity,
and biological interactions in forests under browsing pressure by sika deer.

Between September 2012 (after the cessation of radial growth) and June 2013 (before the onset
of radial growth), we established two 30 × 30-m plots at each site (60 plots in total): one inside a
deer exclosure and the other with no deer exclosure. We marked all tree stems in the plots larger
than 3.18 cm in diameter at breast height (dbh), identified them to species, recorded whether they
were damaged in their crowns or bark, and measured dbh (first census). We also recorded whether
tree individuals had multiple stems with dbh >3.18 cm. From June to November 2015, we conducted
measurements at 28 sites (56 plots) for the present study (second census). Two sites were excluded from
the study due to labor constraints. We recorded the resprouting status of the stems (>3.18 cm in dbh in
the first census; hereafter, target stems) in the center 10 × 10-m subplot in each plot. We re-measured
the dbh of all target stems. We also recorded the number and lengths of resprouts on the target stems.
For practical reasons, measurements of resprouts were only conducted for resprouts with stem lengths
longer than 15 cm that were emerging from the parent stem surface within 30 cm from the ground.
Between September 2016 and May 2017, we re-measured the dbh of all target stems (third census),
and we also recorded whether target stems had survived during the period between the first and third
census and whether they had incurred damaged in their crowns or bark. The total number of observed
target (parent) stems was 853.

The extent of damage to target stems was generally low. We found that only 2 of the 853 target
stems were damaged in their crown (dieback) in the first census. During the period from the first to
third census, injuries to bark occurred in 7.1% of stems in the plots without deer exclosures, whereas
injuries occurred in only 1.1% of stems in plots inside deer exclosures; this difference was likely
due to bark stripping by deer. However, the bark stripping was not severe, as it did not result in
any perceivable mortality for adult trees; the annual mortality of stems (by any mortality agent) did
not differ significantly between plots inside deer exclosures (2.06% year−1) and plots without deer
exclosures (2.23% year−1; p = 0.291 using the likelihood ratio test for logistic regression).
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To examine possible effects of environmental factors on resprouting, we measured soil
temperature, soil nitrogen content, soil pH, and slope inclination. From 23 June to 17 September
2015, soil temperatures were monitored at the center of each plot at a depth of 10 cm from the soil
surface; mean soil temperatures during this period were calculated for the plots. Soil nitrogen content
and pH were measured at five regularly spaced points in each plot at a depth of 5–10 cm from the top
soil in 2014 [51], and mean values for plots were calculated. Slope inclination was calculated from
the three-dimensional points on the forest floor in the plots during October–November 2011 using an
aerial LiDAR survey (a joint project between UTCF and Suntory Natural Water Sanctuary).

2.3. Data Analyses

Variation in resprouting behavior was analyzed at inter- and intraspecific levels. In the analyses
of interspecific variation, we chose as the targets of the analyses 30 species with more than six
individuals whose resprouting status was recorded. In the analyses of intraspecific variation, we chose
9 resprouting species with more than nine parent stems (Acer micranthum Sieb. et Zucc., Acer rufinerve
Sieb. et Zucc., Acer ukurunduense Trautv. et C. A. Mey., Clethra barbinervis Sieb. et Zucc., Fagus japonica
Maxim., Fraxinus lanuginosa Koidz., Meliosma myriantha Sieb. et Zucc., Quercus crispula Blume var.
crispula, and Sorbus commixta Hedl. var. rufoferruginea). We deemed a species to be sprouting if more
than 20% of the stems of a species had resprouts.

2.3.1. Interspecific Variation in Resprouting

We quantified a species’ resprout production using two indices: the resprouting ratio (the ratio of
the number of resprouting individuals to the total number of individuals) and the mean number of
resprouts per individual. We then visually determined whether the distributions of these variables
across species were a continuum or could be clearly classified into dichotomous groups (i.e., resprouters
and non-resprouters).

2.3.2. Relationships among Resprout Production, Parent Stem Growth, Multi-Stemmedness,
and Dominance in Forest Communities

We quantitatively described potentially complicated relationships among resprout production,
parent stem growth, multi-stemmedness, and dominance in forest communities using structural
equation modeling (SEM) [52]. SEM is a multivariate statistical methodology used to analyze a network
of relationships between observed and latent variables. We introduced four latent variables (resprout
production, parent stem growth, multi-stemmedness, and dominance in forest communities) into the
SEM, and we assumed that they were represented by one to three observed variables (indicators):
resprout production was represented by the resprouting ratio, mean resprout number, and mean
resprout length; parent stem growth was represented by mean absolute dbh growth rate and mean
relative dbh growth rate; multi-stemmedness was represented by the multi-stemmed ratio (the ratio of
the number of multi-stemmed individuals to the total number of individuals) and the mean number
of stems per individual; and dominance in forest communities was represented by species’ mean
relative basal area (Figure 2). Mean dbh growth rates (both absolute and relative) were calculated
using the dbh measurements from the first and second censuses. The species’ mean relative basal
area was calculated using the data obtained in the first census. Inferring such latent variables from
observed variables is more reasonable than arbitrarily choosing one observed variable as a factor (e.g.,
choosing only the resprouting ratio for resprout production). In terms of the relationships among latent
variables, we hypothesized that (1) resprout production and parent stem growth are correlated because
of the trade-off in biomass allocation to resprout production and parent stem growth (Figure 2) [4,6,22];
(2) resprout production affects multi-stemmedness [18,19,23]; (3) multi-stemmedness affects parent
stem growth [6,18,19]; and (4) both parent stem growth and multi-stemmedness determine the
species’ dominance in forest communities [18,19,24]. Prior to the analysis, all observed variables
were log-transformed [with formulas log(x), or log(x + 0.01) if the original data included zero] and
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standardized. We fitted the hypothetical model (Figure 2) to the data using the maximum likelihood
method with the ‘lavaan’ (ver. 0.6-3) package [53] in R software ver. 3.4.3 [54]. We began model
construction with the initial model depicted in Figure 2 and improved the model using modification
indices calculated using the function modification Indices ().
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2.3.3. Effects of Parental and Environmental Factors on Resprout Number per Stem within Species

We analyzed the number of resprouts per parent stem (N) of the nine resprouting species using
the hierarchical Bayesian method with the zero-inflated Poisson distribution (ZIP) [55]. We assumed
that N followed ZIP, because the observed frequencies of N = 0 were much higher than expected by the
Poisson distribution. The probability that the number of resprouts (Nij) emerging from the ith parent
stem belonging to the jth species following ZIP will take a particular non-negative integer value n is
given by (Equation (1))

Pr(Nij = n | λij, pij) =

 pij +
(
1− pij

)
e−λij , i f n = 0

(1−pij)e
−λij λij

n

n! , i f n > 0
(1)

where λij and pij denote the mean of the Poisson distribution and the probability of inflated zeros,
respectively. The expected number of Nij can be calculated by (1 − pij) λij. To relate Nij to parental and
environmental factors, we assumed

logit
(

pij
)
= aj0 + aj1Dij + aj2Gij + aj3Tsij + aj4Nsij + aj5Psij + aj6Sij + aj7Btij + aj8Bl ij + aj9Eij (2)

log
(
λij
)
= bj0 + bj1Dij + bj2Gij + bj3Tij + bj4Nsij + bj5Psij + bj6Sij + bj7Btij + bj8Bl ij + bj9Eij (3)

where Dij denotes the dbh of the ith parent stem belonging to the jth species; Gij is the dbh growth
rate of the parent stem; Tsij is mean soil temperature; Nsij is soil nitrogen concentration; Psij is soil pH;
Sij is slope inclination; Btij is total basal area of the stand; Blij is cumulative basal area of stems larger
than the focal parent stem; Eij is a binary variable expressing the presence/absence of deer exclosures;
and aj0–aj9, bj0–bj9 are species-specific parameters. Total basal area was included in the model as a
surrogate for light intensity at the forest floor (the larger the basal area was, the darker the forest floor
was assumed to be). The cumulative basal area of larger stems was included in the model to represent
the one-sided competition effect of larger stems on the focal parent stems [56–59].

To estimate the species-specific parameters (aj0–aj9, bj0–bj9), we used the hierarchical Bayesian
method where species-specific parameters (e.g., aj0, j = 1–9) were assumed to follow a normal



Forests 2018, 9, 672 7 of 17

distribution with hyper-species parameters: a mean (e.g., µa0) and a standard deviation (e.g.,
σa0). We assumed that these hyper-species parameters (µa0–µa9, µb0–µb9, σa0–σa9, σb0–σb9) had
non-informative priors.

The posterior distributions of all parameters were determined by the Markov chain Monte
Carlo (MCMC) method using Stan software (ver. 2.17.0) [60] from R [54] with library RStan (ver.
2.17.3) [61]. We ran four independent MCMC chains. In most cases, we recorded 1200 samples after a
burn-in of 600 for each chain, but in cases where we could not obtain satisfactory convergence levels,
we increased the sampling numbers up to 7200. The chains were thinned every four runs to reduce
autocorrelation. To attain rapid convergence of MCMC samplings, all explanatory variables in the
model were standardized during samplings but converted to the original scales when output. For each

parameter, we checked the convergence of the MCMC chains using an
∧
R value [62]. When all

∧
R values

were <1.1, we deemed the sampling from the posterior distribution to have reached convergence.
To obtain a model with better predictive accuracy by excluding unimportant predictors,

we conducted model selection using widely applicable information criterion (WAIC) values [63].
To calculate WAIC, we used the function ‘waic’ in R [64].

Quantifying the strength of the effect of each explanatory variable in the above model on the
expected resprout number is difficult because a variable exerts effects through two paths (through pij
and λi). Therefore, we calculated the range width (i.e., maximum–minimum) of the expected resprout
number within the observed range of a focal explanatory variable to quantify the strength of the effect
of each explanatory variable for each species. When calculating the expected resprout number, we
used the best-supported model and mean values of explanatory variables excluding the focal variable.
When Eij was included in the non-focal explanatory variables, we used one for the value of Eij, which
implied that the stems were inside the deer exclosures.

3. Results

3.1. Interspecific Variation of Resprouting

Of the 30 species with more than six individuals whose resprouting status were recorded,
17 species had at least one individual with resprouts, while 13 species had no resprouting individuals
(Table S1). The resprouting ratio (the ratio of the number of resprouting individuals to the total
number of individuals) varied substantially among species from 0.00 to 0.86 (Figure 3; Table S1).
The distribution of the resprouting ratio formed a continuum, with a peak in the smallest resprouting
ratio class. The mean number of resprouts per individual had a very similar distribution, which was
continuous with a peak in the smallest class (Figure 3).
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3.2. Relationships among Resprout Production, Parent Stem Growth, Multi-Stemmedness, and Dominance in
Forest Communities

Based on the results of the modification indices, we added a correlation between the relative dbh
growth rate and the absolute dbh growth rate to the initial model (Figure 2) to ultimately reach a final
model (Figure 4). The addition of this correlation substantially improved the fit of the final model
(χ2 = 17.563; df = 14; p = 0.227; AIC = 486.374) compared to the initial model (χ2 = 24.296; df = 15;
p = 0.06; AIC = 491.107).
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The estimated standardized coefficients of the SEM are presented in Figure 4. Among the eight
indicators, relative dbh growth rate had a very low standardized coefficient, indicating that this
variable was not a good indicator of parent individual growth. Resprout production and parent
stem growth had a weak negative direct correlation (−0.257). However, another indirect path existed
between resprout production and parent stem growth through multi-stemmedness. After the effect
through this path was added, the total correlation between resprout production and parent stem
growth increased to −0.686 (= −0.257 + 0.564 × (−0.761)). Resprout production had a positive effect
on multi-stemmedness. Multi-stemmedness had a negative effect on parent stem growth, whereas it
had a positive effect on dominance in forest communities. Parent stem growth had a strong positive
effect on dominance in forest communities. Although the direct effect of multi-stemmedness on
dominance in forest communities was positive (0.831), the total effect, including an indirect effect
through parent stem growth, was negative (0.831 + (−0.761) × 1.591 = −0.380). Similarly, the total
effect of resprout production on dominance in forest communities was negative (0.564 × 0.831 + 0.564
× (−0.761) × 1.591 = −0.214).

3.3. Effects of Parental and Environmental Factors on Resprout Number Per Stem within Species

The model including dbh of parent stems, dbh growth rate, soil temperature, soil nitrogen
concentration, soil pH, slope inclination, cumulative basal area of larger stems, and the
presence/absence of deer exclosures was selected as the best-supported model predicting resprout
number per stem for nine resprouting species (Table 1, see Table S2 for parameter estimates). The total
basal area was not included in the best-supported model, indicating that this factor was not important
in predicting resprout numbers. Although the explanatory variables were linearly combined without
any interaction terms in the model (Equations (2) and (3)), the relationships between the expected
resprout number and each of the explanatory variables (Figures S1–S7) were not always simple because
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the model contained two link functions (logit and log), and the expected number was calculated by
(1 − pij) × λij.

Table 1. Strength of response in expected resprout number to changes in explanatory variables. Red and
blue font indicate that the expected resprout number exhibits an increasing or decreasing relationship
with the focal explanatory variable, respectively. Green font indicates that the expected resprout
number reaches a maximum or minimum at an intermediate value of the focal explanatory variable.
See text for the detailed method of calculation.

Explanatory Variable

Species dbh dbh
Growth

Mean
Soil

Temperature
Soil N Soil pH Slope

Inclination
Cumulative
Basal Area

Deer
Exclosure 1

Acer micranthum
Sieb. et Zucc. 0.12 0.14 0.14 0.06 0.18 3.45 0.14 −0.03

Acer rufinerve Sieb.
et Zucc. 0.36 1.05 7.26 1.32 0.09 6.85 1.21 0.90

Acer ukurunduense
Trautv. et C. A.

Mey.
0.47 0.38 2.12 0.62 0.53 0.52 0.55 1.04

Clethra barbinervis
Sieb. et Zucc. 1.13 8.10 10.69 2.72 0.09 4.69 1.20 3.19

Fagus japonica
Maxim. 1.21 1.67 4.26 0.65 1.42 0.66 2.06 1.73

Fraxinus lanuginose
Koidz. 0.54 0.66 10.26 1.24 1.13 3.49 9.20 0.94

Meliosma
myriantha Sieb. et

Zucc.
0.45 1.43 5.16 0.61 0.37 3.25 4.53 1.79

Quercus crispula
Blume. 0.86 1.13 1.05 0.22 0.16 0.98 0.24 0.21

Sorbus commixta
Hedl. 0.33 1.08 1.01 0.22 0.04 1.50 0.45 0.18

Mean 0.61 1.74 4.66 0.85 0.45 2.82 2.18 1.1
1 the difference obtained by subtracting the expected resprout number when resprouts are outside deer exclosures
from that when they are inside deer exclosures.

Almost consistent but not necessarily strong effects of deer exclosures on resprout number
were observed (Table 1; Figures S1–S7); parent stems generally had more resprouts if they were
located inside deer exclosures compared to if they were outside exclosures. The strength of the
effect varied depending on species. The difference in the expected resprout number between parent
stems inside and outside deer exclosures was smallest for Acer micranthum (−0.03) and highest for
Clethra barbinervis (3.19).

Because the expected resprout number was generally low for parent stems outside deer exclosures,
which made the relationships between the expected resprout number and explanatory variables less
clear (dotted lines in Figures S1–S7), the following descriptions of the effects of the selected explanatory
variables are primarily based on patterns observed inside deer exclosures (solid lines in Figures S1–S7).

The dbh of parent stems had weak effects on resprout number, judging from the narrow range in
the expected resprout number compared to the effects of other selected variables (Table 1, Figure S1).
The responses of the expected resprout number to parent stem dbh varied depending on species.

The effect of dbh growth on the resprout number was negative (Table 1, Figure S2). The effect
of dbh growth was generally not strong, but a relatively strong negative effect of dbh growth was
observed for Clethra barbinervis.

Mean soil temperature had generally strong positive effects on resprout number within the
observed temperature ranges (Table 1, Figure S3). One exception occurred in Clethra barbinervis,
for which mean soil temperature had a negative effect.
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Soil nitrogen and soil pH had weak effects on resprout number (Table 1, Figures S4 and S5).
The responses of the expected resprout number to these factors varied depending on species.

Slope inclination had various effects on resprout number (Table 1, Figure S6). A clear positive
effect was found for one species (Acer rufinerve), while clear negative effects were observed for three
species (Acer micranthum, Fraxinus lanuginosa, and Meliosma myriantha).

Basal area of larger stems also exhibited various effects on resprout number (Table 1, Figure S7).
Strong effects were only found in Fraxinus lanuginosa and Meliosma myriantha, although the directions
of the effect for these two species were opposite to each other.

4. Discussion

Studies of resprouting in undisturbed forests, where most observed individuals are undamaged,
have been relatively scarce, and most available studies have only been conducted on a few
species [1,29,40–44]. Therefore, comparisons in the following discussion are made mainly between
the current study and previous studies on resprouting from severely damaged trees or previous
studies on epicormic shoots developing from trunks. Resprouting shoots emerge from the same
location (i.e., the trunk base) in both undamaged and damaged trees; however, these trees differ in
physiological conditions (e.g., hormones) and sources of resources for resprouting (e.g., resources
stored in underground and aboveground parts vs. currently produced and/or absorbed resources) [65].
On the other hand, resprouts emerging from trunk bases and epicormic shoots emerging from trunks
generally share the same ontogenetic process and differ only in the location from which new shoots
emerge and the ecological roles they play [5,65].

4.1. Interspecific Variation in Resprouting

Although the observed distributions of the two indices used to evaluate the qualitative and
quantitative aspects of resprout production (the ratio of the number of resprouting individuals and
the mean resprout number per individual) had distinct peaks in the lowest class of the indices,
both distributions exhibited wide ranges. These wide ranges indicate that resprout production
from individuals in undisturbed forests does not interspecifically converge upon similar values.
The coexistence of species with various degrees of resprout production from severely damaged
individuals has also been reported for various forest/woodland communities (e.g., [1,3,6,8]).
The distributions observed in the present study showed similar community-wide variation in resprout
production for individuals in undisturbed forests as well.

The distributions of indices for resprout production did not exhibit two peaks, indicating that
the observed species did not separate into dichotomous groups of resprouters vs. non-resprouters.
This finding is consistent with the general pattern observed by Vesk and Westoby [7] in that the
distribution of resprout production tends to be a continuum in communities with less intense
disturbances (e.g., wind) such as tropical and temperate forests, whereas it tends to be dichotomous,
with distinct groups of resprouters and non-resprouters, in communities with intense disturbances
(e.g., fire) [7,66]. The distributions observed in this study may be those observed at one end of a
gradient in disturbance severity, as the data were obtained primarily from undamaged individuals in
undisturbed forests.

4.2. Relationships among Resprout Production, Parent Stem Growth, Multi-Stemmedness, and Dominance in
Forest Communities

A considerable number of previous studies on resprouting from severely damaged individuals
in various types of forests have documented significant negative interspecific relationships between
the parent growth rate and resprout production, which have been expressed as contrasts between
slow-growing resprouters and fast-growing reseeders [3,5,9,18–21]. Similarly, the SEM results
indicated a negative total correlation (−0.686) between resprout production and parent stem growth.
Furthermore, the SEM showed that the negative total correlation consisted of a relatively weak direct
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correlation and a moderately strong indirect effect of resprout production on parent stem growth
through multi-stemmedness. This result indicates that two different causal relationships or mechanisms
underlie the apparent bivariate correlation between resprout production and parent stem growth.
The direct negative correlation between these factors may be due to the trade-off in the allocation of
growth materials to resprout production versus parent stem growth. The existence of this trade-off
seems logical because the same types of materials are used for both processes. However, the trade-off
can be less important [9,26,67], particularly for large vigorous trees, because the allocation to stem
growth can be very large compared to allocation to resprout production. This may be one reason for
the weak direct correlation found in the present study. The indirect effect of resprout production on
parent stem growth through multi-stemmedness has rarely been examined quantitatively, although it
has often been discussed in previous studies [3,5,18–21]. The present study demonstrated that this
pathway is considerably strong in undisturbed forest communities.

Although multi-stemmedness has previously been assumed to function as a surrogate for resprout
production of undamaged trees [23], multi-stemmedness (i.e., the presence of multiple large stems
in single trees) is not an inevitable result of resprouting (i.e., the development of small young
shoots from stem bases) from undamaged trees, as several processes can influence the extent of
multi-stemmedness. These processes include growth and mortality of resprouts, which are affected by
the support from and competition with parent stems. Therefore, young resprouts currently observed
on undamaged trees will not necessarily become large stems to form multi-stemmed individuals,
although a statistically significant effect of resprout production on multi-stemmedness was observed
in this study. Additionally, current multi-stemmedness may be a consequence of past resprouting
that occurred after damage to the parent stems. Multi-stemmedness resulting from resprouting after
damage during severe disturbances has been well documented (e.g., [24,39]).

The SEM results presented here indicate that the extent of multi-stemmedness affected a species’
dominance in forest communities through two pathways with opposite effects: a positive direct
effect and a negative indirect effect through parent stem growth. Multi-stemmedness may have a
positive effect on species’ dominance because of the large numbers of growing stems associated with
multi-stemmedness. On the other hand, multi-stemmedness reduced parent stem growth and had a
negative indirect effect on dominance. The negative effect of multi-stemmedness on parent stem growth
may be due to the reduced allocation of resources to multiple stems within single individuals [6,18,19].
Reduced structural stability of multi-stemmed individuals may play a role in reducing the species’
dominance [24]. The total effect of multi-stemmedness, i.e., the summation of the strong negative
indirect effect and the relatively weak positive effect, was negative in this study.

Because resprout production had a positive effect on multi-stemmedness, the former also had a
negative effect on species’ dominance through two pathways, each with a positive or negative effect.
Similar negative relationships between the extent of resprout production and species’ dominance have
been reported for various forests or woodlands with high productivity, high canopy, and consequently,
strong competition among individual trees [18,19,21], as in the present study forest. However, if the
relative strengths of the two pathways vary depending on the ecological context, which influences
resprouting behavior and species dominance, various (from negative to positive) relationships can exist
between species’ resprout production and their dominance. For example, the most dominant species
in a montane forest in Costa Rica had the highest resprouting ratio [68], whereas species abundance
was not related to resprout production in a Malaysian rain forest [69].

4.3. Effects of Parental and Environmental Factors on Resprout Number Per Stem Within Species

The presence of deer exclosures exerted the consistent (but not necessarily strong) positive effect
on the resprout number per stem within each species (Table 1, Figures S1–S7), indicating that browsing
pressure by sika deer on resprouts was considerable in the study forests. This result is not surprising
given that deer density in the region, including in the study forests, has increased to a level at which
deer browsing has substantially reduced understory vegetation [50], and large mammalian herbivores
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utilize not only seedlings/saplings but also resprouts [36,44,70–72]. The strength of the effect of deer
exclosures varied among species (Table 1), suggesting that deer exhibited preferences for certain tree
species [36,70]. Because our measurements were conducted only 2 years after the establishment of
deer exclosures, the strength of the effect of deer exclosures on resprout number will likely increase
as the effect accumulates over time. Therefore, browsing pressure on resprouts can have substantial
effects on community dynamics and ecosystem functions [36,71,72].

Parent stem size is probably the most frequently examined factor that can affect tree resprouting
within single species (e.g., [1,3,5,8,10,11,25–27,29,32,34,41,67,73]). As in most previous studies, an effect
of dbh on resprout number was detected in this study for at least some species, but the strength and
direction of the effect were variable (i.e., species specific) (Table 1, Figure S1). This variation in the
relationship between resprout production and parent stem size may be due to the existence of multiple
mechanisms. The mechanisms that have been proposed so far include (1) larger parent stems have
more resource reserves that can be allocated to resprout production [25,34]; (2) larger individuals are
likely to be damaged in their upper crowns by strong winds, which stimulates resprout production [29];
and (3) larger trees can avoid browsing herbivores and lethal heat from low-intensity fire, and thus lose
their ability to produce resprouts [8]. These multiple mechanisms may result in non-linear (i.e., convex)
relationships between resprout production and parent stem size, where resprout production initially
increases with parent stem size and then decreases after reaching a maximum at an intermediate stem
size [5,26]. In this case, the range of parent stem size used for observations or experiments can affect
the results. The choice of the variables to express the extent of resprout production (e.g., the probability
of resprout production, resprout number, or resprout size) can also affect the results. Additionally, the
effect of dbh was relatively weak compared to those of environmental factors, implying that important
factors influencing resprouting activity have been overlooked, whereas the effects of easily measured
factors (i.e., parental factors) have often been the primary focus. Future research on tree resprouting
should include both parental and environmental factors in the analyses, similar to several studies on
tree growth and mortality (e.g., [74,75]).

Dbh growth had negative effects on resprouting (Table 1, Figure S2), indicating that the trade-off
between resprouting of new shoots and radial growth may be operating within individual species.
A similar trade-off has been observed in studies of epicormic shoots [76–78]. Again, the relatively
weak effects of dbh growth compared to those of environmental factors may imply that important
factors influencing resprouting activity have been overlooked.

Of the environmental factors considered in this study, soil temperature generally exerted relatively
strong positive effects on resprout number (Table 1; Figure S3). Several studies have investigated the
effects of temperature during fires on resprouting (e.g., [79,80]), but to our knowledge, this is the first
report on the significant effect of temperature on resprouting under conditions without disturbances.
The positive effect of soil temperature on resprout production makes intuitive sense, given that the
growth period of trees at the study sites is limited not by high temperature or low precipitation but
instead by low temperature.

Although several previous studies have reported significant effects of site productivity or soil
nutrient availability on resprouting [27,32], only weak effects of soil properties were detected in this
study (Table 1; Figures S4 and S5). This discrepancy may be due to the difference in the condition
of parent stems; parent stems were severely damaged by cutting or fire in the above-cited studies,
whereas most parent stems were not damaged in the present study. Another possible reason is that the
best-supported model in this study included dbh growth as an explanatory variable, which can mask
the effect of site productivity or soil properties.

Although resprouting has been considered an important functional species trait in terms of
allowing individuals to persist on unstable substrates such as steep slopes [14,81], the resprouting
response of individuals to slope inclination has not been explicitly examined. In the present study,
a negative effect of slope inclination was observed more frequently (in five of nine species; Table 1;
Figure S6) than a positive effect (in one species). This disparity may be due to the fact that the
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target species of the current analysis did not include species adapted to unstable substrates [14] or to
frequently disturbed habitats [41].

Various directions and strengths of the effect of cumulative basal area of larger stems (a surrogate
for one-sided competition on parent stems) (Table 1; Figure S7) may have been due to slightly
different strategies of resprouting. Species that positively respond to increasing cumulative basal area
(e.g., Fraxinus lanuginose) produce more resprouts when stems are suppressed by larger competitors.
The resprouts produced in such situation can be an insurance against the forthcoming death of the
parent stems. On the other hand, species that negatively respond to increasing cumulative basal
area (e.g., Meliosma myriantha) produce more resprouts when stems are competitively advantageous.
Such stems are often large and vigorous, and have large resource reserves that can be allocated to
resprout production. The resprouts produced in such situation can form a resprout bank, which can
help to maintain individuals by replacing main stems when they are severely damaged by disturbances
(e.g., strong wind).

5. Conclusions

The present study demonstrated that both inter- and intraspecific variation in the resprouting
of individuals was substantial in undisturbed forests. Similar levels of inter- and intraspecific
variation in resprouting have been observed for severely damaged individuals (e.g., [1,3,6,7,12,15,38]).
The interspecific variation observed here appeared to occur at one end of the spectrum from a
continuous distribution of resprouting production in communities with less intense disturbances to a
dichotomous distribution of resprouters and non-resprouters, which is often observed in communities
with intense disturbances. Our SEM summarized well the direct and indirect relationships of species’
traits including resprout production, parent stem growth, multi-stemmedness, and relative dominance
in the undisturbed forests. Because studies of the resprouting of individuals in undisturbed forests are
relatively scarce, additional data are necessary before general conclusions can be drawn for this process.
In particular, more research effort should focus on the effects of environmental factors. Future studies
should also evaluate the significance of this process in the context of forest community dynamics and
the evolution of species traits.
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