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Abstract—Open plant assemblages in shoals of western Caucasian rivers were used as examples to analyze the
relationship between the species saturation and the number and total abundance of alien species in non-inter-
active communities. Invasion of exotic species into highly saturated communities has been demonstrated to
be, on average, less probable than their invasion into unsaturated communities. A hypothesis explaining the
relationship between these parameters has been put forward. According to the hypothesis, the number of alien
species in a specific locality in a community is determined by their ratio to the number of native species in the
species pools of these communities; and their mean abundance, by the ratio of the total number of species to
the number of individuals in the localities. Both ratios are smaller in saturated biocenoses, which determines

a relatively small admixture of alien species in them.
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Communities where the number of species is
smaller than the species carrying capacity of the envi-
ronment are termed unsaturated (Rabotnov, 1983).
Itis currently believed that communities may be
unsaturated with species because they are young (in
terms of succession or evolution) or isolated, or they
were damaged in the historical past (MacArthur and
Wilson, 1963; Ricklefs and Schluter, 1993, Davis et al.,
2005). More than 20 years ago, Rabotnov (1983) sup-
posed that, since such communities are characterized
by a lower intensity of interspecific interactions than
saturated communities, they should be less resistant to
invasion of exotic (alien) species. However, it was not
until recent years that the problem of invasibility
became connected with the discussion on the degree
of species saturation/unsaturation of currently exist-
ing biotas (Ricklefs and Schluter, 1993; Sax and
Brown, 2000; Moore et al., 2001; Brown and Peet,
2003; Davis et al., 2005; Gilbert and Lechowicz, 2005;
Sax et al., 2005; Akatov et al., 2007). Comparisons of
the degrees of adventity of insular and continental flo-
ras (Sax and Brown, 2000; Mirkin and Naumova,
2002; Sax et al., 2005) and evidence that most inva-
sions occur without replacing native species (Ricklefs
and Schluter, 1993; Sax and Gaines, 2003; Sax et al.,
2005) served as arguments to support a high invasibil-

ity of unsaturated communities. In addition, theoreti-
cal analysis showed that unsaturation of many com-
munities invaded by alien species is indirectly con-
firmed by a positive correlation between the numbers
of invading and native species (Moore et al., 2001).

Although this line of research is obviously promis-
ing, it has not been paid sufficient attention thus far
(Gilbert and Lechowicz, 2005). In particular, it
remains unclear whether the degree of species satura-
tion may affect the richness of alien species in non-
interactive communities, i.e., the communities where
local species extinction results more from abiotic dis-
turbance than from competition for space and
resources (Cornell and Lawton, 1992; Cornell, 1993).

The purpose of our study was to fill this gap. Open
plant assemblages in shoals of western Caucasian
mountain rivers containing different proportions of
alien species were used as objects of analysis.

MATERIALS AND METHODS

Estimation of species saturation. If the species satu-
ration of communities (plant groups) actually affects
their resistance to invasion of alien species, this
parameters should be expected to be significantly neg-
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atively correlated with the number (total abundance)
of invading species growing in these communities.

There are several approaches to estimation of the
species saturation of biological communities. The
most accurate one is experimental or field observa-
tions on competitive exclusion (or absence of exclu-
sion) of native species upon invasion of new species
into a community (Rabotnov, 1983; He et al., 2005).
In terms of this approach, the fact that most invasions
do not entail replacement of native species (Ricklefs
and Schluter, 1993; Sax and Gaines, 2003; Sax et al.,
2005) suggests that many communities are unsatur-
ated. The main drawback of this approach is that the
degree of community saturation is estimated on the
basis of invasions that have already occurred (whether
successfully or not), so the estimate cannot be com-
pared with the potential invasibility of the community.

We assume that the relative local species saturation
of biocenoses in a plot with area 4 can be estimated by
comparing the species richness values in this plot (V)
and in a plot with a smaller area a(S) (Akatov, 1995;
Akatov et al., 2002, 2005a, 2005b).

Let NV and S be functions with unknown structures:

N = N
(¢, p), 1
S = S(c, p),
where c is a parameter determined by local processes
(environmental conditions), and p is a parameter
determined by regional processes (the species pool
size).

There is much evidence that, with increasing spe-
cies pool, the species richness of communities in
smaller reaches the upper limit (species capacity)
more rapidly than in larger areas (Terborgh and
Faaborg, 1980; Shurin et al., 2000; He et al., 2005;
Akatov et al., 2005b). Therefore, if the species pool is
greater than a certain small value, changes in .S will be
determined by local processes alone, and the system of
equations (1) should be written as

N = N(c,p),
S = 8(¢).

Hence, if communities in larger areas are saturated
(N = N(c)), then N and S will vary only in response to
environmental changes, their N/S ratios being
approximately equal. Conversely, considerable varia-
tion of N/S is most likely to result from the depen-
dence of the number of species on local processes
alone in smaller areas and on both local and regional
processes in larger areas (system of equations (2)).
Thus, the higher N/S, the higher the relative species
saturation of communities in large areas (Akatov,
1995; Akatov et al., 2002; Akatov et al., 2005b).

Note that the index of species saturation of com-
munities that we suggest here is inversely proportional
to the mean occurrence of species of these communi-
ties in localities (N/S = 1/F, where F is the mean
occurrence of the species). Therefore, communities
(plant assemblages) with high species saturations

(2)
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should have lower mean occurrences (abundances) of
the species forming them compared to unsaturated
biocenoses. This agrees with the notion that, as the
saturation increases, the community tends towards the
maximum possible diversity at the minimum possible
ecological space and number of individuals per species
(Preston, 1962; MacArthur and Wilson, 1963; Markov
and Naimark, 1994; Zherikhin et al., 2001; Kaspari
et al., 2003).

The region and methods of collection of the empirical
material. The material was collected on shoals of five
mountain rivers in the western Caucasus (Shepsi, Pse-
zuapse, Zapadnyi Dagomys, Belaya, and Malaya
Laba) at elevations from 70 to 900 m a.s.l. Open plant
assemblages of shoals of three mountain rivers on the
southern macroslope of the western Caucasus (Shepsi,
Psezuapse, and Zapadnyi Dagomys) were described at
elevations from 70 to 200 m a.s.l. In the Belaya River
valley (the northern macroslope), plant assemblages of
shoals in two localities at elevations of 200 and 440 m
a.s.l. were described; in the Malaya Laba River valley
(the northern macroslope), the shoals studied were
located at elevations of 800—900 m a.s.l. The total pro-
jective cover of the plant assemblages on all shoals
studied was no larger than 25%. Their brief character-
istics are given in Table 1.

Descriptions were performed in 15-m? areas,
within which 20 regular 0.5-m? plots were set. In each
plot, the total projective cover was estimated, and spe-
cies were identified. The total number of examined
and described areas of plant assemblages was 68,
including 26 areas on the southern macroslope, 22
plots in the Belaya River valley, and 20 plots in the
Malaya Laba River valley. Forty-one descriptions were
performed in the lower mountain belt (50—200 m
a.s.l.), and 27 descriptions, in the middle mountain
belt (450—900 m a.s.l.).

The collected material was used to calculate the
following parameters: the mean number of all species
in 0.5-m? plots (.5), total number of species (), the
numbers of native (S,) and alien () species in 15-m?
areas, the proportion of invading species among the
total number of species in 15-m? areas (S;/N), mean
occurrences of invading (F;) and native (F)) species in
small plots, and the current species saturation of the
communities (N/S) (note that the saturation had
increased compared to the initial level because of inva-
sion of alien species). The total abundance of invading
species in plant assemblages were estimated on the
basis of the sum of their occurrences (in the given case,
it could be calculated as the product of the number of
invading species by their mean occurrence, S;F)).

RESULTS AND DISCUSSION

Results of field studies. The total number of invading
species in the test plots on river shoals on the southern
macroslope was 11. These were Ambrosia artemisiifolia
L., Erigeron canadensis L. (Conyza canadensis (L.)
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Table 1. Characteristics of plant assemblages of river shoals
Rivers
Parameter SPhep si and Shepsi SZh;[I));:i?ll;? Belaya Malaya
sezuapse Dagomys Laba
Elevation a.s.l., m 70—80 100—125 190—200 200 440 800—900
P 48 18 36 49 45 46
P 8 9 7 9 5 4
N 11-27 4—12 9—12 7—19 16—31 13—-28
Number of descriptions 11 7 8 15 7 20
The most frequent invading species on shoals
Ambrosia artemisiifolia L. 69(39) 57(15) 13(10) 93(25) 86(48) 5(5)
Erigeron canadensis L. 18(11) 14(20) 13(10) 80(38) 100(47) 95(71)
Erigeron annuus (L.) Pers. 4(5) 43(22) 40(7) 86(25) 60(13)
Bidens frondosa L. 22(18) 14(10) 6(10) 47(20) 14(5)
Xanthium californicum Greene 11(10) 14(14) 60(7)
Oenothera biennis L. 33(9) 43(57) 20(40)
Some native species of open communities that are common on shoals
Polygonum persicaria L. 80(51) 85(38) 69(43) 53(59) 15(25)
Setaria glauca (L.) Beauv. 90(67) 86(52) 88(48) 7(15)
Setaria viridis (L.) Beauv. 100(80) 88(58) 100(58) 57(69)
Convolvulus arvensis L. 39(14) 29(10) 19(13) 47(13)
Crepis setosa Hall. fil. 43(26) 53(58)
Verbena officinalis L. 7(5) 14(10) 25(10) 40(8) 10(5)
Plantago major L. 21(12) 14(20) 13(10) 7(15) 43(10) 2509)
Calamagrostis pseudophragmites 20(5) 43(18) 70(68)
(Hall. fil.) Koel.
Trifolium repens L. 14(5) 14(15) 35(21)
Silene compacta Fischer ex 28(25) 30(36)
Hornem
Some native species of close communities found on shoals

Prunella vulgaris L. 18(12) 17(18) 6(10) 7(5) 9(18) 55(19)
Pyrethrum parthenifolium Wild. 39(16) 56(26) 86(32) 65(19)
Stachys officinalis (L.) Trev. 7(5) 6(10)
Geranium robertianum L. 26(23) 19(10)
Linaria pontica Kuprian. 6(5) 14(10)
Hedera helix L. 8(5) 14(10)
Galega officinalis L. 8(5) 7(5) 25(10)
Leontodon hispidus L. 57(8) 55(20)
Alchemilla oxysepala Juz. 14(5) 25(10)
Epilobium montanum L. 65(21)

Note: The constancy of species in 15-m? areas and the mean occurrence of species in 0.5-m? plots are indicated before parentheses and in
szpecies included into descriptions; P;, total number of invading plant
species included into descriptions; N, number of species in 15-m~ areas.

parentheses, respectively. Designations: P, total number of plant
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Fig. 1. Relationship between the species saturation (N/.S)
and the number (;) and total occurrence (5;F;) of invading
species in plant assemblages of river shoals.

Crongq.), E. annuus (L.) Pers. (Stenactis annua (L.)
Cass.), Bidens frondosa L., Oxalis stricta L., Xanthium
californicum Greene, Galinsoga parviflora Cav., Scro-
phularia peregrina L., Amaranthus retroflexus L.,
Oenothera biennis L., and Euphorbia nutans Lagasca;
the studied 15-m? areas contained from zero to seven
invading species. Ambrosia artemisiifolia, Erigeron
canadensis, and Bidens frondosa were the most fre-
quent (Table 1).

Table 2. Relationship between the species saturation (N/.S)
and the number (S;) and total occurrence (S;F;) of invading
species in plant assemblages of river shoals

Plant Parameter

assem- | n r P
indepen-| depen-

blages dent dent

Total N/S S; 68 | —0.322 | <0.01
N/S S;F; 68 | —0.589 | <0.001

Low N/S S; 41 | —0.321 | <0.05

mountain | n/g S,F, 41 | —0.687 | <0.001

Middle N/S S; 27 | —0.247

mountain |y S;F, 27 | —0.663 | <0.001
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On the shoals of the lower Belaya River (200 m
a.s.l.), we found nine invading species, Ambrosia arte-
misiifolia and Erigeron canadensis being the most fre-
quent and abundant. Bidens frondosa, Xanthium cali-
Jfornicum, Erigeron annuus, and Oenothera biennis were
found slightly less frequently, and Galinsoga parviflora,
Amaranthus retroflexus, and Amorpha fruticosa L. were
rare. The number of invading species in the 15-m?
areas varied from two to six.

On the shoals of the middle Belaya River (440 m
a.s.l.), five invading species with approximately the
same occurrence were found (Ambrosia artemisiifolia,
Erigeron canadensis, E. annuus, Bidens frondosa, and
Oenothera biennis). Two to four species were found in
15-m? test areas. We found four species on the shoals
of the middle Malaya Laba River (Ambrosia artemisii-
folia, Erigeron canadensis, E. annuus, and Oenothera
biennis), Erigeron canadensis exhibiting the highest
occurrence and abundance. The number of these spe-
cies in 15-m? areas varied from zero to three.

Figure 1 and Table 2 show the results of analysis of
the relationship between the current species saturation
of plant assemblages (/NV/S), the number of invading
species in 15-m? areas (S;), and their total occurrence
(S;F;). Taking into consideration the differences in the
distribution of invading species, we separately ana-
lyzed the plant assemblages of shoals of the low- and
middle- mountain belts (50—200 and 400—900 m
a.s.l., respectively).

As can be seen in Fig. 1, the species saturation of
the described plant assemblages (N/S) substantially
varied, which may have been related to the character-
istics of their formation in each particular locality (the
species pool size, age and area of the shoal, distance of
the assemblages from the source of diaspores, etc.).
The variation range of this parameter was somewhat
wider in the low mountain belt than in the middle
mountain one. In addition, Fig. 1 and Table 2 demon-
strate a significant negative correlation between the
species saturation (/N/S) and the total abundance
(occurrence) of invading species (S;F;). In the pooled
sample of plant assemblages, as well as in the assem-
blages located in the low mountain belt, the N/.S value
and the number of invading species (.5;) were signifi-
cantly negatively correlated. Some assemblages with a
relatively low species saturation contained as many as
five to seven invading species (accounting for 30—60%
of the total species richness) per 15-m? area, whereas
assemblages with the highest N/.S contained no more
than three invading species accounting for less than
20% of the species richness of these assemblages
(Fig. 2). The N/S and S, of the plant assemblages of
river shoals of the middle mountain belt were also neg-
atively associated with each other, but the association
was nonsignificant (Table 2). Thus, our results show
that the assumption on a lower resistance of unsatur-
ated communities to invasion of alien species is also
true for non-interactive communities.
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Figure 1 also shows that invading species growing
on river shoals of the middle mountain belt reached,
on average, a higher total abundance at the same spe-
cies saturation than those growing in the low moun-
tain belt. In addition, the mean occurrence of invading
species was lower than that of native ones in the middle
mountain belt and higher than it in the middle moun-
tain belt (Fig. 2). In seeking to explain this difference,
we compared the ecological structures of the pools of
native plant assemblages located at different eleva-
tions. With increasing elevation (a.s.l.), the proportion
of species characteristic of open habitats (disturbed
and arable lands and shoals themselves) decreased,
and, the proportion of the species that had come from
dense communities (forests, meadows, etc.) corre-
spondingly increased. Fore example, plant communi-
ties located below 60 m a.s.l. on the southern macros-
lope included more than 60% of species characteristic
of open habitats; at elevations of 60—125 m, their pro-
portion was 43—53%; at elevations about 200 m, 36%
(Akatov and Akatova, 2006). On the northern macros-
lope, the proportion of species that had migrated to
shoals from open habitats was 63, 46, and only 20% at
elevations of about 200, about 400, and 800—900 m,
respectively. This is most likely to have been related to
differences in the degree of disturbance of plant com-
munities on river banks.

These results suggest that native species of open
habitats are more competitive with respect to alien
species than native species of forest and meadow com-
munities are, which largely determines the relatively
high abundance of the few alien species in plant
assemblages of river shoals of the middle mountain
belt. Therefore, not only the species saturation of open
communities, but also biological and autecological
characteristics (the capacity for dispersal and the
degree of adaptation to the given habitats) determine
the susceptibility of these communities (assemblages)
to the penetration and expansion of alien species.

The hypothesis on ratio between species pools.
A question arises as to what mechanisms underlie the
relationship between the species saturation of commu-
nities and the proportion of invading species in them.
Most current hypotheses and models relate this phe-
nomenon to the presence of unused resources and a
lower intensity of competition between species for
these resources in unsaturated biocenoses (Elton,
1958; Rabotnov, 1983; Moore et al., 2001; Berdnikov
et al., 2002). However, the alternative explanation pre-
sented below may better explain this relationship in
non-interactive communities. The explanation can be
reduced to the following assumptions:

(1) All other conditions (the species capacity, com-
munity area, degree of isolation, etc,) being the same,
the community saturation is determined by the size of
their species pool: the larger the species pool, the
higher the saturation (MacArthur and Wilson, 1963;
Terborgh and Faaborg, 1980; Ricklefs, 1987; He et al.,
2005; Cornell, 1993; etc.). Hence, the reverse should
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Fig. 2. Relationship between the species saturation (N/.S)
of plant assemblages of river shoals and the mean numbers
of native (F,) and invading (F;) species in them. Plant
assemblages: (a) low mountain belt; (b) middle mountain
belt.

also be true: all other conditions being the same, satu-
rated biocenoses have larger species pools than unsat-
urated ones.

(2) All other conditions (the total population den-
sity, degree of dominance, etc,) being the same, com-
munities (plant assemblages) with a higher species sat-
uration are characterized by lower occurrences (popu-
lation sizes) of the constituent species than
unsaturated communities are.

(3) Invading species may be, on average, either
more or less abundant than native species; however, as
evident from Fig. 2 and Table 3, they respond to an
increase in the community saturation in the same way:
their mean population sizes (occurrences) decrease.
This increases the risk of their local extinction, espe-
cially in an unpredictably varying environment (Mac-
Arthur and Wilson, 1963; Shaffer, 1981; Hanski, 1982;
Hanski et al., 1996; etc.).

(4) The number of alien species capable of growing
in communities of different types being the same, their
proportion in the species pools of saturated biocenoses
is smaller than in those of less saturated ones, which
makes colonization (or recolonization) of areas of sat-
urated communities by these species less probable
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Table 3. Relationship between the species saturation (N/.S)
of plant assemblages of river shoals and the mean numbers

of native (F,) and invading (F)) species in them

Plant Parameter
assem- | : n r P
indepen- | depen-

blages dent dent
Low N/S F, 41 | —0.808 | <0.001
mountain N/S F; 41 | —0.734 | <0.001
Middle N/S F, 27 | —0.811 | <0.001
mountain | /g F, 27 | —0.439 | <0.05

compared to areas occupied by unsaturated communi-
ties.

(5) The decrease in the mean population size and
the number of alien species along the gradient of satu-
ration determine a decrease in the total number of
individuals and the occurrence.

Let us illustrate these statements by a variant of
MacArthur and Wilson’s (1963) insular ecology model
modified by He et al. (2005) for analyzing the relation-
ship between the species pool and the local richness of
non-interactive communities. This model is based on
the assumptions that (a) all species constituting the
species pool have the same capacity for dispersal and
survival in colonized areas and (b) both immigration
and extinction of species are stochastic.

According to MacArthur and Wilson’s theory, the
number of species on an island or in another locality
(.5) is determined by the equilibrium between their
extinction and immigration. It includes two main

Number of species
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Fig. 3. Relationship between the species saturation (N/.S)
and the number (;) and total occurrence (5;F;) of invading
species in model communities.
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equations. The first one describes the dependence of
the immigration rate (/) on the size of the species pool
(P) and the number of species that are already present
on an island or in a locality (S):

I =1,a"(1-S/P), 3)

where [ is the maximum immigration rate and v is the
parameter describing the effect of the area of the island
or locality (a) on .

The second equation describes the dependence of
the extinction rate on the size of the island (locality)
and the number of species that are already present on
the island (locality):

E = Eya’S, 4)

where £, and x are constants.
On the basis of these equations, the ratio between
the local species richness of communities (.5) and the
sizes of their species pools (P) in the state of equilib-

rium between extinction and immigration (/ = E) can
be written as follows:

S = a*P/(a°+3P), )
where z= v+ xand 6 = E,/[, (the higher this param-
eter, the more “severe” the environmental condi-
tions and the greater the role of this factor in deter-
mining \5).

If invading and native species are ecologically
equivalent, the proportion of invading species in com-
munities (S;/S) is proportional to their proportion in
the species pools of these communities (P;/P) (Fridley
et al., 2004). Then, the number of these species in
localities of communities with area ¢ may be calcu-
lated as

S, = SP,/P = a'P,/(a" + &P). (6)

Figure 3 shows the relationship between the species
saturation of model communities (N/S) and the num-
ber (S;) and total occurrence (S;F;) of invading species
in them that is expected according to Egs. (5) and (6).
When plotting the model curves, we assumed that the
size of the species pool of alien species (P;) in commu-
nities with different combinations of the P, N/S, and §
values is constant (10 species). To determine the
model N/ values, we compared the number of species
in 15- and 0.5-m? plots. The values of other model
parameters were the following: P varied from 20 to
150, & varied from 0.05 to 0.3, and z was 0.35 (this
value of z was used by the authors of the model (He
et al., 2005)). The number of variants of such combi-
nations was 56. It is also assumed that the total occur-
rence of invading species in communities corresponds
to the number of these species in plots with @ = 0.5 m?
(S) (this follows from the equation S = FN, where F
and FN are the mean and total occurrences of species
in plots with a = 0.5 m?, respectively).

As evident from Fig. 3, the values of both parame-
ters characterizing the proportion of invading species
in communities clearly tend to decrease with increas-

No.3 2010



SATURATION AND INVASION RESISTANCE

ing N/S. This agrees with the results of field studies
described above and indicates that the number and
abundance of these species in more saturated commu-
nities are smaller than in less saturated ones if the
numbers of invading species in the species pools of the
communities or, in other words, the intensities of
action of this factor on the communities are equal.

Thus, it is not necessary to analyze the intensity of
interspecific interactions to explain why saturated bio-
cenoses are highly resistant to invasion of alien spe-
cies. The assumptions that alien and native species are
ecologically equivalent and their immigration and
extinction in plots occupied by the communities are
stochastic. Our results indicate that the number of
alien species in a specific plot is determined by its ratio
to the number of native species; and their mean abun-
dance, by the ratio of the total number of species to the
number of individuals in the plots. Since both ratios
are always relatively lower in more saturated bio-
cenoses, a lower total abundance of alien species
should be expected there.

However, our studies have also demonstrated that
the assumption that native and alien species are, on
average, ecologically equivalent, is an oversimplifica-
tion. Therefore, not only the level of species saturation
of open communities, but also the biological and aute-
cological characteristics of the constituent native spe-
cies affect the susceptibility of these communities to
the penetration and expansion of alien species.
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