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Abstract In estimating the number of species per quadrat
with a given area, we usually need much time and labor,
because we have no simple ways to easily count it using
hardware. We devised here a software method to esti-
mate the mean number of species by counting them only
partially in the survey, and estimating it mathematically.
We classify quadrats into three classes composed of k,
k + 1 and more than k + 1 species; or classify quadrats
into four classes composed of k, k + 1, k + 2, and
more than k + 2 (referred to as “censored sampling”),
where k is the minimum number of species per quadrat.
We do not need to count more than k + 2 or k + 3
species, respectively. Using only these 3 or 4 numerals
we can estimate the mean of number of species per
quadrat, the 95% confidence intervals for the mean and
know the spatial pattern value such as aggregated,
random or uniform pattern of the number of species per
quadrat. Using this method, 10-20% time and labor in
counting will be saved compared to the full census. The
estimates are obtained through the maximum likelihood
calculation. Computer programs to estimate the mean
number of species per quadrat are attached as ESMs.

Keywords Censored sample - Labor-saving - Small-
scale - Spatial pattern - Species richness
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Introduction

To understand the nature of vegetation, we measure
various traits of plants and their distributions. We set at
random points or arrange systematically many quadrats
in the vegetation, each of which has a given area, on line
transects, and plants in each quadrats are measured and
recorded. The traits of vegetation often measured by
field plant scientists are cover, number of occurrences,
biomass and number of individuals/density per quadrat.
Based on these measurements, traits of vegetation such
as species richness, and relations working among species
composing the community and interactions such as their
spatial pattern could be understood (Pielou 1977).

To measure these vegetation traits, various rational
methods have been developed; for example, in measur-
ing cover, the line-intercept method (Bonham 2013) and
point-count method (Chen et al. 2008a). Although we
can obtain clear results from these surveys based on
statistical manipulations, extensive physical labor and a
long time are usually required in field survey. For this
reason, various time-saving methods have been pro-
posed: one is to measure using such as machineries or
photo-sensors (hardware-dependent methods) (e.g., for
small-scale quadrats Shibayama 2001, 2003; Shibayama
and Akita 2002; for large-scale areas Gould 2000;
Yasuda 2018), and another is to measure based on
software-dependent methods such as statistical/mathe-
matical model (e.g., Nicholas et al. 2011). We consider
hereafter the software-dependent method. In measuring
cover through line-intercept and point-count methods,
there are methods to measure only a few objects (e.g.,
plant individuals) instead of the entire objects visually or
using simple tools, and mathematically estimated the
parameter values (software-dependent method) (Chen
et al. 2006, 2008c). The similar software-dependent
methods have also been developed for estimating
herbaceous biomass (Shiyomi 1991, 1992) and estimat-
ing the number of insect individuals (Shiyomi 1974,
1977, 1978). The method for estimating the number of
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insects has a possibility applicable to measure the
number of plant individuals/density per quadrat. These
methods can be used based on some probability distri-
butions.

In this study, apart from these traits such as cover and
biomass, we consider “the number of species (richness) per
quadrat”, which is another important trait in vegetation
study of grasslands. Species richness influences to the pri-
mary plant production (e.g., Tilman et al. 2001; Pallett
et al. 2016), contributes for protecting and maintaining
vegetation from natural or artificial disturbances, and
recovering the vegetation destroyed once (e.g., Lavorel
1999; Katharina et al. 2001; Nicholas et al. 2011; Oliver
et al. 2015). In analyzing vegetation composing of many
species, interesting findings for the niche rule have been
obtained (van der Maarel et al. 1995; Zobel et al. 2000;
Chen et al. 2008b; Chytry et al. 2015). Chen et al. (2016)
proposed a model of Poisson-like probability distribution
in which the number of species per quadrat follows, re-
ferred to as “extended Poisson distribution” in their paper.
In the followings, we introduce a time-saving method in
vegetation survey based on this model, we count rapidly
the number of species per quadrat, and estimate mathe-
matically the mean, the variance among quadrats, and the
spatial pattern value.

Fundamental model, materials and methods

The Poisson-like frequency distribution model of per-
quadrat number of species

Now, suppose a situation where we set small quadrats at N
random points on a herbaceous plant community such as
grassland and riverside meadow. Each quadrat contains k
species at least (referred to as “the fundamental number of
species per quadrat” or FNS hereafter) (e.g., Kk = 4 in
Fig. 1a), and the number of species more than k, i follows
a Poisson distribution with mean u (i = 0, 1, 2, ...). Then,
the number of species per quadrat, j, is composed of two
values, k and i, where k is a constant through all quadrats
as defined above, and i is a variate and indicating that i
species are allocated at random quadrats. Therefore,
j = k + i, where both constant k& and variate i are non-
negative integers. The probability that j species occur in a
quadrat (Chen et al. 2016) is as follows:

P(0O)=P(1)=---=P(k—=1)=0
P(j)=e MW */(j—k), forj=kk+1,k+2,...,
(1)

where letting /4 be the mean of j, and u be the mean of i;
therefore,

A=k+p. (2)

The variance for Eq. (1) is given as same as for the
Poisson distribution of e #u'/i! (i =0, 1, 2,...): pu

Therefore, the mean, A, is always larger than the vari-
ance for k> 1. Equation (1) indicates the equation
moved the Poisson distribution with the mean of u to
just k units rightward along the axis of abscissa (Pois-
son-like distribution), as shown in Fig. 1¢ by an example
obtained at 90 quadrats set in the Shenmu grassland, in
which &k =4, u=29181 and 1=k + u=4+
2.9181 = 6.9181. The variance for the example, v, is
2.2317, which is close to 2.9181.

A probable reason why we have arrived at the present
model, especially the introduction of k, after long-term,
trial-and-error considerations is as follows:

1. The theoretical frequency distribution of the number
of species per quadrat can be assumed to be con-
structed of a positive, infinite series of integer vari-
ates, such as 0, 1, 2, ...

2. According to the experimental results reported in
Chen et al. (2016), the mean number of species per
quadrat in a community is always larger than the
variance among quadrats.

3. All grassland communities are a mixture of species
with low to high occurrence.

Our model was synthesized so as to satisfy these three
concepts.

According to our idea, each species appears in ran-
dom quadrats, depending on their number of occur-
rence. Since several species with a high occurrence fill
most quadrats up to k species, a uniform frequency
distribution of the number of species per quadrat, ran-
ged between 0 and k, is approximately formed by these
species. Indeed, the 11 survey results reported in Chen
et al. (2016) suggest that we can determine k if we know
the number of species that occur in more than 50% of
the quadrats (i.e., high occurrence) (Fig. 2). The other i
species with a low occurrence add at random quadrats
according to a Poisson distribution. Then, the total
number of species at an arbitrary quadrat, j, is k + i,
which is the Poisson-like distribution shown in Fig. 1c
(black bars). This distribution is an infinite series con-
structed of the variate of non-negative integers as shown
in Eq. (1). If & > 0, the mean number of species is larger
than the variance, but if &k = 0, the mean number of
species is equal to the variance (i.e., usual Poisson dis-
tribution).

We have already shown that most frequency distri-
butions of the number of species per quadrat fit the
model defined by Eq. (1). Chen et al. (2016) studied 55
grassland communities in a variety of locations includ-
ing semiarid areas in China and temperate areas in Ja-
pan and central Europe. Of these communities, 54 fit the
model (based on the goodness-of-fit test using »°). In
every case tested, the mean number of species was larger
than the variance between the quadrats. Therefore,
Eq. (1) is a reasonable frequency distribution model for
the number of species per quadrat.
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Fig. 1 The number of species per quadrat and a model of the
frequency distribution: an example observed in a semi-arid natural
grassland in Shenmu, Shaanxi Province, China (after Chen et al.
2016). a Original data: Ninety 50 x 50-cm quadrats were set along
a line on the grassland, and the number of species was counted per
quadrat. Since each of the quadrats contains four or more species,
i.e., k = 4, letting the number of species in excess of k (= 4) be i,
the number of species per quadrat, j, equals k + i. The mean of j is
A,and A = k + p, where p is the mean of i. b Observed frequency

A time-saving counting and estimation of the mean

When counting the number of species quadrat to
quadrat, we classify quadrats into n + 1 classes, that is,
quadrats with k&, £ + 1, ..., and (k + n — 1) species,
and more than (k + n — 1) species. Then, we count the
number of species k to (k + n — 1) species at all the N
quadrats, but we do not count the number more than
(k + n — 1) species for saving the surveying time (re-
ferred to as ““censored” sampling). In the other words,
we divide the probability distribution that number of
species follows into k& + n + 1 terms: (1) the k terms of
PGj=0=P(=1)=---=P(G=k—1)=0 for the
per-quadrat number of species, (2) the n terms of
PG=k), P(G=k+ 1), ..., P(G=k+n—1) e
e e ) (n - 1)L, respectlvely, and (3) one term
of P(j >k + n) >k PU) = Zlookﬂe(]l_,i), ,where j is
a variate, k is a constant and u is an unknown parameter
in all terms.

For example, suppose that each quadrat is composed
of 4 or more species as shown in Fig. la, i.e, k = 4. If
setting as n = 2, we count the number of species at each
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distribution: The number of species in each quadrat shown in
Fig. 1a, is summarized as a frequency distribution, where the mean
of jis 4 = 6.76. ¢ Fitted frequency distribution: The frequency
distribution of black bars indicates the distribution (Eq. 1) fitted to
the frequency distribution of the number of species counted per
quadrat. The shaded bars indicate that the frequency distribution
moved 4 (= k) units to the left, which is a Poisson distribution with
w =276

quadrat, and classify quadrats into three classes in which
the number of quadrats composed of 4, 5 and more than
5 species. In Fig. la, b, for example, the numbers of
quadrats composed of 4, 5 and more than 5 species are 5,
14 and 90 — (5 + 14) = 71, respectively, where 90 is
the total number of quadrats observed. Thus, we do not
need to count the number of species at quadrats com-
posed of species more than 5.

If setting » = 3 in Fig. la, we count the number of
quadrats composed of 4-6 species separately, and the
pooled number of quadrats containing 7 or more spe-
cies, where we classify quadrats into four classes. In this
case, the numbers of quadrats composed of 4, 5, 6 and
more than 6 species are 5, 14, 23 and
90 — (5 + 14 + 23) = 48, respectively.

Let N quadrats be observed in a vegetation survey,
and the numbers of quadrats of containing j species be
expressed by x;. Furthermore, let the numbers of quad-
rats of containing less than k species be 0 (i.e., xq, X{,...,

Xr—1 = 0), the number of quadrats of containing k,
k+1, k+ 2.,k +i..,k+ n—1 species be x,
Xkt 1> Xiet2serosXictiseesXi+n_1, and the number of
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Fig. 2 Regression of the FNS, k, on the number of species
occurring in more than 50% of the quadrats, x. The approximately
85% variation among the FNS, £, is explained by the variation in
terms of the number of species in more than 50% of the quadrats,
x: the regression is k = 0.450 + 0.953 X and the contribution, R?,
is 0.849. These data are cited from Chen et al. (2016), where
Shenmu, Banska Bystrica, and Nishinasuno are grasslands in the
Shaanxi region of China, Slovakia, and Japan, respectively

quadrats containing k + n or more species be xj 4, +.

Then, a logarithmic likelihood equation, /, based on
Eq. (1), can be expressed as follows:

n—1 —u. i n—1 .y i
e Hy e H
/= ?:0 Xpai X log{ T } + Xpne X log{l — E ] }

i=0
n—1
=Y xppi X {—p+ilogp—logil} + xprns
i=0
n—1 —u i
e M
x logs 1 — - .

(3)

Differentiated Eq. (3) by i and putting 0, we solve the
equation for u as shown in Eq. (4).

dl ~1
ey
> i= i »
n—1 e M
1 - Zi:() ;;H
=0 (4)

The mean of number of species per quadrat is ob-
tained by k + i, whichis A, where the estimate of pis [i,
and that of 1is 4.

Next, we calculate the Fisher’s information for esti-
mating the large sample variance as follows:

d*l =Ly
-5 = — Z* — Xktnt
=

2 . n— n—- ’
i=0 " -0 " i=0 "
X n—1 2
ey
{1 - i!“}
i=0

where omitted ~ of [i. Then, the estimate of large sample
variance for Aand i (i.e., 6% and ©3), is given by:

) AN
6l =0, = <Ndu2> =i (5)

where p = [i indicates to substitute [i for u. Then, the
95% confidence intervals for u and / are given as:

I

it 4 1.950; and 4 + 1.965, (6)

where 1.96 is the 95%-point value of the standard nor-
mal distribution.

Vegetation survey in grasslands

Although there are many cases which can be shown as
examples of vegetation survey, we will adopt again the
11 examples already shown in Chen et al. (2016). (1) In a
semiarid grassland at Shenmu of Shaanxi Province,

Table 1 The estimate of 4, %, and the 95% confidence intervals for the Shenmu example, where the total number of quadrats surveyed was

90

(@) Fork = 4,n =2

(b) Fork =4,n =13

No. species per quadrat Frequency No. species per quadrat Frequency
0 0 0 0
1 0 1 0
2 0 2 0
3 0 3 0
4 5 4 5
5 14 5 14
>6 71 6 23
>7 48
Mean number of species 6.9181 Mean number of species 6.8431
per quadrat, A per quadrat, 1
Confidence intervals of 4 6.85-6.99 Confidence intervals of A 6.75-6.94

k the fundamental number of species, n the number of classes more than k& where the numbers of species are accurately counted



China (a) 360 25 cm x 25 cm quadrats were surveyed,
and the number of species at each quadrat was counted.
(b) Next, two adjacent quadrats were incorporated into
a 25 cm x 50 cm quadrats, and produced 180 quadrats.
(¢) Third, two adjacent 25 cm X 50 cm quadrats were
incorporated into a 50 cm X 50 cm quadrats, and pro-
duced 90 quadrats. (d) Lastly, two adjacent 50 cm X
50 cm quadrats were incorporated into a 50 cm x 100
cm, produced 45 large quadrats. (2) In Banska Bystrica,
Slovakia, we selected three different grasslands of (a) a
sown grassland (b) a natural grassland, and (c) a
grassland over-sown improved herbage seeds as the
survey areas. Each survey area with 5 m x 5 m was di-
vided into 100 50 cm x 50 cm quadrats, 50 alternate
quadrats like chessboard were selected for surveys, and
the number of species at each quadrat was counted. (3)
In the National Grassland Research Institute, Nishina-
suno, Japan, two semi-natural grasslands different in the
grazing rate were selected for vegetation surveys. In each
grassland, 100 10 cm X 10 cm quadrats were set, and the
number of species at each quadrat was counted in May
and August.

According to the plan of the present study, first we
determined k-value, constructed censored frequency
distributions forn = 2 and n = 3, then estimated y and
A (= k + p) based on Eq. (4). The actual calculation
will be described in the following sections, and computer
programs written in R and Excel-Basic for estimating
the mean number of species per quadrat are provided in
Supplements ESM 1 to ESM 4.

Results

Here, we show an example of estimating the mean of
number of species based on data obtained at the Shenmu
grassland, China. In the survey area, 90 50 cm x 50 cm,
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steel-made quadrats were set, and the number of species
within each quadrat was recorded (see Fig. 1a). The
result obtained from the complete survey data (i.e., not
censored survey) were as follows: k = 4, [ = 2.76,
A =4+ 276 = 6.76, and v = 2.2317. The frequency
distribution of the number of species per quadrat ob-
tained based on the survey data is shown in Fig. 1b. In
the complete survey data, it is easy to find the k-value in
Fig. la.

Next, applying these data to Eq. (4), we estimate the
mean number of species per quadrat, [i. The calculations
were conducted on the Excel-BASIC program (see Sup-
plement ESM3 and ESM4). We first set k = 4andn = 2,
that is, the 90 quadrats are classified into three classes such
as 5 quadrats containing 4 species, 14 quadrats containing
5 species, and 71 quadrats containing 6 or more species
(“censored frequency distribution”; cf. Table 1a). Then, we
estimated the mean number of species per quadrat, i,
based on Eq. (4): L= 29181 and A=k +
. =4 + 29181 = 6.9181. The values of [i and A were
comparatively near to the values estimated based on the
complete survey data (Fig. 3a).

Next, let us try to calculate for the case of & = 4 and
n = 3. In this case, the number of quadrats where 6
species were found was 23, and the number of quadrats
in which 7 or more species found was also 48 (see Ta-
ble 1). The calculated results based on the censored
sample are: L1 =28431, A=k + [p =4+ 28
431 = 6.8431, which are also considerably near to those
estimated based on the complete survey data. We con-
structed the complete frequency distribution for the
number of species using these k and p estimated based
on the censored sample, as shown in Fig. 3b. For k = 4
and n = 1, based on 2 classes of the numbers at only 5
quadrats with four species and residual 85 quadrats with
more than four species, we can, of course, calculate the
mean number of species per quadrat. However, we

25 (b) Observed
B Estimated
20

154

10

No. species per quadrat

Fig. 3 The number of species per quadrat and model of the
frequency distribution: an example observed in a Shenmu semiarid
natural grassland of Shaanxi Province, China. a The frequency
distributions of observed and estimated numbers of species in each
quadrat for n = 2, where the estimated mean based on the

censored sample is 4 = 6.9181 for k = 4 and u = 2.9181. b The
frequency distributions of observed and estimated numbers of
species in each quadrat for n = 3, where the estimated mean based
on the censored sample is A = 6.8431 for k = 4 and pu = 2.8431
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estimated based on the entire samples (x) and the censored samples
(¥). a Relation in u for the case of n = 2; b Relations in p for the
case of n = 3; ¢ Relation in A for the case of n = 2; d Relations in

cannot expect sufficiently high precision for [i and 7
actually, we obtained [ = 2.30 and 4 = 6.30, which
are much different from those of the complete survey in
this example.

Next, we estimated the large sample variance of [i
(and 1) based on the Fisher’s information, and then
estimated the 95% confidence intervals of A: 6.84-6.99
forn = 2, and 6.74-6.94 for n = 3.

Based on our experiences, n = 2 or 3 is generally
adequate when considering labor and time for surveys
(in the above example, we count by 6 or 7 species,
respectively). Although we can also estimate based on
other larger n-values than 2 or 3, it will need more survey
time and labor though we can attain a higher precision.

Whether can per-quadrat means of the number of
species estimated based on the time-saving method
approximate the estimates based on the complete sam-
ples? An empirical answer to this question, which is
calculated for the 11 survey results shown in Chen et al.
(2016), is as Fig. 4, which indicates the relation between
the estimates calculated using the complete survey data,
and estimates using the censored method. Figure 4a, b
are for n = 2 and 3, respectively, in estimating p. The
correlation coefficients between the estimates calculated
using the complete survey data, [i .om, and the estimates

A for the case of n = 3. Correlation coefficient is denoted by r.
Although the relation of 4 = k + fiis held between [i1and A, k-
values are different among different samples

using the censored method, [i ,,p, are 0.86 for n = 2,
and 0.97 for n = 3, which indicate there is a high linear
relationship, especially in the case of n = 3. Next, we
show the relation between the estimates calculated using
the complete survey data, A com, and the estimates using
the censored method, 4 .,p, in Fig. 4c, d. The correlation
coeflicients between A com and 4 ., reached almost 1.

Discussion

In discussion of species richness/diversity of vegetation,
the argument is generally made grounded on vegetation
traits of each species such as cover or biomass, which
relates to productivity, and resilience and resistance to
environmental disturbances (Lavorel 1999; Katharina
et al. 2001; Tilman et al. 2001; Oliver et al. 2015; Pallett
et al. 2016).

Why is the censored sampling necessary?
To estimate accurate mean of number of species, we

have no way except for visual count, since we have not
developed mechanical or optical sensors to easily count



the number of species or easily and accurately distin-
guish different species at present. However, visual count
of the number of species in general requires much time
and labor. The censored method stated here will save
10-20% of time and labor compared to those in the
complete survey.

Except for the number of species, methods easily
measuring cover, biomass and the number of individuals
based on the censored sampling have been already
established. The prerequisite is that the theoretical fre-
quency distributions for these traits of vegetation are
known. For example, the frequency distribution of cover
per quadrat follows the beta distribution (Chen et al.
2006, 2008a; Bonham 2013); the frequency distribution
of biomass per quadrat follows the gamma distribution
(Chen et al. 2008d; Chen and Shiyomi 2014), and the
frequency distribution of individuals follows the nega-
tive binomial distribution (Chen et al. 2008d). In such
cases, we can easily apply simple, censored methods as
same as for the number of individuals (Shiyomi 1974,
1977), for cover (Chen et al. 2006, 2008c), and biomass
(Shiyomi 1991, 1992).

In Eq. (1), for £ = 0 the mean must be equal to the
variance. If expressing the spatial heterogeneity value for
the number of species by 7 = u/A (David and Moore
1954), I = 1 indicates ‘“‘random pattern in spatial
heterogeneity”, I < 1 indicates “lower heterogeneity
than random pattern (uniform pattern)”, and 7 > 1
indicates ‘‘higher heterogeneity than random pattern
(aggregated pattern; according to our experience 1 > 1
does not occur in the number of species per quadrat in a
community)”. In our examples shown in Chen et al.
(2016), three grasslands in Slovakia exhibited small 1,
four grasslands in Nishinasuno exhibited 7 near 1 al-
though 7 were a little smaller than 1, grasslands in
Shenmu is inbetween. A large k causes a low spatial
heterogeneity (i.e., small 7) because I = p/(k + u) —
small for large k.

Measuring procedures and conclusions

The procedure is as follows: (1) In the herbaceous
community of survey target, set N quadrats, each of
which has a given area, where N was 50-100, and
quadrat size was 0.01-0.25 m” in our case. (2) Based on
a preliminary or the past surveys, determine the FNS, k
(usually an integer). (3) Count the number of species
quadrat to quadrat, and classify quadrats into 3 classes:
X quadrats with k species, x; ; | quadrats with &k + 1
species, and x,+i;+ quadrats with more than
k + lspecies; or in case of 4 classes: x; quadrats with k
species, x; .+ quadrats with k& + 1 species, x; ., quad-
rats with k£ + 2 species and x4, quadrats with more
than k& + 2 species. In an actual survey, we have to
determine, in advance, which of n = 2 or n = 3 will be
used. If k is previously known, it will be easy to deter-
mine the number of classes to be counted the number of
species per quadrat. (4) Substitute x; to X541+ Or x; to
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Xi+2+ Into Eq. (4), estimate u and & + 4 = A (using
computer programs written in Excel-BASIC or R by us:
see Supplements ESM1 to ESM4). (5) Using Egs. (5)
and (6), estimate the 95% confidence intervals of y and 4
using the same program.

We explain this procedure using the survey in Shen-
mu (see Fig. 1 and Table 1), where actual counting and
estimating were made to the number of species per
quadrat. (1) We set 90 quadrats, each of which had
50 cm x 50 cm. (2) The minimum of number of species
per quadrat was four, i.e., k = 4. (3) n must be > 1. In
our example, if we decide to survey based on n = 2, we
classify quadrats into three classes of quadrats with 4, 5
or more than 5 species in counting; each class was
composed of 5, 14 and 71 quadrats, respectively. If we
decide to survey based on n = 3, we classify quadrats
into four classes of quadrats with 4, 5, 6 and more than 6
species when counting in the grassland; each class was
composed of 5, 14, 23 and 48, respectively (see Table 1).
If k& = 4 is previously known, it will be useful to deter-
mine the number of classes, n. (4) For n = 2, the fol-
lowing estimates were obtained using Eq. (4): fi=
29181 and 4 = 6.9181;and forn = 3, i =2.8431 and
A = 6.8431 (see Table 1). Both the values for n = 2 and
3 are not very different. (5) The 95% confidence intervals
for A: for n = 2, 6.85-6.99, and for n = 3, 6.75-6.94
(Table 1). If we use n = 3, we need more time and labor
for the survey than using » = 2, but we can obtain a
narrower range for the confidence intervals than using
n = 2, and usually the estimate for » = 3 will be near to
one obtained by the complete survey compared to the
estimate for n = 2. (5) The estimates of spatial hetero-
geneity values, I, for the number of species were 0.4218
for n = 2, and 0.4155 for n = 3. Both the values for
n = 2 and 3 are not very different, here too.
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