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Abstract: Variation in the number of species was studied in a subthermophilous grassland at a scale of 0.05
% 0.05 m during a 5-year period. The observed variance of species richness (VSR) was compared with a null
model based on random distribution of species over a set of squares. It was found that distribution of species
richness had more values than expected around the mean and less values at the “shoulders”. Both tails fell
within the predicted limits. Application of the procedures removing spatial dependence (random shifts,
rotation/reflection method by PALMER & VAN DER MAAREL 1995) and environmental heterogeneity (patch
model by WATKINS & WILSON 1992) did not change the observed pattern.

Using simulations in which the number of clumps and clumping intensity were manipulated it was found
that the effect of the clumped spatial pattern on VSR results in a wide range of variances. Both variance excess
and variance deficit were found more frequently than expected under the null model.

To test the effect of the limitation to the number of individuals per square a null model was developed
which included the observed number of plant shoots per square, the observed distribution of the number of
shoots belonging to individual species per square and the observed spatial distribution of the shoots. The
observed VSR was still lower than that produced by the null model. Therefore, it is concluded that at a scale
of 0.05 % 0.05 m plant species combine in a non-random way in the studied grassland. It is suggested that the
shape of left and right “shoulders” of the species richness distribution may be caused by different factors, such
as positive and negative covariance between species, respectively. Their simultaneous impact can generate the
observed pattern in species richness.

INTRODUCTION

The complexity of biotic communities makes utilisation of field experiments complicated.
Therefore, descriptive and comparative approaches still play a significant role in community
ecology. In addition, the structure of natural communities has been studied using comparisons
with simulated species assemblages (HARVEY et al. 1983). If a difference between the random
and the observed patterns is found, then one investigates for possible mechanisms. Owing to
the simplicity of this approach, and difficulties with manipulation in natural communities
(WILSON 1995b, AARSSEN & Epp 1990), inferring mechanisms from the observed pattern is
quite frequent in community ecology (GREIG-SMITH 1983, JONGMAN et al. 1987).

One of the recently developed methods used for detecting community structure utilises the
variance of species richness (VSR) (SCHLUTER 1984, PALMER 1987, WILSON et al. 1987). In
this approach the observed VSR is compared with the expected one, calculated for randomly
distributed species with fixed frequencies.

Forum: Assembly rules, niche limitation and data on pattern
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y LEpS (1995) and WILSON (1995b). They

. been discussed b .
The approach has recently been disc se “competition of individuals (genets) for

sugpested that the null model is not correct becau ; gauals (g
::ffc (LepS 1995) and limitation to the pumber of plant modules (BYCROFT et al. 1993,

WiLSON 1095b) decrease the expected VSR. It has been argued (WATKINS & WILSON 1992)
that if the number of individuals is usually > 1 the results are nol affected. However, PALMER
& VAN DER MAAREL (1995) showed that the problem persists unIFss the numt:er of lndl\';dlfiils
per area is much higher than the species pool. I agree both_wqh‘LEPS (1995) and \erlLblt)N
(1995b) that there is, theoretically, a limit to the number of mdwudual.s and r}lo_c]ulIcs which
can fit into & plot. However, it is still unclear whether the abovgmcmmncd limitation plays
a role in real plant communities. Based on computer simulal}mns B.:\RTH.A et al. (19.95b)
suggested that clumping of plants results in a high variance in species .r1chness. Usmg.a
different method PALMER & VAN DER MAAREL (1995) found that clumping may result in
variance both lower and higher than expected. _

[ tested the effects of spatial pattern of plant individuals and limitation to the number of
shoots using real data. For this study [ selected a homogeneous species-rich grassland because
it has been suggested that the chance (o find the variance deficit is highest in this type of
community (WILSON et al. 1987, BARTHA et al. 1995b). Most studies dealing with the VSR
at small scales have used data from a single observation or a single season (but see WILSON
etal, 1992). Here 1 utilise 5 years of data from a fixed plot to assess the year-to-year changes.

MATERIAL AND METHODS

The sample plot was established in the National Reserve of Certoryje in South Moravia,
Czech Republic (48754 N, 17°25" E), in a subthermophilous meadow dominated by Bromus
erectus and Carex montana. The area is not fertilized and is mown regularly at the end of
June. A detailed description of flora, vegetation and soils can be found in TLUSTAK (1975),
JONGEPIEROVA et al. (1994) and KLIMES et al. (1995).

A permanent quadrat (1.5 x 1.5 m) was established on the selected plot in June 1991, The
quadrat was divided into 900 squares, 0.0025 m’ each, by a cord. In these squares rooted
vascular plants were recorded during the second week of June, from 1991 to 1995, usually
1 10 3 weeks before the meadow was cut. From 1993 to 1995 1 also recorded the number of
individuals, defined as shoots.

The observed VSR was compared with the expected one calculated for the same number
of species, randomly distributed over the set of squares, with fixed frequencies (e.g. WILSON
et al. 1987). I calculated 2000 randomizations for 2-tailed tests. The differences were
interpreted as significant when P < 0.05. The results were expressed as a relative deficit or
excess of the VSR (RV([%] = 100 * observed VSR / expected VSR). The 900 squares were
merged to 225 (i.e. 4 neighbouring squares merged to form a quadrat), 100, 36 and 25 squares
for evaluation of the effect of different scales on RV.

Due to the spatial arrangement of squares in the grid, nearby samples are more similar, on
average, than distant samples (PALMER 1987, PALMER & VAN DER MAAREL 1995). Therefore,
the probability of Type I error is inflated unless spatial dependence is corrected. 1 used two
methods suggested by PALMER & VAN DER MAAREL (1995) to remove the effect of spatial
dependence. The rotation/reflection method is the only method keeping the original spatial
pattern exactly. There are eight possible permutations of the grid data for each species. As
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the number of potential permutations increases exponentially with the number of species
(8", where n is number of species) and the number of species in the studied grassland ranged
between 57 and 69 during the five-year period of observations, there was a sufficient number
of potential permutations, The other method suggested by PALMER & VAN DER MAAREL (1995)
uses random shifts. Each species is shifted a random number of squares along a grid and
squares beyond the edge of the grid are wrapped back on to the opposite edge. This method
slightly modifies spatial distribution of the species.

If a community consists of several species pools restricted to large patches of different
environments, a variance deficit is expected. This effect can be removed using a patch model
by WATKINS & WILSON (1992), The probability of a species occurring in a square is not equal
to overall frequency of that species; it is calculated from a patch consisting of a target square
and several neighbouring squares. [ used two sizes of quadrat patches - 5 and 9 squares,

I estimated the effect of the spatial distribution of plants on RV using computer simulations.
Individuals were distributed in clumps of different sizes and numbers. The clumped distribution
was achieved using the following procedure: clump centres and individual plants were
randomly placed on the plot. Then, each plant was assigned to its nearest centre. The new
position of the plants was recalculated using two-dimensional normal distribution of
individuals within a clump with a given standard deviation. To avoid an edge effect, the plot
was enlarged 10 2.4 x 2.4 m, the target quadrat (1.5 x 1.5 m) was placed in the centre of the
plot and the observed numbers of individuals was multiplied by 2.56. The number of clumps
was calculated as Ni/(5.12 * exp(1.0986*C)) where Njis the number of individuals of the i-th
species and C is a constant ranging between | (many clumps) and 5 (few clumps). The
minimum number of clumps was 1 by definition. The clumped distributions were calculated
for standard deviation (s. d.) = 0.5, 4.5, 6.5 and 8.5 cm. One hundred simulations were
calculated for each combination of input values.

I used two null models to test limitation of the number of shoots. In these models I fixed
the number of shoots per square. In the first model individual shoots were assigned (o species
randomly, as in PALMER & VAN DER MAAREL (1995). In the second model, individuals were
assigned to species according to the observed species frequency calculated for individual
numbers of shoots per square and the observed degree of clumping was respected. The number
of shoots per square was taken randomly from the observed distributions of the number of
shoots per square. This distribution was calculated for individual species.

I used the random number generator developed by MARSAGLIA et al. (1990).

RESULTS

The total number of species recorded in the 900 squares (2.25 m?) ranged gctwcen 57 and
69 from 1991 to 1995 (Tab. 1). The mean number of species in each 0,0025 m” square ranged
between 2,91 and 3.56 with a minimum of 0 and maximum of 8 species (Tab. 1). The total
number of individuals recorded in the 900 squares varied between 7253 and 8535 from 1993
{o 1995 (Tab. 2). The mean number of individuals in each 0,0025 m” square ranged between
8.39 and 9.48 with a minimum of 0 and maximum of 95 individuals (Tab. 2). 5

Both the expected and the observed distribution of species richness calclulaled for 0.0025 m
squares were positively skewed (Tab. 1, Fig. 1). The observed dislribu}mn had more values
than expected around the mean and fewer values at the “shoulders™ (Fig. 1). However, both
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tails fell in the predicted range.
This pattern was consistent over
the five years. The observed

eristics for the number of species 1n

Table 1. Distribution charact 5 are sigﬂiﬁcanlaqu0.00l.

0.0025 m’ squares. All values of skewnes:

Year 1991 1992 1993 1994 1995 SFRRE was rvichi lowee than tia
Average 333 2.91 29 311 3.56 BXPCClcd Tl e
Minimum 0 0 0 0 0 the random models. The two
ni 8 7 8 7 8 models  removing  spatial
s hifted th
i 1.66 181 dependence s 5
Vanance 1.61 1.61 1.68

distribution of the expected
values towards lower values.
The two patch models were even
more effective. However, the
observed values of VSR were
still much lower than expected.

Skewness 0246 0295 0330 0264 0.245
Total 57 60 61 65 69

Table 2. Distribution characteristics for number of indiv'idu.als n
0.0025 m* squares (n = 900). All values of skewness are significant

at P < 0.001. The pattern was the same in all
five years (see Fig. 2 for years
Year 1993 1994 1995 1994 and 1995).
Average 856 839 948 If four neighbouring squares
Minimum 0 0 0 were merged, the distribution of
Maximum 57 95 56 the number of species fell in the
Neiance 169 382 358 95% limit in_ z_all f(?ur years
SCeoncts 2578 4613 2188 cxce?lfor ncghgitlalc dlffcrencc.s
for single values in three years.
Total 7701 7553 8535

No difference between the
observed and expected
distributions was found at larger
scales (not shown). Variance
deficit (VD) was found in all
five years at the smallest spatial
scale (0.0025 m?) (Tab. 3).

Table 3. Vaniance of species richness indicated by index RV from 1991
1o 1995 for five different square sizes. * - P < 0.05. Negative values
indicate variance deficit, positive values variance excess,

Square size [m?] 1991 1992 1993 1994 1995

(o S09% 254t 200t 215° 260* YD) was never found at larger

L 85522 Ll -145 92  scales. Variance excess (VE)

0.0225 79 67 312¢ 60 8.1 was found twice above a plot

0.0625 AP [l (RS e I size of 5 % 5 cm. Because of its

0.09 87 06 352 S65* 368 irregular occurrence I will not
consider it further.

Simulations, using a clumped

d VE more frequently than expected. This effect was
for clumps occupying larger areas. However, there was
s for s.d. = 4.5, 6.5 (not shown) and 8.5. The proportion
l'c;ultslincreased with the number of clumps (Fig. 3). ;
B 45 developed to test the effect of limitation to the number 0

m ::[; bsg:la;? :uhfed a random assigment of shoots to species. It predicted both a hilgh
T p:;:xes Per square and a high VSR (Fig. 4A). The other model, which
observed frequency of species calculated for individual number of shoots per

spatial pattern, resulted in both VD an
small for dense clumps and increased
little difference between the resul
of simulations giving significant

The first null model which w
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Fig.]. Species richness distribution for 900 squares 0.0025
m” in size, from 1991 to 1995. The shaded area delimits
95% confidence intervals, full lines with diamonds denote

observed distribution.
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square and clumped pattern of shoots,
produced a distribution with the expected
mean number of species per square.
However, the observed VD in species
richness was significant (Fig. 4B).

DISCUSSION

Using real data I showed that the
distribution of the number of species in
the squares has more values than
expected around the mean and less
values at the “shoulders”. Clumped
spatial distribution did not result in
consistent effects even if the clumps
were very distinct: both VE and VD
were obtained more frequently than
expected under the null model when
numerous small clumps were formed
(see PALMER & VAN DER MAAREL 1995,
Fig. 4, for similar results).

The truncated distribution of species
richness, predicted by LEpS (1995) for
plant communities in which the number
of individuals per square is limited, may
be found if the number of individuals per
square is much higher than the number
of species in the species pool and
individuals are randomly assigned to
species. In this case, however, limitation
to the number of individuals per square
is rather weak (PALMER & VAN DER
MAAREL 1995).

Heterogeneity in space or time results
in VE in most cases. There are, however,
other possible explanations of this effect
(SCHLUTER 1984). VD is a more
interesting phenomenon. BYCROFT et al.
(1993) and WILSON (1995a) listed four
explanations for it: (1) heterogeneity in
space if the patches are colonised by
different approximately equal-sized
species pools, (2) heterogeneity in time,
(3) limitations to the number of
coexisting individual plant modules and
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|~ Patch model: 9 squares
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T 1995
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Fig. 2. Distril?ulion of the expected variance of species richness calculated using five models, and the observed
values of variance of species richness in 1994 and 1995,

(4) limitations to coexistence due to competitive exclusion. There are several more
mechanisms_ which may resultin VD, Let us consider three examples of communities consisting
f’f wo species. (1) The species compete strongly so that no more that one individual occurs
In 2 square and (h‘-f intensity of intraspecific competition equals the intensity of interspecific
Fodr;'?"““"“' In this case indjvidua]s of both species are distributed randomly whereas all
2 d\:lduals are segregated (Fig. SA). (2) Intraspecific competition is equally strong as in (1)
and interspecific competition is missing, Individuals belonging to a species are segregated
and all individuals together are aggregated (Fig. 5B).

These two examples are simpli i
plified versions of th i KIHA
et al. (1995b). Using simulati L e

ons they showed that populatio sult in VD.
BARTHA et al. population processes may result in
It seems that \?D(ll::::fs:uggmw that an aggregated pattern of individuals results in VE.

) result, but under s
‘(3)_sllmws this: Let us consider individuals

'fc_!ur squares, VD is obtaj
ition which does not permi
viduals belonging to a spec

pecial conditions only, The following example
of two species larger than one square; each
ned if there is the same intensity of intra- and
tcoexistence of any two individuals in a square.
ies is aggregated, distribution of all individuals

interspecific compet
Distribution of indi
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is segregated and patches are
s.d. =05 Variance excess  distributed randomly (Fig. 5C).
Then VD is observed. Note that a
community consisting of clonal
plants may resemble this example.

The three above-mentioned
examples are  straightforward.
However, segregated distribution of
plants of individual species, as well
as of all plants in a community, has
% Variance deficit been observed rarely in the field
Varlsioe saoess (GREIG-SMITH 1983), Plants in the

Many studied  grasslands are not
distributed randomly or even
regularly, except for a few rare
species; nearly all species, including
annuals, are clumped (KLIMES, in
prep.). Year-lo-year changes in
position of plant individuals are
remarkable in  most species
(HERBEN et al. 1993, VAN DER
Variance deficit MAAREL & SYKES 1993). Still, the
0+ L Variance excess  distribution of species richness at

LG R smallest scale is very stable with
more values than expected around
the mean and less values at the
“shoulders” over the whole
five-year period in the studied
grassland.

PALMER & VAN DER MAAREL
(1995) and Wison (1995b)
suggested that limitation of the
number of individuals is a serious
problem even if squares have a high
Fig. 3. The effect of the number of clumps and intensity of pumber of individuals. Using a
clumping on proportion of tests [%] showing significant variance simple model in which the number
of species richness. of individuals per square was fixed,

PALMER & VAN DER MAAREL (1995)
assigned individuals randomly to species. They found that VD is often obscnrcd if the numl?a'
of individuals per square is of the same order of magnitude, or less, than the size of the species
pool (PALMER & VAN DER MAAREL 1995). This result persists even if some variation in the
number of individuals per square is permitted (PALMER & VAN DER MAAREL 1995: 206). To
test this prediction, I used the same model as PALMER & VAN DER MAARGEL (1995) but 1
calculated the VSR for 69 species distributed over 900 squares. The number of individuals
per square was taken randomly from a uniform distribution with a given mean and a fixed

Significant variance [% of tests]

Significant variance [% of tests]

Significant variance [% of tests]

Variance deficit
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A 300 1995

range. I  calculated g

simulations for each

250 combination of a mean numper
200 of individuals per square (Fig,
150 6). For any mean number of

L individuals ranging between 5

and 80, there was a consistent

52 e B Mo trend of VD for a small range of
ik bttt variation in the number of

0 10 20 30 4 species  per  square o

# specles non-significant  results  for

medium levels and VE for wide

B 300 1995 ranges. The proportion of
250 non-significant results increased

with an increasing mean number

E 200 of individuals per square (as in

8 150 PALMER & VAN DER MAAREL

® 100 1995). Moreover, I found that the
50 proportion of tests giving VE

0 decreased. With an average of
0 2 4 6 8 10 12 14 16 18 20 300 individuals per square, none
# spacies of the mean results was

significantly  different  from

Fig. 4. Species richness distribution for 900 squares 0.0025 m? in expected (Fig. 6). Therefore, any
s, in 1995, Full lines with diamonds denote observed distribution. yariation i th Bor B of
The shaded area delimits 95% confidence intervals calculated using yar%allon E M )

following null models in which the observed number of shoots < individuals per quadrat
square was fixed and individuals were assigned to species A) decreased VD or resulted in
?:?Onm’;;uzi "51‘::““3 the observed species frequency calculated  non-significant results. VE was
of clumping Fmbets of shools per square and the observed degree  obtained if variation in  the

number of individuals per square

number of coexisting individua]se :l bllhg' ger. However, his does not indicate limitation of the
area, 1 this case, but limitation of above-ground biomass or leaf

The null model in whi
in squares was taken inzc:‘ol:s?d?:?ww frequency of species and clumping of individuals
than observed in the field (Fig. 4B) ';,‘I)]" pProduced much higher variation in species richness
describing combination of speeie ... Odel seems to be quite realistic because only rules
Speeies are allowed (o vary. The results of the simulation given in
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Fig. 5. Three examples of spatial pattern of plants causing variance deficit in species richness. Crosses and
circles denote two different species.

Fig. 4B indicate that at a scale of 0.05 x 0.05 m species combine non-randomly in the studied
community.

There could be several mechanisms, operating simultaneously, responsible for the observed
distribution of species richness. In relatively severe environments, such as subthermophilous
grasslands, positive effects may prevail at low plant densities whereas negative effects (e.g.
competitive exclusion) are more important at high densities. It is thus reasonable to consider
the left and right “shoulders” of the distribution of species richness separately. The steep left
slope of the distribution may be caused by adversity of the abiotic environment, which prevents
establishment of seedlings in the late spring and in summer due to high temperatures and the
drying out of soil profiles on south-facing slopes. Seedling establishment is often more
successful on places with a moderately dense vegetation than on completely open places
(RYSER 1990, 1993). Similar positive relationships between plants in severe environments are
well known but neglected (BERTNESS & CALLAWAY 1994). Neighbours may ameliorate the
microclimate, hide other plants from herbivores, improve nutrient conditions, ctc._ (l'!UN'l:‘ER
& AARSSEN 1988). The explanation of the pattern at the right “shoulder™ of qle ¢§mbUUOn
may involve several mechanisms, LEPS (1995) suggested that “competition of .mdmlduals for
space causes limits to the number of individuals per sampling unit”. Thf:re is a dlffet?:nce
between competition for space and for traditional resources, such as light and nutrients
(RABOTNOV 1992). However, both are often used in the latter sense (LEPS 1995, LEPS, pers.
comm.). Competition for space has been demonstrated belowground (MCCONNAUGHAY &
BAzzAz 1991). Similar results for aboveground are missing in herb assemblages. As no more
than about 0.3-1.0% of available aboveground space is utilised in pl'anl_commumnﬁ (U'I-“I‘CN
et al. 1969, KLIMES, unpubl.), competition for space is hardly cr.'umal in pllanf Fommumues
(RABOTNOY 1992). Instead, nutrients and light are usually the mostimportant hmlungreso:mes
in grasslands (GRACE & TILMAN 1990, CALDWELL & PEARCY 199@. T{:emfore. th:j v ul;-:
of leaf area and above-ground biomass are likely to be more limited in squares than
number of individuals.
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Fig. 6. The effect of the number of individuals per square on the var‘ia.ncc r_alio in Vsimulatiuns. The nurnbcr 'ot'
individuals per square was taken randomly from uniform distributions with a given range pf values. h{t_.‘.d.l-']
value of the number of individuals per square equalled to x. The individuals were mndc.)ml]y assigned Lo species.
Species pool consisted of 69 species. The error bars indicate mean * 3*standard deviation.

The hypothesis of niche limitation (WILSON et al. 1987) considers competitive effects ?n
biotic communities. However, positive relationships between plants are also important in
some grasslands (BERTNESS & CALLAWAY 1994). They may result in “niche facilitation” at
medium plant densities (RYSER 1990, 1993) and therefore affect the distribution of plant
richness. The density-dependent variation in the intensity of positive and negative relationships
between plants may easily generate any distribution of species richness observed so far. The
role of niche limitation may also be important in some plant communities (BARTHA et al.
1995b).

Using snapshot data and calculation of RV, the main factor determining distribution of
species richness can probably be identified if its effect is strong. However, in the field, we
find more complicated situations in most cases. I agree with LEPS (1995), GOLDBERG (1995)
and PALMER & VAN DER MAAREL (1995) that an experimental approach is then needed.

The results based on the data collected during a five-year period in species-rich grasslands
should be generalised very carefully. The studied plant assemblage is specific in several traits
determining or affecting spatial pattern in the site, such as environmental heterogeneity
(including the effects of the plants themselves), intensity of competition
aboveground/belowground, size of the species pool, abundance of plants belonging to
individual species, etc. My conclusion is that in the studied grassland VD at the scale of
5 % 5 ¢m is not caused by limitation of the number of individuals or, at least, this mechanism
does not explain the observed pattern completely.

f.-‘maliy. I'would point out that I fully agree with LEPS (1995) that the observed pattern
“might be roughly suggestive ... at best” and with WiLsoN (1995b) that several alternative
hypolhesfﬁ_should be tested, if possible. However, these arguments are not new (CALE et al.
.1989). S:Fm!ar reasoninglcan be found also in the long-lasting discussion about mechanisms
involved in plant succession. There are numerous examples showing how the observed pattern
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# cases

# individuals

Fig. 7. Distribut_io:_\ of the number of individuals in 900 squares placed in a grid on a grassland in 1995. The
shaded area qcllmlls 95% confidence area calculated from 2000 simulations in which 8535 individuals were
randomly assigned to the 69 observed species, the full line with triangles denotes observed distribution.

can be explained in very different ways - CLEMENTS 1916, McINTOsH 1981, PICKETT &
McDONNELL 1989. I do not think that anybody seriously suggests that inferring mechanisms
from the observed pattern is the only possible and the most efficient way to understand Nature

even if some of us are using this approach (e.g. BARTHA et al. 1995a, LEpS & STURSA 1989,
WILSON et al. 1992, KLIMES et al. 1995).
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