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Contribution of conspecific
negative density dependence
to species diversity is increasing
towards low environmental
limitation in Japanese forests

Pavel Fibich®%2**, Masae I. Ishihara®3, Satoshi N. Suzuki®*, Jifi Dolezal ©®%? & Jan Altman®?

Species coexistence is a result of biotic interactions, environmental and historical conditions. The
Janzen-Connell hypothesis assumes that conspecific negative density dependence (CNDD) is one of
the local processes maintaining high species diversity by decreasing population growth rates at high
densities. However, the contribution of CNDD to species richness variation across environmental
gradients remains unclear. In 32 large forest plots all over the Japanese archipelago covering > 40,000
individual trees of > 300 species and based on size distributions, we analysed the strength of CNDD of
individual species and its contribution to species number and diversity across altitude, mean annual
temperature, mean annual precipitation and maximum snow depth gradients. The strength of CNDD
was increasing towards low altitudes and high tree species number and diversity. The effect of CNDD
on species number was changing across altitude, temperature and snow depth gradients and their
combined effects contributed 11-18% of the overall explained variance. Our results suggest that
CNDD can work as a mechanism structuring forest communities in the Japanese archipelago. Strong
CNDD was observed to be connected with high species diversity under low environmental limitations
where local biotic interactions are expected to be stronger than in niche-based community assemblies
under high environmental filtering.

Understanding drivers of species diversity has been a major challenge in both theoretical and applied ecology.
Species coexistence is a result of biotic interactions as well as environmental conditions!. Negative density-
dependent interactions, together with specialized natural enemies, are one of the processes expected to maintain
high species diversity>. Conspecific negative density dependence (CNDD) is the process that decreases population
growth rates at high densities, because of natural enemies and competition for resources, and therefore favors
locally less common species over common ones’. The Janzen-Connell hypothesis assumes that CNDD is the key
process responsible for reduced recruitment near conspecific adults, creating space available for other species
and therefore enhancing local diversity*. Moreover, negative effects can be more complex, and high densities of
heterospecifics or pressure from generalist natural enemies can also reduce the growth rate of a given species’.
Thus, CNDD is expected to maintain diversity only when it is stronger than the negative effects from heterospe-
cific densities. However, exactly how CNDD affects species diversity still remains unclear®’.

Decreasing strength of CNDD was recently observed from the tropical to temperate forests, followed by
decreasing species richness”. CNDD was also stronger for rare species in the tropics than in the temperate
latitudes. Strong CNDD can reduce extinction risk by making the population dynamics of rare species more
stable and therefore hold their high numbers”™. This supports the persistence of high numbers of rare species
in the tropics. Several mechanisms were suggested to explain the shift in strength of CNDD across latitudes
(e.g. stronger intra-specific competition or pressure from natural enemies in the tropics than in the temper-
ate latitudes, strong dispersal limitation for rare species and their enemies in the tropics). On the other hand,

!Institute of Botany of the Czech Academy of Sciences, Prihonice, Czech Republic. 2Department of Botany, Faculty
of Science, University of South Bohemia, Ceské Budéjovice, Czech Republic. *Field Science Education and Research
Center, Ashiu Forest Research Station, Kyoto University, Kyoto, Japan. “Graduate School of Agricultural and Life
Sciences, The University of Tokyo Hokkaido Forest, The University of Tokyo, Furano, Japan. *email: pavel.fibich@
prf.jcu.cz

Scientific Reports |

(2021) 11:18712 | https://doi.org/10.1038/s41598-021-98025-5 nature portfolio


https://orcid.org/0000-0001-9066-3753
https://orcid.org/0000-0002-8365-7766
https://orcid.org/0000-0003-4225-4132
https://orcid.org/0000-0002-5829-4051
https://orcid.org/0000-0003-4879-5773
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-98025-5&domain=pdf

www.nature.com/scientificreports/

LaManna et al” computed CNDD from a single census data by quadrate-based approach and their method started
a debate leading to a discussion about the correctness and limitations of such results'®"!, and about the effect of
aggregation on CNDD and generally about the detectability of CNDD even in studies with re-censuses during
the time'?. Nevertheless, LaManna et al”*~'® supported their previous results of CNDD along the latitudes by
several additional methods (e.g. new null models).

Among other factors (e.g. evolutional history, space, biotic interactions), the climate is expected to directly
affect patterns of species diversity'® and may also have indirect influence by altering the composition of natu-
ral enemies, their effects on host species and also the strength of intraspecific competition'”. For example,
Janzen'® suggested that species in the tropics experience a narrower range of temperature than those in tem-
perate latitudes leading to higher specialization in the tropics. In addition to such local processes (e.g. biotic
interactions), regional effects (i.e. evolutional, geographic and geology history) also influence global patterns of
tree diversity'®!*?. Generally, the climate and regional effects are setting limits as to what species could occupy
sites if all other factors were equal. From the climatic variables, mostly used determinants of plant distribution,
species richness and productivity are measures of temperature and water availability'®*'~2. Tree species richness
is mostly positively correlated with temperature and precipitation, and the decrease or mid-peak of species rich-
ness is often observed along an elevation gradient**?. The elevation is tightly correlated with temperature, but
could have a more complex relationship with precipitation, even though elevation and precipitation are mostly
positively correlated®. The strength of negative density dependence and species richness increased with resource
availability in the temperate forest””. On the global scale, the strength of CNDD in woody-plant species increases
with precipitation and productivity®?. Climate effects (temperature and precipitation) were observed to be less
important for the recruitment than density dependence?. On the other hand, larger trees often respond stronger
to abiotic habitat characteristics than biotic interactions such as neighborhood competition®. Stronger CNDD
is expected to be the effect of stronger intraspecific competition, increased virulence, herbivore pressure and/or
host-specific pathogens®***!. However, to what extend CNDD contributes to species richness variation across a
wider resource or environmental gradients remains to be tested.

Both historical (e.g. geographical isolation, evolutional history) and ecological factors contributed to the cur-
rent high diversity of trees in temperate forests in Japan®?-**. The regional climate ranges from mesic to humid in
Japan. Therefore, there is low limitation by precipitation and the distribution of tree species is generally controlled
by temperature®*. For example, forest productivity was mainly controlled by the temperature gradient, but not
by precipitation in Japanese forests®’. Also, directional changes in the abundance of tree species and functional
types were observed along the temperature gradient in Japan®. Higher recruitment, lower mortality and higher
population growth were observed at the colder range boundaries, which might be due to climate changes or
past disturbances. Snow cover, though, is also expected to strongly affect plant distribution and recruitment
in Japan®-*!, e.g. Fagus crenata predominates widely in the cool-temperate zone, especially in snow-rich sites
bordering the Sea of Japan*>*.

In the present study, we examined the strength of CNDD along several environmental gradients, and their
combined effect on species richness in 32 large (0.8-1.2 ha) stem-mapped forest plots in Japan. Specifically, we
explored three hypotheses: (1) the strength of CNDD is increasing along environmental gradients towards low
environmental limitation, (2) species diversity is correlated with the strength of CNDD, and (3) the effect of
CNDD on species diversity is affected by environmental gradients. We hypothesized that CNDD is not stable
along environmental gradients (i.e. across temperature or snow depth gradients as the key drivers of tree spe-
cies distribution in Japan®®*). Specifically, a tight correlation of species diversity with the strength of CNDD is
expected, e.g. due to a similar response to environmental gradients'®. On the other hand, we expected the effect
of CNDD on species diversity to be affected by environmental gradients, because the increasing strength of envi-
ronmental limitation can reduce the relative importance of biotic interactions. Although the number of studies
on CNDD impacts across local small-scale environmental gradients is increasing?-***, the CNDD studies across
wide environmental gradients in the temperate forest are still lacking (but see seedling studies®*). Our study
is the first which focuses on a combination of locally computed CNDD and its contribution to species diversity
along multiple environmental gradients in highly diverse Japanese forests.

Methods

Dataset. We analysed data from 32 permanent forest plots (0.8 ha to 1.2 ha) across Japan (Fig. 1; Table S1),
that cover a broad range of environmental gradients (further details**). For each plot, altitude (range 33-1730 m
a.s.l.), mean annual temperature (range 3.5-21.3 °C, hereafter temperature), mean annual precipitation (range
868-3677 mm, hereafter precipitation) and mean maximum snow depth (range 0-1.17 m, hereafter snow depth)
were extracted from the 1 km grid resolution database Mesh Climate Data 2000, distributed by the Japan Mete-
orological Agency (2002) for years 1971 to 2000. Snow depth was In(x + 1) transformed, because of high skew-
ness. The latitudinal gradient is not presented, because it was closely correlated with temperature (r=- 0.83,
P <0.001). Trees’ girth at breast height (GBH) and species identity were recorded if their GBH>15 cm (corre-
sponding to DBH > 4.8 cm) measured between 2005 and 2009. Overall we analyzed 42,359 trees from 312 unique
species. To characterize species diversity, the number of species (S), Shannon index of diversity (H=- Zp; In p,,
where p; is the proportion of individuals of species i from all individuals) and Pielou’s evenness (e=H/In S) for
all plots were calculated (natural logarithm was applied in all computations). The forests were divided according
to: 1) the prevalent functional types of trees into evergreen broad-leaved (EB), deciduous broad-leaved (DB),
broad-leaved and conifer mixed (BC) and evergreen conifer (EC); and 2) succession stage category into old-
growth (OG), old secondary (OS) and secondary forests (S). Secondary forests were 60-100 years from the last
major disturbance, while for old-growth and old-secondary forests was this period even longer. The effect of
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Figure 1. Altitude map of studied forest sites according forest types and succession stage categories in Japan
(altitude drawn in R* version 3.6.1 based on data from the raster package version 3.4-5).

typhoons (the dominant disturbance agent) frequency and intensity was checked and no correlations with the
plots species numbers were observed.

Analyses of conspecific negative density dependence (CNDD). CNDD was computed from the last
census of each plot in two quadrat sizes of 10-by-10 m and 20-by-20 m, because interactions between trees and
conspecific density strongly decay between 10 and 20 m distances*. The re-census data were not used because
just 7 from 32 plots had at least 5 years long census interval. The effect of CNDD was estimated by the Ricker
model’. For individual species, it allows measuring overcompensating density dependence by computing the
degree to which increasing conspecific adult densities decrease the recruitment of saplings, filtered from the
effect of heterospecific densities. The Ricker model with a negative binomial error is fitted species by species in
the form:

Si = Ajexp (r + CNDD * A; + HNDDgyi¢ * ai + HNDDyqp  s;)

Si ~ NegBin(S;, )

where §; is the observed number of saplings of the focal species in quadrat i, A; is the number of conspecific adults
of the focal species in quadrat i, r is the recruitment rate for the focal species at low conspecific adult densities,
CNDD is the effect of conspecific adult density on sapling recruitment of the focal species, HNDD,,;, is the effect
of heterospecific adult density on sapling recruitment of the focal species, g; is the observed number of hetero-
specific adults in quadrat i, HNDD,,, is the effect of heterospecific sapling density on sapling recruitment of the
focal species, and s; is the observed number of heterospecific saplings in quadrat i, and y is the negative binomial
overdispersion parameter for the focal species. Using the Ricker model, we isolated conspecific density effects
(CNDD) relative to heterospecific effects (HNDD). Strong conspecific negative density dependence is reflected by
low (or even negative) values of CNDD and weak or low negative density dependence corresponds to high values
of CNDD. To calculate the strength of CNDD in each plot, the mean of CNDD values were computed across
species in each plot. Following’, we excluded: 1) rarest species, of which adults or saplings occupied less than 10
quadrats and 2) species having their CNDD standard error above four from our analysis. For CNDD analysis,
saplings were defined as trees having DBH smaller than 15 cm. The common threshold was chosen according to
the size-classes distributions of species in the plots, to have enough species for the analyses. Originally, LaManna’
used up to 10 cm DBH trees recorded from 1 cm DBH. To allow the comparison of our and original results, we
also provide some particular results for 10 cm sapling threshold. For example, just one tree species from 16 had
reproductive size below 10 cm DBH in highly diverse tropical forest*, and by including trees with DBH >4.8 cm
we may miss part of important density-dependent processes (i.e. the smallest size classes)*. If such threshold
results in having less than 20% of individuals classified as adults, then 10 cm or, if this is still not enough, 5 cm
are used as new thresholds. HNDD effects were weak (close to 0), therefore only CNDD results were presented
(similar to”). Tree densities, measurement error, and dispersal rates in the forest plots may affect the estimation
of CNDD, but simulation tests indicated that the above method is robust to these potential biases’.

Environmental characteristics, CNDD and species diversity. Correlations between environmental
characteristics, CNDD and species diversity were tested by generalized linear models for all plots and within
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forest types. Individual species analyses of CNDD considers just species occurring in at least six sites. To test the
effects of interactions between environmental gradients and CNDD on species diversity, generalized linear mod-
els for species number with Poisson distribution were fitted. Specifically, the models with just additive effects
(e.g. CNDD and altitude) were compared by Chi-square test with the models also having interaction terms (e.g.
interaction between CNDD and altitude). If the latter model is better than the former, then the effect of CNDD
on species diversity changes along the environmental gradient.

Regardless of forest type, we identify significant correlations between our environmental gradients: altitude
and snow depth were negatively correlated and precipitation was positively correlated with temperature; snow
depth was positively correlated with altitude (Fig. S1).

Spatial aggregation. The most common reasons for aggregation of individuals are dispersal limitation
and environmental heterogeneity®. To test the effect of small scale (as the size of quadrats) aggregation (clump-
ing) of individual trees on CNDD (suggested by'?), and its correlation with environmental characteristics and
species diversity, individual species spatial patterns were described by an inhomogeneous pair correlation func-
tion (PCF). PCF allows to classify the distribution of individuals in space as aggregated (clumped), regular or
random™. The strength of observed spatial patterns was compared with the 199 simulations of the inhomogene-
ous null model, which filters out the inhomogeneous density of individuals non-parametrically estimated by a
Gaussian smoothing function*® with SD (bandwidth) of 30 m (as in similar plots**). The density of individuals
is commonly varying over the large scales in the plots (e.g. due to the habitat preferences of species on scales
greater than 30-50 m). The inhomogeneous null model is filtering out these density patterns and therefore
allows to reveal small scale species aggregation patterns mostly driven by interactions between trees (by so-
called separation of scales)*®*. Individual species patterns were computed for each species having at least 25
individuals in the plot and their significance was gained by goodness-of-fit test™. Finally, the proportion of
significantly aggregated species (P <0.05) was computed for each plot and its correlation to CNDD was analyzed.

All analyses were done in R 3.6.1%%, the Ricker model was fitted by R package “gnm” using the R script pro-
vided in’. Spatial aggregation was computed in “spatstat” package®® and isotropic edge correction was applied to
reduce the effect of individuals having low number of neighbours, because of being close to the border of plot™.

Results

The strength of CNDD was negatively correlated with altitude in the 10 m and 20 m spatial scales for old-growth
forests, and for all forests (including secondary forests) for the 10 m squares only (Fig. 2a,b). At the lower
altitudes, there was stronger CNDD than at the higher altitudes. The same correlations between CNDD and
altitude were also found for some forest types (e.g. within deciduous broadleaf and evergreen conifer forests).
No significant correlations of CNDD with temperature, precipitation and snow depth were identified (Fig. 2).
CNDD was positively correlated with most of diversity indices (number of species, Shannon index and species
evenness) for all forests in both spatial scales; CNDD tended to be strongest in the most diverse forests (Fig. 3).
Using 10 cm sapling threshold leads mostly to the same diversity indices correlations (compare Fig. 3 and Fig. S2).
The results of the CNDD and heterospecific negative density dependence (HNDD) were the same as CNDD only,
because the effects of HNDD were weak, mostly none (Fig. S3). No differences were observed in the strength of
CNDD between forest types and succession stage categories (Fig. S4). Individual species CNDD did not follow
the overall results (Table 1). A maximum of three species from nine exhibited significant correlations between
CNDD and the number of species or species evenness at some of the spatial scales. But individual species CNDD
was negatively correlated with their log-transformed basal areas; more common species had weaker CNDD than
less common ones (Fig. S5).

All diversity indices were negative correlated with altitude for old-growth forests and evergreen forests
(Fig. S6). Temperature and precipitation were positively and snow depth negatively correlated with the number
of species for all forests. The Shannon index and species evenness were positively correlated with temperature
just for deciduous broad-leaved forests. Similarly, the Shannon index was negatively correlated with snow depth
for all forests.

CNDD and environmental gradients alone had significantly explained the species number (individual additive
effects; Fig. 3, Fig. $6). In addition, their interactions had significant effects on species number, specifically in
cases of altitude, temperature and snow depth as environmental gradients (Table 2). The best predictors of species
number were CNDD with snow depth and temperature with 50-72% explained variability (considering both
spatial scales). Significant interactions reflect that CNDD effects on species number are changing along environ-
mental gradients (Fig. 4). The highest species number is found under the highest CNDD and low altitudes, high
temperature, high precipitation and low snow depth. In contrast, with low temperature, low precipitation and
high snow depth, the changes of CNDD had a weak effect on the species number. The relationship with altitude
was more complex, the highest species numbers were not at the highest values of CNDD (Fig. S7). The same
results were observed even if we included the number of trees as a predictor of species number in the models.
No significant effects of interactions of CNDD and precipitation on species number were observed (Table 2).

The proportion of aggregated species was not correlated with CNDD in the 10 m and 20 m spatial scales,
environmental characteristics and species diversity, except for correlation with precipitation and snow cover for
deciduous broadleaf forests (Fig. S8).

Discussion

Our results support the hypothesis that CNDD changes across wide environmental gradients®*’, in particular, the
strength of CNDD was observed to decrease towards high altitudes. Moreover, strong CNDD is correlated with
high species richness and diversity (species evenness was the most tightly correlated with CNDD; Fig. 3). The
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Figure 2. Correlations of conspecific negative density dependence (CNDD) with environmental characteristics for 10 m
(a,c,e,g) and 20 m (b,d,f,h) spatial scales. Coloured points correspond to four forest functional types and point characters
classify forests according succession stage. Coloured lines are shown if there was a significant linear correlation (P <0.05)
inside the forest type, except black line that corresponds to an overall correlation without considering the forest types and
succession stages. Solid lines are used for correlations of all forest succession stages and dashed lines represent correlation
limited to old growth forests. Forest types are shown by colours: evergreen broad-leaved, deciduous broad-leaved, broad-
leaved and conifer, and evergreen conifer. r is Spearman correlation coefficient, P is significance and r? is a fraction of variance
explained by the linear model of overall correlation (all types and succession stages of forests).
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Figure 3. Correlations of CNDD with the species number, Shannon index and species evenness for 10 m
(a,c,e,g) and 20 m (b,d,f,h) scales. Coloured points correspond to four forest functional types and point
characters classify forests according succession stage. Coloured lines are shown if there was a significant linear
correlation (P <0.05) inside the forest type, except black line that corresponds to an overall correlation without
considering the forest types and succession stages. Solid lines are used for correlations of all forest succession
stages and dashed lines represent correlation limited to old growth forests. Forest types are shown by colours:
evergreen broad-leaved, deciduous broad-leaved, broad-leaved and conifer, and evergreen conifer. r is Spearman
correlation coefficient, P is significance and r? is a fraction of variance explained by the linear model of overall
correlation (all types and succession stages of forests).
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Number of Species
Species n | Altitude | Temperature | Precipitation | Snow depth | species Shannon index | evenness
Camellia
japonica 8 |-~ ot == +, = 4 - ot
Cleyera japonica | 8 | +,+ - = - - +,+ X, % - - -
Eurya japonica |8 | +,+ -- =+ +,+ -+ == =
Distylium rac-
emosum 6 | == -t +,+ - - —+ - -
Acer japonicum |7 | —+ - = +,— +,+ - - - =X R
Magnolia obvata |7 | +,— +,— +,— +,+* . -, =X - -
Quercus salicina |7 | -, - +,+ +, = - = +,+ +,+% +,+%
Quercus crispula |8 | -, =~ - = - == -+ -, =% - -
Fagus crenata 9 | +,+ =, = - - +* = —* 4+ - - -

Table 1. Correlations of individual species CNDD values with environmental gradients (altitude, temperature,
precipitation and snow depth) and diversity characteristics. The signs of correlations (+ for positive correlation
and - for negative one) are shown for 10 m scale (before comma) and for 20 m scale (after comma). n is
number of plots where species occur, * denotes significant correlations with P<0.05 and * is for P<0.1.

Species number (estimate)—full model Explained variance (R?)
Environmental gradient Interaction of ENV with ENV and CNDD (no ENV and CNDD with
(ENV) Scale | Intercept | ENV CNDD CNDD ENV interaction) interaction
Altitud 10m |3.80 - 6.47e-04* | 3.21e-02% | - 1.76e-04* 15.00% | 16.95% 19.50%
titude

20m |3.72 —8.18e—04* | 0.82e—02* | —6.20e—04* 24.99% 32.62%

10m | 3.03 0.01* -0.01* —-0.02* 38.89% | 47.98% 50.40%
Temperature

20m |2.86 0.03* —-0.18* -0.03% 54.96% 56.48%

10m |3.16 1.06e-05* 1.12e-02* | —9.61e-05 15.89% | 26.21% 27.07%
Precipitation

20m |2.84 1.81e—04* 2.28e-01* | —3.30e-05 31.13% 31.18%

10m | 3.08 —-0.23* -0.37% 0.33* 5491% | 65.93% 70.14%
Snow depth

20m |3.36 —-0.59* —-0.56* 0.31 70.33% 71.26%

Table 2. Number of species explained by generalized linear models across environmental gradients (altitude,
temperature, precipitation and snow depth referred in models as ENV) and CNDD in 10 m and 20 m scale.
Estimated coefficients are shown with significance (* for P<0.05, * for P<0.1) and explained variance is in

%, both for 10 m and 20 m quadrats. The coefficient of determination (R?) in generalized linear models was
computed gradually (only ENV, ENV and CNDD, ENV * CNDD) as 1-residual deviance over null deviance.

strong effect of conspecifics on local survival in high diversity forests supports predictions of the Janzen-Connell
hypothesis that CNDD is a process expected to maintain high species diversity>***. Moreover, the combined
effects of CNDD and environmental gradients on species diversity were observed, definitely the most strongly
for snow depth, but also for altitude and temperature.

Changes in the strength of CNDD may be driven by underlying environmental conditions. Recent studies
suggested that CNDD increases with precipitation and productivity at continental to global scales®®. It was
hypothesized that this relationship is due to the stronger effect of desiccation-intolerant natural enemies and
pathogens (e.g. fungi and insects) in wetter sites?®*>. Moreover, stronger intraspecific competition and stronger
host-specific antagonistic interactions (e.g. due to soil pathogens and plant herbivores) in more resource-rich
environments might cause stronger CNDD?. The same processes can change the strength of CNDD across other
environmental gradients. We observed a negative correlation of CNDD with altitude (the strongest CNDD was
in the lowest altitudes), but there was no significant relationship with precipitation, temperature or snow depth.
This can be caused by the less precipitation but large temperature gradient in Japan (mesic to humid vs. subarctic
to subtropical climate), where species distribution is not limited by precipitation, but it is mainly controlled by
temperature gradient®¢. Altitude was not linearly correlated with precipitation (the relationship was rather
unimodal), but it is tightly correlated with temperature and snow depth. CNDD correlation with altitude is
expected to be due to a compound effect of altitude, that consists of several underlying environmental gradients,
similar to latitudinal gradient®. Thus, species distributions are not related to individual gradients, but reflect the
complexity of several environmental gradients. Moreover, herbivore and pathogen attacks respond more strongly
to seasonality (e.g. length of growing season) than to mean climate values®® and changes in CNDD across resource
gradient may differ among common and rare species, and life stages®’.

Strong CNDD may prevent erosion of biodiversity in the forests by limiting populations of common species
and more strongly stabilizing the populations of rare species’. Accordingly, we observed that the strength of
CNDD was negatively correlated with species basal areas and positively correlated with species diversity, even
within forest types. This directly supports the Janzen-Connell hypothesis stating CNDD as the key process
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responsible for reduced recruitment near conspecific adults and creating space available for other species®*.
Moreover, this suggests that local biotic interactions are underlying species richness, although they are also
affected by climatic gradients®*. To explain species number in the forests, several environmental gradients were
interacting with CNDD. In particular, snow depth, temperature and altitude were the best predictors of tree spe-
cies number. Similarly, temperature affected the overall beta diversity of tree species and elevation differences
had a strong effect on the beta diversity of conifers in Japan®. Although species number was observed to increase
with precipitation, we did not find a significant interaction of CNDD with precipitation affecting the species
number. Surprisingly, we observed that snow depth was the best predictor for species diversity, even stronger
than temperature. Hence, we suggest that species diversity may be also limited by individual species tolerance
to snow damage in Japan***!. Experimental tests, however, are needed to determine the relative importance of
CNDD across environmental gradients.

Evolutional history, space environmental limitations (e.g. by climate) and local biotic interactions are known
drivers of global patterns of tree species diversity'®'®. These characteristics restrict how many species can survive
at a given location as a result of physiological species limits and evolutional history*. Environmental conditions
then directly favour species with suitable niche ranges or through the limiting number of individuals (carrying
capacity) moderated by productivity*>*®. In the Japanese archipelago, the beta diversity patterns of woody plants
are formed by the combination of geographical isolation, the increasing frequency of typhoons and environ-
mental filtering as responses to geohistorical perturbations and environmental gradients****"*%. Thus, there is
a strong unique regional effect on patterns of species diversity'’.

We found support for species richness patterns driven by local biotic interactions; their strength was changing
along environmental gradients. Our results suggest that CNDD is an important mechanism structuring forest
communities across several environmental gradients. We found that the strength of CNDD was observed to be
an important factor for species diversity in low altitudes with high temperatures and low snow depth. The less
climatically or environmentally limited habitats are expected to be under stronger effects of biotic interactions,
such as competition or pressure from specialized enemies, in the community assembly*”*. In contrast, CNDD
was weakest in high altitudes and diversity was lowest in these habitats. Species from high altitudes should have
some physiological tolerance for such environmentally-limited habitats?®*®. The strength of CNDD of individual
species in multiple plots mostly did not change along the gradients, therefore species turnover is expected to be
responsible for differences in overall correlations of CNDD across environmental gradients. This is concordant
with a shift in the assembly process from stochasticity (driven by selection effect) in productive sites to deter-
ministic assembly (due to species niche differences) in the harsh environments of the Japanese forests®’.

There are a few caveats in our study. Many ecological processes ongoing in the forest directly affect diversity
patterns, e.g. small-scale environmental heterogeneity due to topography (not recorded by Monitoring Sites
1000 Project) drives the distribution of individual species**®*¢!, which could affect CNDD via the distribu-
tion of individual trees. For example, intraspecific aggregation caused density-dependent mortality in Japanese
forests®. Similarly, CNDD patterns along the gradients” was interpreted as results of individual aggregation'?,
which is weaker for species with high CNDD and can be induced by other underlying processes, including
dispersal limitation and environmental heterogeneity®2. However, additional methods supporting the original
observations of CNDD patterns were presented'*'* and pointed out several statistical and conceptual problems
of the methods in the comments'®'>? to the original study (e.g. Detto’s study'? conclusions are based on single
iteration of not appropriate null model). In particular, we did not observe any strong aggregation patterns in our
data by comparing individual species spatial patterns (under the inhomogeneous null model that controls for
species and forest specific density patterns) and CNDD, environmental characteristics or species diversity. Still,
because of stochastic dilution problem (due to errors in explained variables) and analyses of single census (static
data) for studying CNDD®*%, our results should be interpreted with caution, even through all results along the
gradients should be affected similarly. Generally, the effect of CNDD is the strongest for the smallest trees?*?,
although trees with DBH > 4.8 cm were recorded and analysed in our dataset. On the other hand, by not includ-
ing the smallest trees we avoid the effect of overgrazing by deer, which has been a major problem preventing tree
recruitment in Japan, especially in recent years®.

Conclusions

We found significant effects of local conspecific density on diversity in plant communities along four environ-
mental gradients in the Japanese archipelago. The strength of local conspecific negative density dependence
(CNDD) changes with altitude, and temperature and snow depth, which also affect species number. All these
environmental gradients could be considered as surrogates of anthropogenic climate change®. Regardless of the
mechanisms involved, our results suggest that along the gradients, biotic interactions (represented by CNDD)
were changing and have strong effects on species composition and diversity in forests. These effects are important
under the current climate change scenario, especially when: (1) most of the endemic species in Japan are locally
restricted in the mountain areas and the archipelago provides a regional diversity hotspot®’, (2) some forest types
are at the edges of their climatic ranges and regulated by temperature®, (3) we observed that species diversity
was highly correlated with altitude, temperature and snow depth gradients.

Data availability
All data are deposited in data paper (see*) and free available from http://db.cger.nies.go.jp/JaLTER/ER_DataP
apers/archives/2011/ERDP-2011-01/.

Received: 10 December 2020; Accepted: 23 August 2021
Published online: 21 September 2021

Scientific Reports |

(2021) 11:18712 | https://doi.org/10.1038/s41598-021-98025-5 nature portfolio


http://db.cger.nies.go.jp/JaLTER/ER_DataPapers/archives/2011/ERDP-2011-01/
http://db.cger.nies.go.jp/JaLTER/ER_DataPapers/archives/2011/ERDP-2011-01/

www.nature.com/scientificreports/

References

W N =

1521

10.
11.
12.
13.
14.
15.

16.
. Mittelbach, G. G. et al. Evolution and the latitudinal diversity gradient: Speciation, extinction and biogeography. Ecol. Lett. 10,

18.
. Ricklefs, R. E. & He, F. Region effects influence local tree species diversity. PNAS 113, 674-679 (2016).
20.

21.
22.

23.
. O’Brien, E. M. Climatic gradients in woody plant species richness: Towards an explanation based on an analysis of Southern Africa’s

25.
. Barry, R. G. Mountain Weather and Climate (Cambridge University Press, 2008).
27.
28.
29.
30.
31.
32.

33.

41.

42.
43.

44,
45.
. Law, R. et al. Ecological information from spatial patterns of plants: Insights from point process theory. J. Ecol. 97, 616-628 (2009).
47.
48.
49.

50.

. Chesson, P. Mechanisms of maintenance of species diversity. Annu. Rev. Ecol. Syst. 31, 343-366 (2000).

. Wright, J. S. Plant diversity in tropical forests: A review of mechanisms of species coexistence. Oecologia 130, 1-14 (2002).

. Janzen, D. H. Herbivores and the number of tree species in tropical forests. Am. Nat. 104, 501-528 (1970).

. Connell, J. On the role of natural enemies in preventing competitive exclusion in some marine animals and rain forest trees. Dyn.

Popul. 298, 312 (1971).

. Terborgh, J. W. Toward a trophic theory of species diversity. PNAS 112, 11415-11422 (2015).
. Johnson, D. J., Beaulieu, W. T., Bever, J. D. & Clay, K. Conspecific negative density dependence and forest diversity. Science 336,

904-907 (2012).

. LaManna, J. A. et al. Plant diversity increases with the strength of negative density dependence at the global scale. Science 356,

1389-1392 (2017).

. Chisholm, R. A. & Muller-Landau, H. C. A theoretical model linking interspecific variation in density dependence to species

abundances. Theor. Ecol. 4, 241-253 (2011).

. Mangan, S. A. et al. Negative plant-soil feedback predicts tree-species relative abundance in a tropical forest. Nature 466, 752-755

(2010).

Chisholm, R. A. & Fung, T. Comment on “Plant diversity increases with the strength of negative density dependence at the global
scale”. Science 360, eaar4685 (2018).

Hiilsmann, L. & Hartig, F. Comment on “Plant diversity increases with the strength of negative density dependence at the global
scale”. Science 360, eaar2435 (2018).

Detto, M., Visser, M. D., Wright, S. J. & Pacala, S. W. Bias in the detection of negative density dependence in plant communities.
Ecol. Lett. 22,1923-1939 (2019).

LaManna, J. A. et al. Response to Comment on “Plant diversity increases with the strength of negative density dependence at the
global scale”. Science 360, eaar3824 (2018).

LaManna, J. A. et al. Response to Comment on “Plant diversity increases with the strength of negative density dependence at the
global scale”. Science 360, eaar5245 (2018).

LaManna, J. A., Mangan, S. A. & Myers, J. A. Conspecific negative density dependence and why its study should not be abandoned.
Ecosphere 12, 03322 (2021).

Gaston, K. J. Global patterns in biodiversity. Nature 405, 220-227 (2000).

315-331 (2007).
Janzen, D. H. Why mountain passes are higher in the tropics. Am. Nat. 101, 233-249 (1967).

Comita, L. S. et al. Testing predictions of the Janzen-Connell hypothesis: A meta-analysis of experimental evidence for distance-
and density-dependent seed and seedling survival. J. Ecol. 102, 845-856 (2014).

Currie, D. J. Energy and large-scale patterns of animal- and plant-species richness. Am. Nat. 137, 27-49 (1991).

Grosso, S. D. et al. Global potential net primary production predicted from vegetation class, precipitation, and temperature. Ecology
89,2117-2126 (2008).

Chase, J. M. Stochastic Community Assembly Causes Higher Biodiversity in More Productive Environments. Science 27, (2010).

woody flora. J. Biogeography 20, 181-198 (1993).
McCain, C. M. & Grytnes, J.-A. Elevational Gradients in Species Richness. In eLS (American Cancer Society, 2010).

LaManna, J. A., Walton, M. L., Turner, B. L. & Myers, J. A. Negative density dependence is stronger in resource-rich environments
and diversifies communities when stronger for common but not rare species. Ecol. Lett. 19, 657-667 (2016).

Zhu, K., Woodall, C. W., Monteiro, J. V. D. & Clark, J. S. Prevalence and strength of density-dependent tree recruitment. Ecology
96, 2319-2327 (2015).

Yao, J. et al. Abiotic niche partitioning and negative density dependence across multiple life stages in a temperate forest in north-
eastern China. J. Ecol. 108, 1299-1310 (2020).

Leigh, E. G. et al. Why do some tropical forests have so many species of trees?. Biotropica 36, 447-473 (2004).

Terborgh, J. Enemies maintain hyperdiverse tropical forests. Am. Nat. 179, 303-314 (2012).

Altman, J. et al. Linking spatiotemporal disturbance history with tree regeneration and diversity in an old-growth forest in northern
Japan. PPEES 21, 1-13 (2016).

Kubota, Y., Hirao, T., Fujii, S., Shiono, T. & Kusumoto, B. Beta diversity of woody plants in the Japanese archipelago: The roles of
geohistorical and ecological processes. J. Biogeogr. 41, 1267-1276 (2014).

. Mori, A. S. Local and biogeographic determinants and stochasticity of tree population demography. J. Ecol. 107, 1276-1287 (2019).
. Oohata, S. Distribution of tree species along the temperature gradient in the Japan archipelago (ii).: Life form and species distribu-

tion. Jap. J. Ecol. 40, 71-84 (1990).

. Kira, T. A Climatological Interpretation of Japanese Vegetation Zones 21-30 (Springer, 1977).
. Mori, A. S. Environmental controls on the causes and functional consequences of tree species diversity. J. Ecol. 106, 113-125 (2018).
. Suzuki, S. N, Ishihara, M. I. & Hidaka, A. Regional-scale directional changes in abundance of tree species along a temperature

gradient in Japan. Glob. Chan. Biol. 21, 3436-3444 (2015).

. Hara, M. Analysis of seedling banks of a climax beech forest: Ecological importance of seedling sprouts. Vegetatio 71, 67-74 (1987).
. Homma, K. Effects of snow pressure on growth form and life history of tree species in Japanese beech forest. J. Veg. Sci. 8,781-788

(1997).

Gansert, D. Treelines of the Japanese Alps—altitudinal distribution and species composition under contrasting winter climates.
Flora 199, 143-156 (2004).

Hukusima, T. et al. New phytosociological classification of beech forests in Japan. Jpn. J. Ecol. 45, 79-98 (1995).

Matsui, T. et al. Probability distributions, vulnerability and sensitivity in Fagus crenata forests following predicted climate changes
in Japan. J. Veg. Sci. 15, 605-614 (2004).

Johnson, D. J., Condit, R., Hubbell, S. P. & Comita, L. S. Abiotic niche partitioning and negative density dependence drive tree
seedling survival in a tropical forest. Proc. R. Soc. B 284, 20172210 (2017).

Ishihara, M. I. et al. Forest stand structure, composition, and dynamics in 34 sites over Japan. Ecol. Res. 26, 1007-1008 (2011).

Wright, S.]. et al. Reproductive size thresholds in tropical trees: Variation among individuals, species and forests. J. Trop. Ecol. 21,
307-315 (2005).

Zhu, Y., Comita, L. S., Hubbell, S. P. & Ma, K. Conspecific and phylogenetic density-dependent survival differs across life stages
in a tropical forest. J. Ecol. 103, 957-966 (2015).

Ripley, B. D. Spatial point pattern analysis in ecology. In Develoments in Numerical Ecology (eds Legendre, P. & Legendre, L.)
407-429 (Springer, 1987).

Wiegand, T. & Moloney, K. A. Handbook of Spatial Point-Pattern Analysis in Ecology (CRC Press, 2013).

Scientific Reports |

(2021) 11:18712 | https://doi.org/10.1038/s41598-021-98025-5 nature portfolio



www.nature.com/scientificreports/

51. Loosmore, N. B. & Ford, E. D. Statistical inference using the G or K point pattern spatial statistics. Ecology 87, 1925-1931 (2006).

52. R Core Team. R: A Language and Environment for Statistical Computing (2020).

53. Baddeley, A. & Turner, R. spatstat: An R Package for Analyzing Spatial Point Patterns. J. Stat. Soft. 12, 1-42 (2005).

54. Wills, C., Condit, R., Foster, R. B. & Hubbell, S. P. Strong density- and diversity-related effects help to maintain tree species diversity
in a neotropical forest. PNAS 94, 1252-1257 (1997).

55. Givnish, T. J. On the causes of gradients in tropical tree diversity. J. Ecol. 87, 193-210 (1999).

56. Fibich, P, Vitova, A. & Leps, J. Interaction between habitat limitation and dispersal limitation is modulated by species life history
and external conditions: A stochastic matrix model approach. Comm. Ecol. 19, 9-20 (2018).

57. Miyawaki, A. A vegetation ecological view of the Japanese archipelago. Bull. Inst. Environ. Sci. Technol. Yokohama Natl. Univ. 11,
85-101 (1984).

58. Mori, A. S. et al. Community assembly processes shape an altitudinal gradient of forest biodiversity. Glo. Ecol. Biogeogr. 22, 878-888
(2013).

59. Grime, J. P. Plant Strategies, Vegetation Processes, and Ecosystem Properties (Wiley, 2001).

60. Brown, C., Law, R,, Illian, J. B. & Burslem, D. E. R. P. Linking ecological processes with spatial and non-spatial patterns in plant
communities. J. Ecol. 99, 1402-1414 (2011).

61. Bastias, C. C. et al. Species richness influences the spatial distribution of trees in European forests. Oikos 129, 380-390 (2020).

62. Hiilsmann, L., Chisholm, R. A. & Hartig, F. Is variation in conspecific negative density dependence driving tree diversity patterns
at large scales?. Trends Ecol. Evol. 36, 151-163 (2021).

63. Damgaard, C. & Weiner, J. It's about time: A critique of macroecological inferences concerning plant competition. Trends Ecol.
Evol. 32, 86-87 (2017).

64. Murata, I. et al. Effects of sika deer (Cervus nippon) and dwarf bamboo (Sasamorpha borealis) on seedling emergence and survival
in cool-temperate mixed forests in the Kyushu Mountains. J. For. Res. 14, 296-301 (2009).

65. Ackerly, D. D. et al. The geography of climate change: Implications for conservation biogeography. Divers. Distrib. 16, 476-487
(2010).

Acknowledgements

This study was funded by Research Grant 20-05840Y of the Czech Science Foundation (CSF), and long-term
research development project RVO 67985939 of Institute of Botany of the Czech Academy of Sciences. PE
was supported by grant 20-17282S of CSE Forest plot data were provided by the Ministry of the Environment,
Monitoring Sites 1000 Project. MII was supported by JSPS KAKENHI Grant Number JP16K18719. We thank to
Jan Suspa Leps for statistical consultations and Brian McMillan for language corrections.

Author contributions

P.F. developed hypotheses with input from J.A., M.LI. gathered data from forest inventories, P.F. performed
analyses with inputs from J.A., M.LL, S.N.S. and ].D. P.E wrote the first version of the manuscript and all authors
reviewed and contributed to it.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98025-5.

Correspondence and requests for materials should be addressed to P.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Scientific Reports |

(2021) 11:18712 | https://doi.org/10.1038/s41598-021-98025-5 nature portfolio


https://doi.org/10.1038/s41598-021-98025-5
https://doi.org/10.1038/s41598-021-98025-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Contribution of conspecific negative density dependence to species diversity is increasing towards low environmental limitation in Japanese forests
	Methods
	Dataset. 
	Analyses of conspecific negative density dependence (CNDD). 
	Environmental characteristics, CNDD and species diversity. 
	Spatial aggregation. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


