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Abstract

Ecologists have recently accepted the notion that species coexistence involves both

niche and neutral processes, but few studies have explained how both of these

opposite views can explain coexistence in the same community. Here we focus on

competition among sessile organisms and explored first the extent to which

species-based niche reflects local “matchups” between nearby individuals, using

726 saplings of 10 temperate tree species, and second the members engaging in the

matchups, which have rarely been quantified despite the importance in mixed-

species forests. Growth responses to light showed considerable species-level differ-

ences, suggesting commonly seen regeneration niches. Outcomes of the individual

matchups were basically predictable from the species mean response, but also with

substantial contribution of within-species variation. We found strong imbalance in

matchup frequencies, such that some individuals meet more individuals of differ-

ing species but others meet fewer, as well as many isolated, competition-free ones.

The niche and neutral processes appear to reflect, respectively, between- and

within-species differences, and our findings suggest that even when niche segrega-

tion is discernible, the role of stochasticity for the frequency of local competition,

as well as its outcomes, cannot be discounted in species coexistence.
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INTRODUCTION

Interspecies competitiveness is fundamental in realizing
the ecological niche of a species, community organiza-
tion, and species coexistence. Although numerous studies
have provided general support to the traditional niche theory
(Silvertown, 2004), a number of interspecies relationships can
also be explained based on neutral processes, which assume
substantial between-individual equivalence and stochastic
processes in competition (Hubbell, 2001). Along with growing
evidence from tropical forests in particular, most ecologists

have accepted that both niche and neutral processes do work
(Gravel et al., 2006; Hart et al., 2016; Vellend, 2016).

These explanations have often been considered to be
two extremes of the niche–neutrality spectrum (Gravel
et al., 2006; Rosindell et al., 2012), but why both of these
opposite views explain coexistence has rarely been explored.
The traditional niche explanations are based on species-
level differences (trade-offs) in the performances along
resource gradients, whereas the neutral theory is originally
individual based. Recently, some authors have argued that
individual variation may play an important role in species
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coexistence in forests (Clark, 2010; Clark et al., 2003, 2010,
2011; Hart et al., 2016; Voille et al., 2012), because species-
level differences often overlap widely because of within-
population variations. However, subsequent empirical
testing remains surprisingly scarce at the community level.

Clark et al. (2011) also emphasize the unappreciated
need to consider the scale at which the interaction
occurs. Species do not compete with other species;
instead individuals do, directly with nearby individuals.
Although the species competitiveness may differ, compe-
tition involves many local matchups of individuals under
various local conditions (Clark et al., 2010, 2011;
Hubbell & Foster, 1986). Here we add a point that in ses-
sile organisms both the occurrence and outcome of local
matchups determine the “winner” occupying that space.
Analysis of individual matchups referring to species dif-
ferences is thus important in understanding interspecies
competition in a forest. In this context, species-level aver-
age can be regarded as a “rank,” and the relative ranks
for competing species may depend on the local situation
in which the interaction is occurring. Then, to what
extent do outcomes of the local matchups reflect species’
ranks? Intuitively, when the species difference is domi-
nant (i.e., stronger niche process), results of the matchups
should reflect the ranks; when individual performances
are highly variable within species, local matchups may
exert substantial stochasticity. Furthermore, the out-
comes of local competition may depend on the species
identity of opponents, that is, the presence or absence of
“stronger” species (Hurtt & Pacala, 1995). So far, empiri-
cal studies have paid little attention to the frequency of
interindividual competition, as well as its outcome (but
see Clark, 2010), despite that it may always matter in
mixed-species systems (Hubbell & Foster, 1986).

In this study, we examined local individual competition
among naturally colonized tree saplings of 10 temperate
species differing in their responses to light. We first evalu-
ated differences in the species-level light dependency and
projected it into the deterministic ranking of species. We
then picked local matchups between individuals and exam-
ined to what extent individual-based competitive relation-
ships are explained by the species-level means. Addressed
questions are (1) is niche partitioning discernible from
growth curves, that is, species’ mean responses; (2) is there
any bias in the frequencies of interspecies matchups; and
(3) do the results of matchups reflect the deterministic
ranking derived from the species’mean responses?

FIELD METHODS

In temperate zones, montane riparian forests often show
high species diversity and a wide variety of tree life history

characteristics (Nakamura & Inahara, 2007; Suzuki et al.,
2002), and regenerating saplings are in severe competition
for light. Thus, this study was conducted in a temperate
montane creek-scape, in northern Japan (39�060 N,
140�510 E): Kanumazawa Riparian Research Forest and an
adjacent creek, Oarasawa, as well as an abandoned forest
road connecting these (see Appendix S1 for detailed
descriptions and photos). The Kanumazawa forest has a
closed canopy and three small-scale patches of boulder/
gravel sedimentation created by fluvial transports (totaling
1439 m2). In Oarasawa creek, in contrast to Kanumazawa,
frequent fluvial transports have resulted in a large, single
sedimentation (6066 m2) of boulders with a sparsely
wooded area. The forest road was constructed in 1991–
1992 and abandoned in around 2004. The canopy open-
ness of these sites ranged from 1.0% to 12.2% in
Kanumazawa, 9.5% to 45.5% in Oarasawa, and 1.5% to
19.1% at the forest road site.

We defined a sapling as a stem with 50–300 cm in height
excluding current-year seedling. In Kanumazawa, all sap-
lings on the three fluvial deposit sites have been monitored
(sampled area: 1436 m2; Oki et al., 2013). In Oarasawa, we
used two belt transects (3 � 150 and 3 � 100 m: totaling
750 m2) that were installed between 2008 and 2009. In the
forest road site, in 2009 we placed 10 short belt transects
(3 � 10 m each) on the road slopes at five sampling stations
(totaling 300 m2) with 50-m intervals. In these sampling sites,
the location of every sapling was recorded, and their heights
were repeatedly measured over 2–4 years. These details are
described in Appendix S1. We analyzed 10 tree species that
belong to major taxa in temperate forests of the northern
hemisphere and that differ in growth habits and successional
status (Table 1). To evaluate the light conditions, in early
August 2011 we took hemispherical photographs under an
overcast sky, at 2-m intervals (2 m high, n = 657), and can-
opy openness was calculated according to Oki et al. (2013).
The canopy openness at the 2-m grid was regarded as the
light level for saplings therein.

DATA ANALYSIS

All the analyses were run using R ver. 3.53. Because the
survey intervals varied among the sites and samples, we
evaluated the growth rates of saplings (total n = 676) based
on the annual rates of increase in their height. The annual
growth rate, G, from year t to year t + n was calculated as

G year�1ð Þ¼ Htþn
Ht

� �1=n
�1, where Ht and Ht+n represent

height in years t and t+n, respectively. To describe the
sapling response to light availability, the relationship
between the sapling growth rate and light conditions
L was modeled using the nonlinear regression equation:
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TAB L E 1 Outline of analyzed samples. Species are listed in decreasing order of winning percentage, in which a “win” was assigned for

each matchup based on comparison of annual height growth rates between the two saplings competing

Species Life form
Successional
statusa Sitesb

Average
height in
2011 (cm)

Annual
growth
rate
(year�1)

Light
availabilityc

(%)

Total
saplings
investigatedd

Percentage
of wins

Alnus hirsuta Canopy Early O 141.6 � 55.3 1.48 � 0.61 36.4 � 6.8 42 + 15 95

Fagus crenata Canopy Late K/O/R 114.1 � 56.3 0.15 � 0.15 7.3 � 3.5 115 + 3 77

Ulmus laciniata Canopy Moderate K/R 102.3 � 38.2 0.08 � 0.15 4.0 � 1.6 118 63

Acer amoenum Subcanopy Late K/R 82.5 � 30.2 0.17 � 0.32 6.9 � 3.7 33 62

Acer pictum Canopy Moderately
late

K/O/R 93.1 � 35.9 0.10 � 0.20 8.0 � 7.7 82 45

Quercus crispula Canopy Moderate O/R 110.0 � 43.0 0.19 � 0.20 10.2 � 5.5 13 + 7 44

Aesculus turbinata Canopy Late K/O/R 93.6 � 36.1 0.07 � 0.10 5.0 � 2.9 34 + 2 37

Pterocarya
rhoifolia

Canopy Early K/O 116.0 � 58.0 0.09 � 0.28 6.0 � 4.2 157 36

Cercidiphyllum
japonicum

Canopy Moderate K/O/R 107.5 � 48.4 0.17 � 0.35 12.6 � 12.9 39 34

Salix spp.e Canopy/
subcanopy

Early O/R 115.3 � 55.6 0.42 � 0.41 30.5 � 13.0 42 + 23 18

Note: Error values represent SD.
aBased on growth response to light.
bK: Kanumazawa, O: Oarasawa, R: Forest road.
cMeasured as canopy openness.
dDenoted as primary + additional samples (total N = 676 + 50 = 726).
eIncludes S. caprea, S. dolichostyla, S. integra, and S. udensis.

F I GURE 1 Schematic illustrations for testing consistency in species- and individual-level competition among trees. (a) Responses to an

environmental gradient often differ between species (shown by different lines), and local competition always occurs under certain conditions

(e.g., green arrows). (b) The differential responses can be projected into the species’ competitiveness: The more advantageous the species-

level response under a given condition, the more likely that individual is to win the local matchup, if the niche process is predominant. This

can be analyzed in a simple framework of the generalized linear model (GLM). (c) An example of actual competition between Aesculus and

Pterocarya saplings (n = 15, green lines with purple letters). Aesculus lost eight matchups (shown by “L” letters), seven of which were losses

despite being under advantageous conditions in terms of species-level average responses (blue and red lines) or in terms of both species-

means and initial heights (n = 3: shown in boldface)
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G¼ aþexp bLþ cð Þ, where the natural logarithm of the can-
opy openness was used for L, and parameters a, b, and cwere
determined for each species with the package nlme.

To quantify local interindividual competition, the
growth rates were compared, assuming that every sapling
was being matched up with each of the adjacent saplings
(Weiner & Damgaard, 2006). Based on the mean heights
for each species (Table 1), we regarded saplings within a
radius of 1 m from a given sapling as individuals in com-
petition, and the matchups were enumerated. This
assignment was conducted for areas excluding a 1-m bor-
der of the transect, in order to pick up competitors pre-
cisely, and resulted in 917 interspecies matchups in

263 saplings. For analyses of outcomes of individual
matchups, we additionally sampled 50 saplings of several
species in Oarasawa and the forest road sites in 2012, in
order to keep at least 40 matchups per species (totaling
1023 matchups in 313 saplings). The initial heights of
these additional saplings were obtained from our prelimi-
nary survey (Appendix S1) or determined based on bud-
scale scars. Outcomes of the matchups, or “winning or
losing," were determined based on comparison of growth
rates in each pair. Here, we assumed that the outcome is
conditional, such that fast growers benefit in open habi-
tats whereas in the shade slow growers are both persis-
tent and grow better. The validity of using growth rates
in determining win/loss of the matchups is detailed in
Appendix S2, and the above assumption was also verified
by the fact that shade-tolerant species eventually
achieved high winning rates (see Discussion).

We adopted generalized linear models (GLMs) exam-
ining whether matchup frequency, in terms of the num-
ber of opponent species and the number of opponent
individuals, varied among species of the focal individual,
followed by multiple comparison with package mul-
tcomp. We then analyzed the outcomes of the matchups.
Intuitively, we expect that winning or losing is more pre-
dictable when the difference in the species’ mean
responses is greater (Figure 1a,b). We tested this expecta-
tion using generalized linear mixed model (GLMM) with
package lme4, including the difference in expected values
in growth curves for each matchup as an explanatory var-
iable (Figure 1b,c), as well as the difference in sapling
heights as a covariate because larger one would be advan-
tageous in the matchup. We used the heights in 2011,

F I GURE 2 Light dependence of height growth rate of saplings

for the 10 major species. Each line is drawn only for the range of

light availability in which saplings for that species occurred. Note

that the horizontal axis is natural log scaled

TAB L E 2 Frequencies of local matchups among saplings of the 10 species, based on the primary samples (n = 676)

Species of focal
sapling

Species of opponent individual
Total heterospecific
neighbors

Isolated individuals

AH FC UL AA AP QC AT PR CJ Salix N %a

Alnus 20 4 4 23 55

Fagus 57 7 6 11 5 3 4 36 10 9

Ulmus 7 194 25 64 2 11 135 10 254 15 13

Acer amoenum 7 28 8 10 4 3 28 1 81 1 3

Acer pictum 7 68 11 41 2 6 51 7 152 16 20

Quercus 11 3 5 4 1 2 26 1 8

Aesculus 5 6 4 4 1 2 14 2 36 10 29

Pterocarya 133 28 52 13 476 31 257 19 12

Cercidiphyllum 5 1 10 2 7 1 4 30 3 1 61 11 28

Salix 1 7 1 1 4 10 10 23

Note: Focal species are ordered the same as in Table 1, denoted with only genus name when identifiable, and species of opponents are initialized, referring to
species names in Table 1. Because saplings located in the 1-m margin of each sampling area were not counted as focal individuals but were counted as
opponents of matchups, the numbers are not always consistent between species pairs at the upper site and the lower site on the diagonal line of the table.
aIsolation percentage was calculated based on the primary samples.
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rather than initial heights, because the model using the
initial heights resulted in unrealistic estimation of the
random effects. When the niche process is predominant,
winning or losing should involve a strong fixed effect (dif-
ference in the growth rates projected using the light-
growth curves), whereas it is not necessarily so when the
stochastic process is substantial.

RESULTS

Species-level growth and occurrence of
individuals

The light–height growth curves showed widely known
patterns for early- to late-successional continuum, such
that some species had a markedly increased growth rate
under high light but lower occurrence under low light
(e.g., Salix spp. and Alnus hirsuta; hereafter, species are
indicated using genus names except for the two Acer spe-
cies) and other species showed less severely decreasing
growth in the dark (e.g., Acer pictum, Fagus, and
Aesculus; Figure 2; Appendix S3: Figure S1). When local
individual matchups were summed by species, 32 of
45 possible species pairs of interspecific competition were
observed (Table 2), but with a large variation in the num-
ber matchups by species pairs. For instance, Fagus, Acer
amoenum, and Ulmus contained matchups with 6–7 spe-
cies, whereas Alnus competed with Salix only.

Of the overall 917 local interspecies matchups of the
primary samples, several species (e.g., Ulums, Pterocarya)
contained >100 matchups (Table 2). In contrast, Alnus
and Salix had only <15 interspecies matchups, with
highest percentage of isolated individuals for Alnus. Sev-
eral species pairs (e.g., Ulmus vs. Pterocarya, Acer pictum
vs. Ulmus) comprised >50 matchups, whereas in most of
the other pairs the matchups were infrequent or lacking
(e.g., <5 matchups in 28 pairs and 0 in 31; Table 2). Col-
lectively, each sapling experienced interspecies matchups
with a mean of 1.9 (SD 0.9, max 4) species. The number
of opponent species each sapling encountered differed
significantly between species (GLM with quasi-Poisson
distribution, deviance = 8.01, p = 0.02), suggesting an
imbalance in interspecies competition, although no spe-
cific difference was found in post hoc pairwise contrasts
(Appendix S3: Table S2). As for the number of
heterospecies individuals each sapling encountered, it
accounted for an average of 3.5 � 2.5 (max 13) individ-
uals and also differed significantly between species, such
that some species had more opponent individuals of dif-
fering species but others meet fewer (GLM with Poisson
distribution, χ2 = 43.9, p < 0.0001). Pairwise contrasts
detected that A. amoenum experienced disproportionately

more matchups than many other species (Appendix S3:
Table S3).

Outcomes of individual matchups

At the species level, the overall winning percentages varied
widely between species, ranging from 18% (Salix) to >75%
(Alnus and Fagus; Table 1). Pairwise percentages varied

F I GURE 3 Predictability of individual matchup outcomes as a

function of the difference between species-level growth potentials

(upper, in year�1) and the difference between sapling heights

(lower, in centimeters) for competing individuals, in which both

effects are significant and to similar extent, as revealed by

generalized linear mixed model (GLMM; Appendix S3: Table S5).

Each line, with the same color assignment as in Figure 2, was

obtained through generalized linear model undertaken

separately by species. Related results are also shown in

Appendix S3: Table S4
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also within species, showing, in slow-growing species,
good/bad compatibilities that follow the species ranks
(Appendix S3: Table S4). On an individual scale, the proba-
bility to win the local matchup increased in most species
with increasing difference in the species-level growth
advantage and/or with increasing size advantage between
competing individuals (Figure 3), to a similar extent
(Appendix S3: Table S5). Interestingly, unexpected out-
comes based on species’ mean growth accounted for
387 (37.8%) of all the matchups, and 261 of these were
despite advantage or disadvantage in initial size too. For
example, in the case of Aesculus versus Pterocarya, Aesculus
often lost in the dark, although having both better expected
performance and larger initial height (Figure 1c), indicat-
ing case-by-case outcomes in local matchups (i.e., variation
within species). More generally, in the GLMM random
effect was also significant, and within-species variation
explained a much larger variance than among-species dif-
ferences (Appendix S3: Table S5).

DISCUSSION

The 10 species showed a variety of growth responses to light,
ranging from typical early-successional species (Alnus and
Salix) to typical late-successional ones (e.g., Fagus, Acer amo-
enum), which is consistent with previous findings for these
species (Nakamura & Inahara, 2007; Oki et al., 2013; Sakio
et al., 2002). The best-performer species changed along the
light gradient, suggesting regeneration niche partitioning for
light (Kobe, 1999). Such rank reversal of species has been
regarded as evidence for trade-offs, and changes in the
growth, survival, and rank have been examined in experi-
ments in which several tree species were planted as a mix-
ture in a range of environments (Baraloto et al., 2005,
S�anchez-G�omez et al., 2006); our data are generally consis-
tent with these findings. However, when having a close look
at the growth curves, many species, typically seen for Acer
pictum, Aesculus, and Salix, cannot be the “strongest compet-
itor” at any light level (Figure 2). Because these species are
major elements in temperate forests, there should be some
other mechanism preventing competitive exclusion.

We here propose “the inequality of competitors” as a
candidate. The principle of this mechanism is analogous
to recruitment limitation (Hurtt & Pacala, 1995). Compet-
itors should become diverse as the number of competing
species increases (Hubbell & Foster, 1986), and when the
strongest species on the niche axis happens to be absent,
the species occupying the site may depend on the identi-
ties of locally present species; the imbalance of competi-
tors would facilitate to win local sites. Previous findings
on species ranks were mostly obtained by factorial experi-
ments, so that the imbalance of occurrence of local

competitors has rarely been discussed (but see Clark
et al., 2003, Umaña et al., 2018). We found strong imbal-
ance in the matchup frequencies, suggesting that even
when niche segregation works, competitive stochasticity
through the “winning-by-forfeit” mechanism may also be
operating.

The individual occupying the space is determined
only by outcompeting the neighbors or being isolated,
after which they would meet larger, new opponents,
which are at a farther location, at the next stage. We
found a marked imbalance in the matchup frequencies;
in some species pairs there were no or only a few
matchups, and in some species, saplings were often iso-
lated. To interpret these results, we suggest two possibili-
ties: that severe competition may have deterministically
eliminated weaker individuals before the sapling stage,
or that species occupying the site may have been deter-
mined without competition, or both. The significance of
imbalance of competitors in local matchups should also
be investigated in view of ontogeny from seedings to
adults (Boyden et al., 2009; Marques & Burslem, 2015)
and deterministic processes.

Winning percentages varied widely among species.
Importantly, late- or moderately late-successional species
(Fagus, Ulmus, and Acer) achieved second to fifth places of
the percentage despite slow average growth (Table 1).
Because they possess a high-density sapling bank beneath
canopy (Oki et al., 2013), these shade-tolerant, good survi-
vors may grow better under low light. Second, Alnus and
Salix showed, respectively, highest and lowest percentages
despite their fast growth. The highest percentage for Alnus
may be attributable to its nitrogen-fixing ability on the
boulder-sediment habitat. The lowest percentage for Salix
implies that the establishment sites are segregated, that
tiny seeds with fluff are adept to reach sites without Alnus,
or both. These explanations need to be verified by demo-
graphic analysis for seed and seedling stages.

Our individual-based analysis confirms the current
interpretation of community assembly that both niche
and stochastic processes are operating (Hart et al., 2016;
Vellend, 2016). First, in our GLMM, the difference
between species-level growth potential was a significant
predictor for the outcomes of local competition, indicat-
ing the role of the niche process. The good/bad compati-
bilities of matchups in slow-growing species
(Appendix S3) imply the importance of the niche process
in these species. Nevertheless, the GLMM also detected a
larger contribution of individual, rather than species-
level, variation (Appendix S3: Table S5). Together with
the unexpected outcomes found in ca. 40% of all
matchups, our results also indicate that such stochasticity
cannot be discounted. In a temperate forest of the eastern
United States, differences of trees to environmental
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fluctuation were more marked at the individual level
than at the species level (Clark, 2010), and species inter-
actions are high-dimensional and therefore conditional,
that is, case specific, depending on the local environment
(Clark et al., 2010, 2011). Hubbell (2005) also docu-
mented a large individual variation in tree diameter
growth rates, showing that the variation in a single pio-
neer species covered most of the range of forest-wide var-
iation in a tropical forest. Putting these together,
individual variation may play an important role even
when species niches were distinct. Because the relation-
ship between the individual variation and species differ-
ence is hierarchical, a large individual variation
sometimes crosses over the species-level difference (Clark
et al., 2003, 2010, 2011), and the influence of the deter-
ministic and stochastic processes may change depending
on the levels of intra- and interspecies variation.

In short, although the species shown here seemed to
have different niches, individual matchups involved large
inequalities in both the occurrence frequencies and spe-
cies combinations, as well as both deterministic and sto-
chastic outcomes. The niche and neutral processes
appear to reflect, respectively, between- and within-
species differences. Distinguishing the species-level dif-
ference and individual-scale uncertainties may increase
our understanding of the organization of, and species
coexistence in, communities.
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