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Abstract

We propose a computer simulation type model describing dynamics of a system of
annual plants competing for just one resource and living in a heterogeneous habitat.
Plants do interact via blocking a part of the resource in the nearest neighbourhood.
Species differ in only one aspect — demand for the resource. Plant which has supply
equal demand has the largest probability to survive, while any deviation diminishes it.
Heterogeneity in space is introduced in two ways - by a gradient reducing supply along
one axis and a system of patches, each having a different level of the resource. We show
that without any trade-off mechanism, speciation or immigrants, coexistence of species
is possible in a stationary state. We find out also that the two descriptions of the
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1 Introduction In our previous paper (15) we have presented
a model of annual plants living in a homogeneous
habitat. We have shown that coexistence is possible,
without any kind of a trade-off, speciation or

immigrants, although it has a transitory character

One of the important problems in ecology is the
coexistence of species (1). Many mechanisms have
been proposed to explain it - competition-

colonisation trade-off (2-7), different kinds of
disturbance, like flooding, grazing or fire (8, 9), as
well as changes of the habitat in time (10, 11) or
heterogeneity in space (1, 3, 12, 13). Maintaining
biodiversity is possible, according to the neutral
theory of Hubbell (14) via stochastic processes and
speciation. A model exploring this kind of dynamics
has been proposed in (13).

Horizon e-Publishing Group

and can be realised in a rather narrow range of the
resource supply. In the present paper we study the
system of annual plants, also differing in only one
aspect and living in a heterogeneous habitat.

Different types of spatial heterogeneity (SH)
are encountered in nature (16), but for modelling it
two approaches are generally used. In the first one a
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quasi-continuous gradient in one or more
resources (10, 17, 18) is the source of the SH. In
the second one (3, 8, 19) a number of patches on
which the resource has different values, is
introduced. @ The problem of defining
heterogeneity is a difficult one, as shown in (16)
and it is important in theoretical and simulation
models in view of the recently very active (20-
22) topic of the relation between SH and
biodiversity (BD). To the best of our knowledge it
has never been checked whether the two
approaches are equivalent in all or only in some
special conditions. Without such a check,
statements coming from the results of one type
of description may have a rather limited
validity.

We do not assume in our model any kind
of a trade-off mechanism, meaning that plants
which are less fit to a given condition can not
compensate it by, for example, larger fecundity (7).
In particular we want to determine the influence
on bhiodiversity of the following factors, which a
priori could play an important role:

1. Number of competing species,
2. Degree of heterogeneity, and

3. Type of heterogeneity (gradient or patches)

We also want to find out how the
composition of the total population (all species)
and dominance of species change in time, as a
function of the above factors. Dominance means
here that one species is more abundant than the
other (23).

2 Model

The habitat we investigate is a square lattice of
size L x L with hard boundary conditions — nothing
can get outside of the system. On each cell of the
lattice can grow only one plant, or the cell may be
empty. Plants are competing for a single resource
(water) and are characterised by the demand for
it, which is identical for all plants belonging to a
given species. Since the plants are using the same
resource, we have here the case of complete niche
overlap, as defined by Chesson (1). All quantities
related to water are in the same, arbitrary, units.
Apart from different demands for water, the
species are identical. There is no compensation
coming from other factors for species which are
worse fit to actual conditions. There is no
speciation nor immigrants.

Life cycle of the plants is composed of two
phases — germination, when the seeds germinate,
and adult, when the plants produce seeds, disperse
them and then die. In the adult phase each plant
competes with its four nearest neighbours (NN) for
water. Namely, a part of water nominally available
to a plant (rainfall on the cell) is blocked by roots
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of these NN (24) and therefore effectively a plant
located at the cell with coordinates (x, y) receives
the amount of water

vi(x, y) = w(x, y)(1 - 0.1nny, D

where w(x, y) is the amount of rainfall on the cell
(x, y), nn; is the number of NN the plant i has and
the factor 0.1 characterisers the strength of the
interactions among plants and is a compromise
between a larger value, for which the effect of
water will be lost, and a smaller value when the
plants will not feel their presence.

In our model a departure from the
optimum supply, equal the demand, has always a
negative effect on the plant. In biological literature
there is no standard form describing the chance a
plant has in surviving the given external
conditions. We propose the following simple form,
which is of a Gaussian type (13) and satisfies the
natural criteria — it peaks when the supply equals
the demand, goes to zero if there is no water or the
supply is very large. Hence, the chance of survival
for a plant i of species m, with the demand d(m),
located at cell (x, y) is defined as

pdm; x, y) = exp (-[vi(x, y) - dim)/vix, Y1%). (2)

A random number r; € (0, 1) is taken from a
uniform distribution. If it is larger than p(m; x, y),
the plant dies and is removed from the system.
Otherwise it survived and produces seeds, which
number depends on pi(m; x, y) (25)

sim; x, y) = E[6 p(m; x, y)], 3

where E[...] means the integer part of [ .. ]. 6 is the
maximum number of seeds a plant can produce in
optimal conditions. The seeds are distributed
randomly over 13 sites in the neighbourhood of
the plant. The choice of 13 cells is a compromise
between putting them in the nearest
neighbourhood and spreading over the whole
habitat.

In the germination phase each cell is
visited just once and in a random order. From the
cell one seed is chosen for germination and put to
the germination test, which is analogous to eq.(2),
except that seedlings do not block water.
Therefore instead of vi(x, y), w(x, y) is used. When
on a cell there are seeds of different types, the one
for germination is chosen following the majority
rule (27). Namely, if there are s; seeds of plants of
type 1 and s; seeds of plants of type 2, the
probability of choosing a seed of type 1 is s;/(s; +
s2). It would be analogously for a larger number of
species.

The rainfall in our habitat is not uniform in
space, as we have assumed before (15), but is
heterogeneous. Each year however the amount
falling on a given cell is the same.
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Fig 1. Time development of plant abundances.
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Fig 2. Time development of plant abundances for patchy systems

There are basically two methods used to
describe spatial heterogeneity. The first type is
introduced as a quasi- continuous gradient (10, 17,
18) of steepness y along the OX axis when the
moisture decreases with increasing x coordinate as

Yo X

wg) =w(1-"7 ), @
where w is the maximum value of the rainfall (our
control parameter). The value of the y coordinate

is immaterial since all cells for a given value x
have the same moisture. The gradient is quasi-
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continuous because the x variable changes in a
discrete way. With increasing value of y the
habitat becomes more diversified, hence we
assume that the value of y is our measure of SH.
The total amount of water the system receives,
depends on the value of the gradient and is equal
to L*w(1 - 0.5 - ).

Another type of SH (3, 8, 19) is introduced
by putting on the lattice a certain amount, n, of
square patches of the same size [ x [ with
attributed randomly different values of the
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Fig 3. Spatial arrangements of plants after 200 years for the gradient case (upper panels) and for patches (bottom
panels). Colours correspond to those in the previous figures. White regions indicate empty space

moisture on each patch. Outside of the patches the
moisture is w. The patches are distributed
randomly over the lattice. They can touch each
other, but cannot overlap. All cells within a given
patch have the same amount of water. In order to
have correspondence with the case of the gradient,
we assume that for a given gradient steepness y
the amount of water on patches may vary in the
same range as for the gradient case, namely
between w and w(l1-y). The difference is
proportional to the gradient steepness and a cell
having, for example, its right top corner at (x, y)
has the water given by

wpoy)=w@d -y)+ry y - W, (5)

where r,, is another random number.

3 Results

The simulations were carried out on a lattice of
200 x 200 cells. Initially 1000 plants of each type
were put on the lattice in randomly chosen cells.
We have the following parameters with fixed
value: size of the system, initial number of plants
of each type. maximum number of seeds a plant
can produce in a year, time of simulations. Our
control parameter are the steepness of the
gradient y, which also determines the level of
heterogeneity and the water supply w. Size and
number of patches are also our control
parameters. How the results change when we take
another values for the parameters with fixed
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values, hence the robustness of the model, will be
discussed in the next section.

3.1 Five types of plant

We start with the system of 5 types of plant (i=1,..
5) having the demands - d; = 0.6, 0.8, 1.0, 1.2 and
1.4, respectively. In Fig. 1 the time dependence of
the number of plants of the five types is presented
for a water supply w = 2.0. The curves represent
history of one population (there is no averaging).
Populations of the same species but initially
located at different positions have quite similar
history. The upper panel shows the case of a
homogeneous habitat, while on the bottom panels
the habitat is heterogeneous with a medium (y =
0.5) and strong (y = 1.0) heterogeneity of the
gradient type. As seen from the upper panel,
homogeneous habitat can support just one species,
best fitted to the conditions (26). In this case it is
the species with highest demand for water. When
the habitat becomes heterogeneous, more species
can exist, as seen from the bottom panels.
Moreover, the system stabilises, reaching a
stationary state. When the gradient is large (y =
1.0) the species with the highest demand for water
is no longer the dominant one, but its place is
taken by the species with the lowest demand. This
change of dominance is explained by inspection of
upper panels in Fig. 3. White region at the
rightmost part of the top right panel (y = 1.0)
shows areas with not enough of water to sustain
any kind of plant. In a large part of the habitat
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Fig 4. Average number of surviving species versus water supply. Gradient case is represented by black dots

water is scarce, hence only plants with small
demand for it can flourish.

In Fig. 2 time dependence of plants’
abundances are shown for two patchy systems -
with 10 patches of size 10 x 10, labelled (10,10) and
for 30 patches of size 20 x 20, labelled (30,20), each
for two values of SH — y = 0.5 and y = 1.0. The
former system offers slightly worse conditions for
BD as more species can survive in the (30,20)
system. Here however, in contrast to the gradient
case, always the species with the highest demand
is the dominant one. Again, explanation can be
found in Fig. 3. Even in the (30,20) system patches
cover only a part of the habitat. In the remaining
part conditions are like in the homogeneous case,
hence the plants with the highest demand are
privileged. Since part of the rainfall is blocked by
NN water supply w = 2.0 may by optimal for plants
with the demand equal 1.4.

It should be noticed that the presented
figures were obtained for a given value of the
water supply w = 2.0. Would we decide to choose
another value of w, a different type of plant could
be dominant. How the population of 5 types of
annual plants behaves for different values of the
water supply, is presented in Fig. 4. The data were
obtained for simulations lasting till 200 years.
Averaging was over 20 runs.

When the SH is rather low (y = 0.25) only
up to 3 species can exist. When the SH increases to
y = 0.5 this number reaches the maximum 5 for
one special value of the water supply and extends
over a large region of water supply when SH is
high (y =1.0). There is practically no difference in
the way the SH is modelled - by a gradient or the
two patchy systems. Although the average number
of surviving species does not depend strongly on
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the way SH is modelled (see Fig. 4), the structure
depends on the type of modelling. Gradient-type
heterogeneity reduces dominance of one type of
species by offering each species the same amount
of space. Small patches (10,10) do not give equal
opportunity to each species since in a large part of
the habitat the moisture is equal to the rainfall w
and plants with similar demand are privileged, as
seen in Fig. 5. When the number and size of the
patches increases, the picture becomes more
similar to the gradient case. How the abundances
of each species, taken after 200 years, behave
when the water supply is changed, is shown in Fig.
5 for the gradient and small patches cases. In
general two species — with the lowest and highest
demand for water are most numerous, for the low
and high water supply respectively. In the
intermediary zone of water supply more types of
plant can exist, hence the abundances of each type
are lower than those at the extremes.

The large zones of existence of single
species with the highest demand for water, shown
in Fig. 4 for weak SH (y = 0.25) can be explained as
follows. Let us define tolerance of species with
water demand d as the range of water supply v, for
which the survival chance, defined by eq.(2) is
larger than a given value p. Since the same form is
used to determine the germination success and
plant’s survival, the value of p should be larger
than 0.5. As both, lack and surplus of water have
negative effect on the plants, we have two limiting
values for the water supply. Plants with a given
demand d may survive if the water supply is
between the corresponding values on the upper
and lower lines. The dependence of tolerance
defined in this way, on the demand for water, is
shown in Fig. 6. We see from it that the tolerance

% Horizon e-Publishing Group



60

(10.10),y=05
40000 — T
0
4 30000 , _ 10
% [ iz 1.2
o 20000 | | i 1.4 T
s | i
v 10000 - | 'é-:a .
0 1 2 3 4 5 & 7
W
Gradient, = 0.5
400&0 I T I I I I
0.6
4 30000 F 98 .
E / '
= fi 19
& 20000 - |\ 1.4 .
o [
% 10000 F | b .
0 -'I Loy 1 1 ] 1
0 1 2 3 4 5 6 7
W

Plant Science Today (2018) 5(2): 55-63

(10,10), y= 1.0
40000 T T T T T T
T
-'U_."’; BODGD i IIII".I 1D . ]
g R 1.2
o 20000 - | | 1.4 1
E i
V. 10000 F | it -
J JEE
0 R S v
o 1 2 3 4 &5 6 7
w
Gradient, y=1.0
40000 T T T T T
0.6
| 0.8 |
4 30000 00
% 1.2
& 20000 | 1.4 .
$
V10000 - [ S :
o 1 2 3 4 & 6 7

Fig 5. Abundances of 5 types of plant vs water supply for the (10,10) patches (top panels) and the gradient case
(bottom panel). Medium and strong SH. Legend shows plants’ demand for water

increases with the demand for water. This means
that such plants can exist in a wider region of
water supply than plants having small demand for
water. We have been unable to find a comment on
this relationship in the literature.
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Fig. 6. Upper and lower limits for the tolerance. For a
given value of the demand plants can surive with
probability 0.6 for water supply between the red lines
and with probability 0.8 for w between green lines

3.2 Fifteen species

So far we have considered the case of just 5 species
differing in their demand for water by 0.2. How
the situation looks when we have more species on
the same habitat and differing by just 0.1 (in the
range [0.4 - 1.9]), is shown in Fig. 7 for the case of
15 species the homogeneous habitat and gradient-
type heterogeneity. In Fig. 8 the same dependence
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for two patch (30,20) systems and the same level of
SH as in Fig. 7, is shown. For smaller patches
(10,10) the two dominant species with high
demand (d = 1.2 and d = 1.4) remain most
numerous. Other species, which have abundances
about 2000 in the case of (30,20) patches, are
reduced to about 200 for the (10,10) patches.

In Fig. 9 the average number of species
surviving till 500 years as a function of water
supply w is shown for a system with 15 species.
The picture is not much different from that for 5
plants (see Fig. 4), except that now a larger degree
of SH is needed to support all species. The peaks of
the curves are also shifted to higher values of w, as
now more species is competing for water and
some of them have higher demand for water than
the most “thirsty” ones among 5 species. The data
are averaged over 50 independent realisations.

Although the gradient and (10,10) systems
yield nearly the same average number of existing
species, the structure of the populations is
different as can be seen from the time
development curves. The (10,10) system offers
smaller SH than the gradient system and therefore,
specially for large water supply, the dominance of
one species is much stronger in the patchy system.

4 Robustness of the model

The form of the survival chance (eq.(2)) follows the
general trends in biology to use Gaussian-like
types, but our results remain qualitatively similar
if we take another, also non-Gaussian, forms of the
survival chance.
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The size of the habitat is not an important
parameter, as long as it is not very small, where
stochastic effects play a role (1, 26). Similar effect
has reduction of the initial number of plants.

As seen from Fig. 1 and 2, in the
heterogeneous habitat the plant abundances
stabilise rather fast and after 200 years (plants’ life
cycles) the system is in a stationary state.
Extending further the simulation has no effect on a
population of 5 species. With a larger number of
species stationary state is attained a little later. The
results for 15 species were obtained from
simulations lasting till 500 years.

Since from a cell only one seed is taken for
germination test, the maximum number of seeds a
plant can produce in a year, iS not a relevant
parameter. Again, as long as it is not as low as 1 or
2, in which case the system will be driven to
extinction.

We have considered here a system of
patches distributed randomly over the lattice. If
we however divide the lattice into identical
squares, the results will be very similar for the
average number of species surviving as a function
of water supply. Also the way water is distributed
over the patches does not play an important role.
In our model each patch receives a random
amount of water taken from the range [(1 - y)
w,w]. Another method is to divide this range into
as many segments as there are patches and then
attribute to a patch randomly selected value taken
from this set. The results remain the same in the
two approaches.

5 Conclusions and discussion

We have presented and discussed a model of
annual plants living in a habitat with
heterogeneous distribution of the only resource-
water. The plants are suffering from both —lack or
too much of water. The species differ only by their
demand for it. Otherwise they are identical. To the
best of our knowledge there is no study which
covers the same problems - coexistence of
different species of annual plants in a
heterogeneous habitat and differing just by one
feature, without any kind of a trade-off,
immigrants or speciation. There was also no
comparison of the two descriptions of SH - via
gradient or patches and the equivalence of them
has never been established.

We have shown that, contrary to the case
of a homogeneous habitat where in analogous
populations of annual plants coexistence is a
transitory phenomenon (15), in a heterogeneous
system species coexist in a stationary state, as they
are able to find niches with water conditions well
suited to their demands.

The range of water supply over which all
types of plants can exist depends on the number of
species and SH. As could be expected, larger
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number of competing species require more
diversified habitat. When heterogeneity is very
strong (y = 1.0), all types of plants can exist and
moreover for a wide range of water supply.

There is no qualitative difference between
the behaviour of a system of 5, 15 or 30 species.
The way SH is modelled - via a gradient or patchy
system is non relevant as long as only the number
of surviving species is considered. Both
approaches vyield very similar results for the
average number of surviving species, although the
spatial distribution is quite different. Also the
dominant species are not the same in the two
approaches.

The two factors which determine the fate
of the population composed of several species of
annual plants are the water supply and SH.
Changing just those two parameters is enough to
build a system exhibiting a stationary state with
many coexisting species.

Our results do not contradict the
competitive exclusion principle, known also as the
Gause law (28) which states that coexistence of
species competing for the same resource is
impossible. In our case the habitat is
heterogeneous, hence it offers different conditions
for species, allowing coexistence.

It would be interesting to develop further
the model presented above and include factors
which were deliberately left off here. These could
be - competition for more than one resource, some
kind of a trade-off, temporal changes of the habitat
or mechanisms replacing the simple majority rule
for choosing a seed for germination.
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