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Analysing species abundance distribution patterns across sampling
scales in three natural forests in Northeastern China

Lingzhao Tan (2,
Peng Zhang ",
Xiuhai Zhao ¥,
Chunyu Fan @,
Chunyu Zhang @,
Yan Yan ©®,

Klaus von Gadow “*

Introduction

The species abundance distribution
(SAD), believed to be one of the most fun-
damental and ubiquitous patterns in ecol-
ogy, generally takes a hollow curve shape
with many rare species and a few common
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Understanding how and why species abundance distributions (SADs) vary with
sampling scale has been a long-standing issue in ecology. By fitting various SAD
models with observations collected in three large forest field plots, the objec-
tive of this study is to explore how the shape of SADs and the predictive ability
of SAD models vary with sampling scales. Based on a large dataset collected in
the Changbaishan, Jiaohe and Liangshui forests in northeastern China, ob-
served SADs were compared with SADs estimated using five different models
(log-normal, broken stick, Zipf, niche preemption and neutral model) at four
sampling scales (10 x 10 m, 30 x 30 m, 60 x 60 m and 90 x 90 m). The results
show that the studied SADs are scale dependent. Niche-based models provided
a better fit at small sample sizes, the predictive ability decreasing with in-
creasing sampling scale. The neutral model performed better at large sample
sizes, the predictive ability increasing with increasing sampling scale. We iden-
tify the models that provided the best fit to observed species abundance dis-
tributions across spatial scales, and conclude that there is not one best SAD
model for all spatial scales. Future studies should consider the scale effects on
the species abundance distribution.
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ones (McGill et al. 2007, Matthews & Whit-
taker 2014). Initially, SADs were mainly
used in zoological studies (Dornelas & Con-
nolly 2008). Increasingly, SADs are used to
describe a variety of ecological communi-
ties, including forests. Studying the species
abundance distribution may explain pro-
cesses of community assembly (Matthews
et al. 2014), help to predict the response to
disturbance (Komonen & Elo 2017), and
suggest appropriate measures of biodiver-
sity conservation and management (Dun-
stan et al. 2012).

Since Motomura (1932) proposed a first
SAD model in 1932, a surprising variety of
models have emerged to characterize the
shape of the distribution and to identify
potential mechanisms resulting in a specific
pattern (McGill et al. 2007). Based on spe-
cific assumptions, SAD models have been
grouped into three types: (i) niche models,
(i) neutral models, and (iii) statistical mod-
els (Matthews & Whittaker 2014). Niche
models are based on niche theory which
suggests that species which occupy the
same niche cannot coexist with permanent
stability (MacArthur 1957, Tokeshi 1993).
Niche differentiation is crucial to species
coexistence, but it cannot explain the ex-
treme species richness in tropical rain-
forests with homogenous site conditions
(Hubbell 2006). Neutral models are derived
from the neutral theory which emphasizes
the importance of random processes in
shaping the patterns of biodiversity, such
as ecological drift, immigration and specia-
tion (Hubbell 2001, Chave 2004). Statistical
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models are different from the niche and
neutral models in following mathematical
theories more than empirical ecological
processes (Fisher et al. 1943, Preston
1948). These models are often effective in
the analysis of insect community structures
(Williams 1964, Walker & Cyr 2007). By fit-
ting a model to empirical observations, the
characterization of a particular model as
niche-based, neutral-based or purely statis-
tical has important implications for the in-
terpretation of possible driving mecha-
nisms. Which model provides the best fit,
and how the results will help to interpret
the processes structuring a particular eco-
logical system, has become an active area
of research.

Sampling effects may constrain the shape
of a species abundance distribution. In nat-
ural communities, species are expected to
be heterogeneously distributed. The shape
of the SAD is influenced by the degree to
which common species dominate the indi-
viduals observed in a region, and by the to-
tal number of very rare species (McGlinn et
al. 2019). It is possible that when the sam-
pling scale changes, the abundance of
common species and the number of rare
species will vary with the scale. Collins &
Glenn (1997) have shown that the SADs
were significantly different at each of two
sampling scales among four taxonomic
groups in a tall grass prairie. The percent-
age of core-group species declined with in-
creasing spatial scale while the percentage
of rare satellite-group species increased.
Borda-De-Agua et al. (2012), using observa-
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Fig. 1 - Location of the three large observational study areas in northeastern China.
The Changbaishan Nature Reserve (CBS), the Jiaohe Experimental Forest (JH) and the
Liangshui Nature Reserve (LS). The map was generated by ArcGIS® ver. 10.3 software
(http://resources.arcgis.com/en/home/). The data is an open access DEM data ob-
tained from the Earth Remote Sensing Data Analysis Center (https://ssl.jspacesystem

s.or.jp/ersdac/GDEM/E/).

tions of tree and shrub species in a 50 ha
plot of a tropical rain forest on Barro Col-
orado Island, found that when sampling ar-
eas increased from 1 ha to 50 ha, the SAD
curves changed from monotone to uni-
modal. Accordingly, when SAD curves vary
with spatial scales, the sampling effect
makes it difficult to draw general conclu-
sions about which model provides the best
empirical fit. This finding calls for further in-
vestigation of the scale effects on SAD
model performance.

Supporting an abundance of plant spe-
cies, forests represent an important terres-
trial ecosystem. Compared with tropical
and subtropical forests, SAD patterns have
not received much attention in the temper-
ate conifer and broad-leaved mixed for-
ests. In this study, we examine the scale
effects on SADs using observations from
three large field plots located in different
regions of northeastern China. Five popular
models based on different ecological as-
sumptions were chosen, including three
niche-based models (broken stick, Zipf,
niche preemption), a neutral model, and a
log-normal model, to simulate expected
SADs. Observed SAD patterns were com-
pared with expected patterns across four
sampling scales (10 x 10 m, 30 x 30 m, 60 x
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60 m, and 90 x 90 m). The objective of this
study is to examine how the shape of SADs
and the predictive ability of the selected
SAD models vary with varying sampling
scale.

Material and method

Study area

The study was carried out in temperate
conifer and broad-leaved mixed forests in
Northeastern China. The last recorded har-
vesting activity in the study area took place
more than 60 years ago. Most canopy
trees are now 100-120 years old. The study
area thus represents secondary forests in
the middle-to-late stage of succession. The
forests are influenced by a continental cli-
mate from central Asia with dry winters,
and by a monsoon climate from the west-
ern Pacific that brings precipitation during
summer. The average annual temperature
in study area ranges between 1.1and 3.8 °C.
The annual precipitation ranges between
630 and 974 mm. The bedrock in the study
area is granite and the soils are mostly
brown forest soils with a rootable depth
ranging between 10 and 130 cm. Major tree
species in the study area include deciduous
broad-leaved species such as Tilia amuren-

sis, Quercus mongolica, Betula ermanii, Pop-
ulus ussuriensis and Fraxinus mandschurica.
The dominant conifer species are Pinus ko-
raiensis, Abies fabri, and Picea jezoensis.
Dominant shrub species are Acanthopanax
senticosus, Corylus mandshurica, Syringa re-
ticulata, and Philadelphus schrenkii.

Sampling design

Three large field plots were established in
the Changbaishan Nature Reserve (CBS),
the Jiaohe Experimental Forest (JH) and
the Liangshui Nature Reserve (LS - Fig. 1).
The CBS plot is located at 42° 04’ - 42° 23' N
and 127° 55’ - 128° 08’ E. This plot was estab-
lished in 2014 covering an area of 40 ha
(500 x 800 m). The elevation in CBS ranges
from 991 to 1046 m. The topography is al-
most flat, slopes are less than five degrees.
The JH plot is located at 43° 57" - 43° 58" N,
127° 44’ - 127° 45' E. The plot was estab-
lished in 2010 and remeasured in 2015 cov-
ering an area of 30 ha (500 x 600 m). The
topographic variation is considerable with
elevations ranging from 578 to 781 m a.s.l,,
and a gully between two slopes (facing
southeast and southwest). The LS plot is
located at 47° 07’ - 47° 14'N, 128° 48’ - 128°
55’ E. The plot was established in 2010 and
remeasured in 2015 covering an area of
29.64 ha (380 x 780 m). The topography of
the plot is flat with elevations ranging from
380 to 400 ma.s.l.

All woody plants with a diameter at
breast height (dbh) = 1 cm were tagged,
measured and identified to species. The co-
ordinates of all woody-plant individuals
were mapped to the nearest decimeter by
steel tape. Altogether 109,338 individual
stems were recorded in CBS, 44,583 in JH
and 27,879 in the LS plot, belonging to 43,
48 and 32 species, respectively.

Data processing

The CBS data of 2014 and the JH and LS
data of 2015 were used in this study. To as-
sess the scale effect on species abundance
patterns, we considered four sampling unit
sizes, namely 10 x 10 m (0.01 ha), 30 x 30 m
(0.09 ha), 60 x 60 m (0.36 ha) and 90 x 90
m (0.81 ha). This particular range of sam-
pling unit size is widely used in studies on
forest communities aimed at detecting en-
vironmental change of soil and topographi-
cal properties as well as spatial aggrega-
tion within a local community (De Céceres
et al. 2012, Fan et al. 2017, Tan et al. 2017).
For the calculations at each sampling scale,
we divided the area of each plot into a grid
of cells. The species abundance was calcu-
lated for each cell. The observed species
abundances are represented as the mean
values of all cells. Tab. 1 shows the number
of cells, the total area, the number of sam-
pled individuals. Tab. 2 presents the vari-
ability of species richness, abundance and
evenness for each sampling design.

Five SAD models that have been widely
used in the ecological literature were se-
lected for modeling. Most importantly,
these models are all based on specific eco-
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logical assumptions which may help to un-
derstand certain assembly processes of
forest communities. The broken stick (Mac-
Arthur 1957), niche-preemption (Motomura

SADs across sampling scales

Tab. 1 - General information about the three observational field studies and sampling

design used in this analysis.

1932) and Zipf (Frontier 1985) models are Sampling No. of Total No. of No. of
: . Plot scale sampling area A .
niche based, while the neutral model (Hub- (mxm) lots (ha) individuals species

bell 2001) is based on neutral theory. The P
lognormal model (Preston 1948) was origi- 10~10 4,000 40.00 109,338
nally thought to be purely statistical result- 30x30 416 37.44 102,964
. e CBS 43
ing from the central limit theorem (May 60x60 104 37.44 102,964
1975). It has been shown, however, to be 90x90 40 32.40 90 208
also associated with niche preemption and ’ ’
population dynamics (Engen & Lande 1996, 10~10 3,000 30.00 44,583
Etienne & OIff 2005). More details about 30x30 320 28.80 43,443
. . JH 48
the five models are present in Appendix 1 60x60 80 28.80 43,443
(Supplementary r?at)erial). 90x90 30 24.30 36.873
The chi-square (¥?) statistic at 95% confi- ’
dence level was used to test the discrep- 10x10 2,964 29.64 27,879
ancy of the expected and observed SAD LS 30x30 312 28.08 26,185 1
patterns. We used the Bayesian Informa- 60x60 78 28.08 26,185
tion Criterion (BIC) to compare the models 90x90 32 25.92 24.674
Tab. 2 - The variability of species richness, abundance and evenness for each sampling design. (SD): standard deviation.
Plot Scale Richness Abundance Evenness
(mxm) Range Mean SD Range Mean SD Range Mean SD
CBS 10x10 1-16 6.85 2.21 1-95 27.42 12.07 0.26-1.00 0.69 0.14
30x30 13-25 18.57 2.42 86-468 247.50 60.51 0.21-0.72 0.48 0.09
60x60 20-29 25.14 1.89 608-1373  990.02 167.09 0.28-0.62 0.41 0.06
90x90 25-33 28.65 1.79 1541-3197  2255.2 310.52 0.28-0.53 0.38 0.05
JH 10x10 1-13 5.76 2.07 1-56 14.88 7.20 0.34-1.00 0.79 0.13
30%30 10-23 16.54 2.38 55-261 135.57 36.68 0.25-0.87 0.58 0.11
60x60 18-29 23.54 2.47 298-814 542.27 106.05 0.32-0.69 0.50 0.08
90x90 24-33 27.97 2.70 916-1638  1227.6 194.69 0.33-0.61 0.45 0.07
LS 10x10 1-13 4.70 1.77 1-45 9.46 5.09 0.50-1.00 0.88 0.09
30%30 7-21 11.72 2.03 26-198 83.93 29.77 0.40-0.90 0.69 0.09
60x60 11-23 15.35 2.07 199-705 335.71 104.40 0.45-0.77 0.62 0.06
90x90 14-23 18.00 1.93 483-1255 771.06 214.31 0.48-0.64 0.56 0.04
Fig. 2 - General patternof 1.2 10mx10m T - 30mx30m ——CBS
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and to identify the optimum one with the
lowest BIC value.

All calculations were carried out in R ver.
3.2.3 (R Development Core Team 2016) us-
ing the package “vegan” (Oksanen et al.
2009) and the package “untb” (Hankin
2007). The R script that was used to gener-
ate the major results is presented in Ap-
pendix 2 (Supplementary material).

Results

In this study, data of three plots in tem-
perate conifer and broad-leaved mixed
forests were analyzed, to check if the sam-
pling effects on SAD pattern are consistent
across all localities. For each sampling
scale, (i) the general pattern of the SAD
(Fig. 2), (ii) the expected SADs for the five
candidate models (Fig. 3, Fig. 4, Fig. 5), and
(i) the predictive ability of each SAD
model (Tab. 3) are presented. As shown in
Fig. 2, the SAD patterns are similar in the
three localities, but vary substantially with
sample scale. SADs of the smallest sam-
pling scale (10 x 10 m) are characterized by
low species richness and high unevenness,
with a few common species and some rare
species, and a steep decline in the ranked
species abundance. As the sample size in-
creases, species richness and evenness are
increasing, as well as the number of rare
species. The rate of decrease in the ranked
species abundance is decreasing. The SADs
of the large scales are characterized by
high species richness and evenness, with
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some common species and a large propor-
tion of rare species.

The predictive ability of the SAD models
varies significantly with the sampling scale.
The results of chi-square tests and BIC
comparison show that, at small sample
sizes (10 x 10 m and 30 x 30 m) almost all
models show a good fit (Fig. 3, Fig. 4, Fig. 5,
Tab. 3). LNM or BSM show the best perfor-
mance. The observed species abundance
distributions thus meet the ecological as-
sumption in all candidate models, but the
statistical and niche based models perform
better than the neutral model. As sample
size increases, more models are rejected
since the expected SADs are significantly
different from the observed SADs. For ex-
ample, at the 60 x 60 m scale, the rejected
models include BSM, ZM and NPM for
Changbaishan, BSM and ZM for Jiaohe, ZM
for Linagshui. At the 90 x 90 m scale, the
rejected models include BSM, ZM, NPM
and LNM for Changbaishan, and BSM, ZM
and LNM for both Jiaohe and Liangshui.
The rejected models are mostly niche-
based, and the number of rejections is in-
creasing with increasing sampling sizes, in-
dicating that the predictive ability of niche
models decrease with increasing sampling
scale. The results also show that NM is the
best model at large sampling sizes (60 x 60
m and 90 x 9o m) in all three localities, indi-
cating that the species abundance distribu-
tions can be better explained by the neu-
tral assumption, and the predictive ability

of neutral model is increasing with sam-
pling scale.

Discussion

SAD curves change with sample size be-
cause the detected diversity patterns are
affected by sampling. Species richness in-
creased by about 76%, 79% and 74% towards
the largest grain sizes respectively in
Changhaishan, Jiaohe and Liangshui. while
abundance increased by about 99% in all
three localities. Evenness decreased by
about 64%, 46% and 56% with increasing
grain size, respectively (Tab. 2). The rare
species (13, 18 and 11 rare species in Chang-
baishan, Jiaohe and Liangshui, respective-
ly), mainly includes big canopy trees and
small shrubs, such as Deutzia parviflora,
Tilia mandshurica, Rosa davurica, Populus
davidiana in Changbaishan; Sambucus wil-
liamsii, Salix koreensis, Lonicera ruprech-
tiana, Acer triflorum in Jiaohe; Populus ni-
gra, Rhamnus diamantiaca, Maackia amur-
ensis, Juglans mandshurica in Liangshui, are
more likely to be detected in large samples
(Magurran 2004), which may cause the
shape of SAD in rank-abundance plot to be-
come less steep (McGill et al. 2007). Bazzaz
(1975) found a similar result when the tem-
poral scale changed as more species are
added with progressive succession. McGill
et al. (2007) found that the SAD curve of
species-poor boreal forests is rather flat
which could be represented by a geometric
model; in contrast, the extreme species-
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Tab. 3 - Goodness-of-fit test of five models and parameters of the neutral model at
four sampling scales. @ is the fundamental diversity index, a parameter of the neutral
theory model; m is the immigration rate, a parameter of the neutral theory model.
The models were tested at the 95% confidence level, the significant different model
were rejected by the test. (**): p < 0.01; (*): 0.01< p < 0.05. (NM): neutral model;
(BSM): broken stick model; (NPM): niche preemption model; (LNM): log-normal
model; (ZM): Zipf model. CBS, JH and LS refer to Changbaishan, Jiaohe and Liangshui,
respectively. (BIC): Bayesian Information Criterion.

Plot :ca:rl‘g'(':]g) Testing  INM BSM  ZM  NPM NM 6 m
CBS 10x10  BIC 471 090 -1.95 053 137 2.73 5.110°
2 017  1.64 024 056 0.97
30x30  BIC 1914  38.84 3048 29.26 -13.56 4.63 9.4-10°
2 281 6023 2035 1029  0.30

60x60  BIC 67.78 8225 76.06 62.80 -30.80 4.77 2.410°
2 3413 430.76” 200.20° 51.67° 0.15

90x90  BIC 10414 119.55 112.35 96.61 -29.37 4.98 1.1-10°
e 114.21°1385.00" 809.68" 174.57"  0.54

JH  10<10  BIC 355 542 542 -3.27 046 3.20 1.110°
2 0.14 034 008 027 0.61

30x30  BIC 6.69 20.83 1457 18.19 -6.38 493 1.810°
2 022 1036 839 476  0.67

60x60  BIC 3835  54.64 5226 44.43 2353 4.99 4.6.10°
2 10.28  86.70° 124.92° 1213  0.12

90x90  BIC 66.12 8421 79.96 69.82 -20.11 5.00 2.0-10°
2 41.94 336.02° 466.16" 31.18  0.20

LS  10x10 BIC  -18.03 -17.78 -16.16 -12.12 -8.74 3.83 2.1.10"
2 0.03 017 009 001 028

30x30  BIC 105 -427 13.03 -0.46 -1.00 3.62 2.210°
2 0.71 047 689 039  0.91

60x60  BIC 2928 2494 3627 13.60 -13.93 3.64 5.4.10°
e 1429 23.05 93.49° 2.44  0.08

90x90  BIC 5233 5033 59.21 31.25 -13.63 3.86 2.5.10°
2 72.16" 189.41" 447.82° 8.99  0.31

rich tropical forests usually produce SAD
curves that follow the neutral model.

In our study, the predictive ability of the
niche models decreased with increasing
sampling scale, for a series of possible rea-
sons. From a statistical perspective, when
the total area of the study plot is fixed, the
number of samples at a small grain is
greater than that of a large grain. The level
of uncertainty associated with parameter
estimates increases with decreasing num-
ber of samples, i.e., with increasing size of
the individual sampling units. When the
number of samples is small, outliers carry
more weight than if more data are avail-
able to buffer their effects (Wisz et al.
2008). From the ecological perspective,
the attributes of an ecological niche is high-
ly dimensional, and the species response to
the environment may be skewed or multi-
modal (Austin 2002). At small sampling
grains, the environment is more homoge-
nous in each sample, and the diversity pat-
tern is mainly dominated by inter-species
competition. This may corroborate the
niche preemption hypothesis (Bazzaz
1975), which implies that one dominant
species may occupy a large fraction of the
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total niche space, while a second species
occupies a similar fraction of the remaining
niche space (Motomura 1932). With in-
creasing size of sampling units, more het-
erogeneous environments are included,
and the interaction between species and
environment becomes more complicated.
Such effects may not be well represented
by a single-process-based niche model.

The predictive ability of the neutral model
increased with increasing sampling scale.
The neutral theory predicts that the shape
of the local species abundance distribution
is a function of the immigration rate (Green
& Plotkin 2007). The immigration rate is
likely to be associated with regeneration of
new individuals of additional species. In
our study, the observed communities are
stable with hardly any immigration of new
species. Most species in our communities
regenerate by seed. As a consequence, the
decreasing immigration rate (m) associ-
ated with increasing sampling scale, indi-
cates that the spatial turnover of species is
greater at small sample unit sizes, and that
the intraspecific aggregation is greater at
large sample unit sizes. This observation
may reflect an increasing effect of a spe-

cies dispersal limitation (Foster & Warton
2007) which suggests that the dispersal
mode in our temperate forests (where
most broad-leaved trees disperse seeds by
wind, conifer trees and shrubs by gravity
and animals), may be a key factor in shap-
ing the community pattern at large scales.
This observation is consistent with the re-
sults of Wang et al. (2008), who found that
in temperate forests in northeastern China,
the distribution of trees and shrubs are ag-
gregated because species richness and
abundance do not change with sample size
in an unbiased way. They concluded that
the spatial heterogeneity may be the result
of within-community disturbances such as
windthrow, fire and insects, which pro-
mote the regeneration of a diverse array of
species. Green & Plotkin (2007) also found
that the observed left-skewness at larger
scales could have resulted from increasing
dispersal limitation.

Our findings differ from previous studies
which reported that neutral processes are
often thought to dominate in species-rich
tropical forests. However, in our temper-
ate forests, the number of species found
(32 to 48 on 20 to 40 ha - Tab. 1) is more
limited, and neutral models show never-
theless a good fit at almost all scales. It is
possible that this unexpected result origi-
nates from over-fitting of the neutral mod-
els. The format of the neutral model pos-
sesses the ability to fit many observed pat-
terns with smooth curves. In some situa-
tions, the better fit of a neutral model may
be the result of a greater flexibility com-
pared to other models without necessarily
implying a dominance of neutral processes.
We assume that the neutral model which
showed better performance at large sam-
pling scales, may reveal underlying pro-
cesses, such as the aforementioned disper-
sal limitation, that generated a particular
pattern. Foster & Warton (2007) found
that the better fit of a neutral model may
indicate particular plant communities at
similar environmental conditions are com-
posed of neutrally-interacting species.

When comparing the relative accuracy of
different models across sampling scales,
we found that model performance de-
pends on the scale. Niche-based models
gave a better fit at small scales while the
neutral model performed better at large
scales. This result is consistent with Gao et
al. (2018) who reported that, in temperate
forests, dominance of species with positive
effects on diversity at small scales (0-10 m)
supports niche theory, that species diver-
sity is improved by variation in niche utiliza-
tion. Dominance of neutral species, i.e.,
species with no significant effects on diver-
sity, at large scales (10-50 m) supported the
assumption that community diversity was a
result of a neutral process. These findings
suggest that both niche and neutral pro-
cesses are important in structuring a com-
munity. Actually, the connection between
neutral or niche distribution is not com-
pletely exclusive (Etienne & OIff 2005). For
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example, broken stick model (MacArthur
1957) is usually interpreted as niche-based
when viewed as a sequential breakage
model, but may just as well be regarded as
neutral when viewed as a stochastic simul-
taneous breakage model (Tokeshi 1990,
1993). Such results imply that interpreta-
tions based on a single pattern should be
interpreted with caution. To accurately pre-
dict SAD’s of similar ecosystems, observa-
tions in large plots and across sampling
scales are required.

Conclusions

Based on observations from three large
field plots with mapped trees in the tem-
perate forests in northeastern China, five
different SAD models were used to exam-
ine how expected SADs differ from ob-
served ones across four sampling scales.
The results show strong effects of sam-
pling scales on SAD. The primary results
are: (i) the shape of the species abundance
distribution varies with the sampling scale;
(ii) the predictive ability of the niche-based
model decreased with increasing sampling
scale; (iii) the predictive ability of the neu-
tral model increased with increasing sam-
pling scale; (iv) the niche-based models
provided a better fit at the small sampling
scales, while the neutral model gave a bet-
ter fit at the large sampling scales. The fact
that only three (though very large) locali-
ties were included limits the general valid-
ity of our findings. We conclude that there
is no inherently superior model represent-
ing the SADs, and recommend that in fu-
ture studies the scale effects in SAD model-
ing should be given greater attention.
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