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ABSTRACT

We compared the species richness of the plant communities of different habitats
on different sites of the biomass gradient. I%he analysis was based on data on 1089
above-ground biomass samples taken from the sites 0.25 m?* of tertesttial herba-
ceous communities of the Western Caucasus and Ciscaucasia (30-2800 m a.s.l.)
and 317 samples taken from the same sites of the macrophytobenthos of the Black
and Azov Seas (0.5-10 m depth). Results showed that a certain amount of biomass,
sampled in communities of different types, includes, on average, a significantly
different number of species. Thus, among terrestrial plant communities, high-
mountain communities of the Western Caucasus are characterized by the highest
species richness in most ranges of the biomass gradient; communities of herb%ayer
of shaded forests — on the contrary, the lowest richness. The macrophytobenthos
of the Black Sea is characterized by lower species richness than most of the ter-
restrial communities, but higher species richness than the benthic communities of
the Azov Sea. We showed that significant difference in the small-scale species rich-
ness of these communities can be plausibly explained by the peculiarities of their
history.

Keywords: terrestrial plant communities, macrophytobenthos, species richness, above-
ground biomass, species-energy hypothesis, historical data

PE3IOME

Axaros B.B., AdanaceeB A.®., Akarosa T.B., Uedppanos C.I'., Ecku-
Ha T.I'., Cymxosa E.I'. AokaabHOe BUAOBOE GOIaTCTBO PACTUTEABHBIX CO-
00IIECTB CO CXOAHOI OHMOMACCOI: BAUAHUE TUIIOB MECTOOOUTAHUIL B KOH-
Tekcre ucropuueckoi runoressl (3amaaubrii Kapkas u IlpeaxkaBkasse,
Yepnoe u Asosckoe mops, Poccua). Mo cpaBHIAI BHIAOBOE OOraTCTBO pac-
THUTEABHBIX COOOIIECTB PA3HBIX MECTOOOMTAHNI HA PA3HBIX YIACTKAX IPAANCHTA
Onomacchl. AAS aHAAW32 MBI HICIIOAB30BAAN AaHHBIE 110 1089 ITpoOAM Ha3EMHOMN
Hromacchl, OTOOPaHHBIM € YIaCTKOB IAOMIAABIO (.25 M* HA3CMHBIX TPaBSHBIX
coobrmects 3armaaHoro Kaskasa u IlpeaxaBkaspa (30-2800 m m.y.m.), u o 317
1Ipo6aM, OTOOPAHHBIM C TAKHX 7K€ ITO IAOIIAAN YYACTKOB MaKpoHUTOOCHTOCA
Yepuoro n Aszosckoe mopeit (0.5-10 M rayOmmsr). Pesyaprarsl IIOKa3aAm, 9To
OIIPEACACHHOE KOAHYECTBO OHMOMACCHI, OTOOPAHHON B COODINECTBAX PA3HOTO
THIIA, BKAFOUAET B CPEAHEM CYIIECTBEHHO PAa3HOE UMCAO BHAOB. TaK, cpean Ha-
3EMHBIX PACTUTEABHBIX COOOIIIECTB HANDOAEE BHICOKHM BUAOBBIM OOTraTCTBOM HA
GOABIIIHHCTBE YIACTKOB I'PAAUEHTA OHOMACCH XaPaKTEPU3YFOTCA BEICOKOTOPHbIE
coobrrecrsa 3armaaHoro Kaskasa; cooOrriectBa TPaBAHOTO fAPyca 3aTCHCHHBIX
AECOB — HA00OPOT, HanMeHbIM. MakpodnrodbernToc YepHOro Mops xapakre-
PH3yETCH MEHEE BBICOKIM BHAOBBIM OOTATCTBOM, YeM OOABINMHCTBO HA3CMHBIX
COOOITIECTB, HO OOAEE BBICOKHM, Y€M MakpoduTodeHTOC A30BCKOTO MOPA. MBI
ITOKA3aAM, YTO CYILCCTBCHHBIC PA3ANYHA B BHAOBOM DOraTCTBE 9THX COOOIIECTB
MO?KHO ITPABAOIIOAOOHO OOBACHUTH OCOOEHHOCTAMI MX HCTOPHH.

KaroueBple CAOBA: HA3EMHBIC PACTHTEABHBIC COOOINECTBA, MAKPOMDPUTOOEHTOC, BUAO-
BOE DOTaTCTBO, HA3EMHAA OHOMACCA, SHEPIETHYCCKASA IUIIOTE3a, HCTOPUYCCKUE AAHHBIC

According to the "species-energy theory" (Wright 1983)
and one of its potential mechanisms, the "more individuals
hypothesis" (Srivastava & Lawton 1998), the amount of
available energy (habitat productivity) may constrain the
number of coexisting species by limiting the density of its
individuals: more resources available, higher production
and biomass of the communities, more individuals, higher
probability for more species. The key link in this causal
chain is the density of individuals. However, when grass

and macroalgal communities are studied, as a surrogate
measure for habitat productivity usually used above-ground
biomass (Garsia et al. 1993, Bhattarai et al. 2004, Arenas et
al. 2009, Ma et al. 2010, Konar et al. 2010, Twist et al. 2020).

Many studies show that for grassy and macroalgal com-
munities with a wide range of habitats, the relationship bet-
ween biomass and richness often has a hump-shape with a
peak in species richness at intermediate level of production
(biomass) (Grime 1973, Tilman 1988, Moore & Keddy
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1989, Garsia et al. 1993, Waide et al. 1999, Cornwell &
Grubb 2003, Adler et al. 2011, Ma et al. 2010, Bhattarai
et al. 2004, Pirtel et al. 2007, Zobel & Pirtel 2008, Fraser
et al. 2015, Bhattarai 2017, Twist et al. 2020). According
to "species-energy theory", monotonic increase in richness
from low to intermediate level of production (biomass) re-
flects a decrease in the harshness of the environment and
increase in resources available. At higher levels of biomass
the decline in species richness is believed may to be due
to competitive exclusion of poor light competitors or the
sampling effect (i.e. plant individuals increase in their size
with biomass, leading to the reduction in their abundance
and consequently to the reduction in the total number of
species) (Grime 1973, Latham & Ricklefs 1993, Oksanen
1996, Bhattarai et al. 2004, Simova et al. 2013).

Moreover, according to species pool hypothesis, low
species richness of plant communities of low and high pro-
ductive habitats may not be a direct consequence of harsh
physical conditions, strong competition or the sampling
effect. Simply few species are adapted to such habitats
(Zobel et al. 2011, Cornell & Harrison 2014). So, Ricklefs
believes that a relatively low diversity of tree species on
territories with a cold climate can be associated with colo-
nization difficulties, due to the need in evolutionary deve-
lopment for mechanisms providing tolerance to low tem-
peratures and frost (Latham & Ricklefs 1993, Ricklefs et al.
1999, Qian et al. 2003, Qian & Ricklefs 2004). On the other
hand, it has been suggested, that high productive habitats
in the temperate regions, unlike the tropics, have been
scarce historically for speciation. Furthermore, they were
rare during ice ages, which may have caused a reduction in
the number of species inhabiting them (Taylor et al. 1990;
Pirtel et al. 1996, 2007, Schamp et al. 2002, Simova et al.
2013, Zobel & Pirtel 2008).

However, as follows from many studies the species
richness of community sites with similar production (bio-
mass) also vary significantly and this is the reason that the
observed relationship between the values of these charac-
teristics is a sort of “filled” hump-shape (Garsfa et al. 1993,
Venterink 2001, Bhattarai et al. 2004, Adler et al. 2011,
Simova et al. 2013, Fraser et al. 2015). In addition, in some
studies it was shown that such a variation at least in some
cases cannot be explained only by random processes, since
plant communities of different habitats, but with similar
production, biomass or density of individuals, are characte-
rized, on average by different species richness (Garsfa et al.
1993, Latham & Ricklefs 1993, Ricklefs et al. 1999, Kaspari et
al. 2003, Longino & Colwell 2011, Perevozov 2011, Akatov
& Chefranov 2014). In particular, Garsfa et al. (1993) showed
that salt-marsh grasslands of Guadalquivir Delta (SW Spain)
have lower species richness than the ruderal communities of
this region similar in production (biomass) and explained this
difference based on historical hypothesis. In their opinion,
this is due to the relatively small size of the species pool of
salt-marsh communities, since relatively few plant species are
able to tolerate a high salt concentration in the soil solution.
But the plants which are able to cope with a harsh condition,
benefit from a high availability of water, light and nutrients
and may produce a large amount of biomass.

In turn, Ricklefs et al. (1999) showed that the different
species richness of stands of temperate forests in different
regions of the world can also be plausibly explained on the
basis of a historical hypothesis. In their opinion, the low
diversity of temperate forest trees in Europe and western
North America resulted also from extinction of taxa during
period of cooling climate and glaciations (Late Pliocene
and Pleistocene). Eastern North America and eastern Asian
apparently suffered no such loss and therefore tree species
richness of these regions is higher. Eastern Asian has a
higher woody species diversity than eastern North America
because higher rates of speciation during the Tertiary (La-
tham & Ricklefs 1993).

Later, Akatov & Chefranov (2014) associated with histo-
rical events the relatively high average number of species
per density unit in the stands of the middle-mountain belt
of the Western Caucasus (dominated by Fagus orientalis and
Abies nordmanniana) in comparison with the stands of this
mountain system located above and below (in the high-
mountain belt — the stands dominated by Bezu/a pubescens var.
litwinowii, F. orientalis and A. nordmanniana, in the low-moun-
tain — Quercus robur and Castanea sativa). It was suggested that
the relatively high constancy and trunk density of tree spe-
cies in high-mountain stands is a consequence of their evo-
lutionary youth. These stands consist mainly of boreal tree
species (Betula pubescens var. litwinowii, Sorbus ancuparia, Salix
caprea), which appeared in the Caucasus only in Late Plio-
cene or Early Pleistocene (Maleev 1941, Ratiani 1979, Kleo-
pov 1990). Apparently, historical processes have also nega-
tively affected the low-mountain stands of the Caucasus. It
is assumed that due to a periodic decrease in temperature
and drying in the Pleistocene, they lost many tree species
(Galushko 1976, Ratiani 1979, Dolukhanov 1980). In con-
trast to the mid-mountain beech and fir forests, which, as is
commonly believed, were damaged less significantly in this
period (Kolakovsky 1974, Galushko 1976, Ratiani 1979,
Dolukhanov 1980).

The historical hypothesis was also used to explain the
different relationship between the density of individuals and
the species richness in communities of organisms of other
taxonomic groups (Kaspari et al. 2003, Longino & Colwell
2011, Perevozov 2011). In particular, Kaspari et al. (2003)
found that ant communities of deserts and rain forests of
New World have relatively more species per unit abundance
than other biomes. They suggested that these biomes were
less likely to disappear during recent glaciation events or if
their populations have faster evolutionary clocks.

The role of historical effects in the formation of current
local patterns of a species richness of plant communities
has been discussed over the past three decades. The results
suggest that the processes of speciation, dispersal and ex-
tinction of species in the evolutionary past do indeed seem
to determine the size of the species pool of modern com-
munities, which, in turn, determines their local species rich-
ness. In addition, it was assumed that the most favorable
conditions for the accumulation of species in species pools
are formed mainly in favorable and widespread habitats
(Eriksson 1993, Latham & Ricklefs 1993, Onipchenko &
Pavlov 2009, Zobel 2016, Onipchenko et al. 2020). As men-
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tioned earlier, one of the possible reasons for the low spe-
cies richness of plant communities of extreme habitats is
the need in evolutionary development for mechanisms pro-
viding tolerance to harsh environmental factors (Latham &
Ricklefs 1993, Ricklefs et al. 1999, Qian et al. 2003, Qian &
Ricklefs 2004). The influence of habitat area on the spe-
cies richness of communities is explained in different ways.
First, the communities occupying large territories are usually
characterized by a long period of stable evolutionary deve-
lopment, which creates widespread opportunities for spe-
ciation. That is, more species are expected to occur in con-
ditions that have been more abundant (in space or time)
throughout evolutionary history (Taylor et al. 1990, Schamp
et al. 2002, Pirtel et al. 2007, Zobel et al. 2011). Secondly, as
populations are distributed more widely in communities with
a larger area, they are less likely to suffer catastrophic extinc-
tion (Terborgh 1973, Kaspari et al. 2004). Finally, commu-
nities that have a limited distribution in the region are usually
represented in the landscape by small isolated sites, that are
affected by the island effect (MacArthur & Wilson 1963].

And yet, despite significant efforts, knowledge of the
role of historical events and processes in determining the
current species richness of plant communities remains limi-
ted (Harrison & Cornell 2008, Cornell & Harrison 2012,
Ricklefs & He 2016, Zobel 2016). Comparison of the spe-
cies richness of communities with similar production, bio-
mass or density of individuals but with different histories
could significantly help in this regard. At the same time, sur-
prisingly little research has been devoted to this issue. We
considered it using the widespread plant communities of
the Western Caucasus and Ciscaucasia, as well as the macro-
phytobenthos of the shallow waters of the Black and Azov
Seas, as the objects of the study. This region is characterized,
on the one hand, by a significant diversity of plant com-
munities, and, on the other hand, by the presence of events
in the history of these communities, which could have a
significant impact on their modern species richness. In this
study, we: (i) tested the significance of the impact of plant
community types on small-scale species richness in diffe-
rent parts of the biomass gradient; (ii) identified community
types with relatively high and low average small-scale species
richness; (iii) discussed the results based on our knowledge
of the history of the studied communities (habitats).

MATERIAL AND METHODS

Study area and objects

The study area included the foothills and mountain
massifs of the Western Caucasus (between 220 and 2800 m
a.s.l.), the Stavropol upland, Kumo-Manych depression, the
coastal parts of the Black Sea shelf near the Abrau Peninsula
and shallow waters of the Taman Bay of the Azov Sea. The
object of the study was herb- and algae-dominated vegeta-
tion: alpine grasslands, heaths and snowbeds (AG); subal-
pine meadows (SAM); typical and steppe meadows of low
mountain forest glades (GM); communities of early flowe-
ring plants of alder and beech forests (early spring deve-
lopment period) (EFP); late spring herb communities of
closed-canopy (shaded) alder, beech and oak forests (LSSF);
summer herb communities of such forests (SSF); summer

herb communities of light oak forests (SLF); typical steppes
(TST); dry steppes (DST); macrophytobenthos of the up-
per sublittoral of the Black Sea (MBS) and of the shallow
waters of the Taman bay of the Azov Sea (MAS). Plant
communities of alpine and subalpine belts were studied
within the Caucasian State Nature Biosphere Reserve. The
information of the study site locations is given in Figure 1
and Table 1.

The habitats of meadows and herb communities of
light oak forests can be considered as the most favorable:
high insolation, the average temperature in July is 18-22°C,
and the average annual precipitation is 680—-1150 mm (Be-
danokov et al. 2020). Communities of the other types are
formed under continuous exposure to low level of resour-
ces or stress factors. For example, the communities of
subalpine and alpine belts are subjected to low tempera-
tures — the average temperature in July is less than 14°C
(Bedanokov et al. 2020). Besides, floristic composition of
alpine communities is controlled by the snow cover du-
ration, in relation with variation in mesorelief: alpine grass-
lands occupy the most favorable slopes, where the winter
snow accumulation is moderate; alpine snowbed commu-
nities develop on habitats with considerable snow accu-
mulation and short growing season; plants of alpine heath
grow in habitats with a small amount of snow (at the tops
of mountains and ridges), where the winter soil tempera-
tures are very low. Communities of early vascular plants
of forests are formed under the exposure to low tempe-
rature stress, periodic frosts and short growing season;
communities of typical and dry steppes — moisture deficit
(the average annual precipitation is 550-560 and 432 mm
— Gvozdetsky 1963, Anonymous 1971), the herb layer
in shaded forests (late spring and summer development
periods) — light deficit.

Benthic macrophytes of the Black Sea grow under rela-
tively low salinity (the Black Sea has salinity around 17—
18 %o, whereas the Mediterranean Sea — the source of the

Figure 1 The geographic locations of the study sites
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Table 1. The location of sampling plots.

Location Coordinates Elevation a.s.l., m Communities n
e N T e o
Skalistyj Ridge, Belaya River basin (WC) dhoioaea 42l 33N 498-1008 EFP, LSSE, SSE, SLE, GM 155
Lesisty] Ré‘;ge’ Belaya river Ao aaadta0 123N 220300 EFP, LSSF and SSF 226
Mt. Tryu, Malaya Laba river basin (WC) jgiiggf? 845 GM 20
1(\\)/[&(4 /)%khmedov Post, Bolshaya Laba river basin 1?2(1)3%&3:? 662 GM 2%
l\(\%é(;oth and Shize Mountains, Abin river basin ggzgg%%gtgg:gg;ggg 540-714 TST and GM 102
Stavropol’ Upland (CC) LN 585 TST and GM 55
Kumo-Manychskaya depression (CC) jgi?iigg% 30-75 SST 39
Abrau Peninsula, Bol'shoj Utrish Cape, Black 447833044440 100N 05-10mdepth MBS, MBS, and MBS, 143
Taman Bay, Azov Sea g‘gz%};%ggtﬁgzggzzgg 0.5-2 m depth MAS 174

Here and in Tables 2—4: AG — alpine grasslands, heaths and snowbeds; SAM — subalpine meadows; meadows of mountain forest glades;
TST — typical steppes; DST — dry steppes; LSSF — late spring grassy communities of grass layer of shaded forests; SSF — summer grassy
communities of grass layer of shaded forests; SLF — summer grass layer of light forests; EFP — communities of early flowering plants of
forests; MBS — macrophytobenthos of the u Cper sublittoral ofg the Black Sea; MAS — macrophytobenthos of shallow waters o% the Azov
Sea (Taman Bay); # — number of samples; \WP — Western Caucasus; CC — Ciscaucasia

Black Sea flora — 36-38 %o), low water temperature, relati-
vely low light level and a wide range of their seasonal fluc-
tuations (Afanasyev et al. 2017). In shallow areas the mac-
rophytes are exposed to the powerful waves. However, the
conditions of the Azov Sea (and the investigated shallow
Taman Bay) are even more severe for phytobenthic com-
munities, than the conditions of the Black Sea: lower and
unstable salinity (5-20 %eo), a wider range of seasonal fluc-
tuations of water temperature, lower transparency of water,
sandy and muddy bottom, which prevents algae from fixing
on it. In fact, the Azov Sea can be considered as the estuary
of the Don River.

Field sampling

The biomass of terrestrial communities was sampled
from 2014 to 2020 in the relatively homogeneous sites
without obvious signs of anthropogenic disturbance in the
period when the grass cover was at a peak of development.
The biomass of benthic marine communities was sampled
in June-August (2012, 2013, 2018 and 2020) when diversity
was more likely the highest (i.e. when annual and seasonal-
summer species were present: Kalugina-Gutnik 1975).
The major part of the samples was collected in a regular
pattern along linear transects including ten 0.25 m?* plots
each. Others were collected in series of three to ten samples
per site. In total, we took 1089 above-ground biomass
samples from the terrestrial herbaceous communities and
317 macrophytobenthos samples. In each 0.25 m?* plot we
determined total number of species (§) and number of
accompanying species ($,), as well as dry weight in grams
of above-ground biomass of the entire communities (IV),
the dominant species (IFy) and accompanying species (IV,),
i.e. without biomass of the dominant species. The phyto-
benthos communities are dominated by functionally similar
Gongolaria barbata and Ericaria crinita f. bosphorica (Cystoseira

sensu lato), as well as Zostera noltii and Z. marina. Therefore,
the g values corresponded to the total biomass of these
species. The general characteristics of the studied plant
communities are presented in Table 2. The nomenclature of
all vascular plants mentioned in the article is based on the
database of POWO (http: //www. plantsoftheworldonline.
org/), the macroalgae — on the global taxonomic database
and AlgaeBase nomenclature of algae (Guiry & Guiry 2021).

Data analysis

The biomass gradient of complete communities (I
gradient) was divided by us into 7 sites (ranges) of different
sizes, the biomass gradient of accompanying species (I,
gradient) — into 6 ranges. The boundaries of the ranges of
both gradients roughly corresponded to the boundaries of
the predominant distribution of communities of certain
types (Tables 3 and 4). Then we compared the § and S,
values of communities of different types for each range
of the W and W, gradients, respectively. We suggested that
if the types of habitats (plant communities) do not have a
systematic effect on S and §, values (that is, these values
are randomly distributed among different communities),
then the species richness of these communities is on ave-
rage approximately the same. We used the analysis of vari-
ance (ANOVA) to test for significant effect of the types
of the plant communities on § and ., values and Tukey’s
post-hoc test to determine which types of communities are
significantly different from each other in this respect. The
strength of the influence of the types of the plant commu-
nities on .§ and S, values was determined as the share of
factorial variation (between community types) in the total
variation of § and S, values (h?).

According to the "energy-diversity theory" (Wright
1983) and the "more individuals hypothesis" (Stivastava &
Lawton 1998), the variation in species richness of the plant
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Table 2. The information about the studied plant communities.

w N

Community, elevation a.s.l. (dominant species) n mean + SE mean * SE

(limits) (limits)
AG, 2000-2800 m (Alchemilla retinervis, Campannla tridentata, Carex alatanensis, C. capillifolia,
C. tristis, Carum cancasicum, Festuca ovina, Geranium gymnocanlon, Hedysarum cancasicum, 1_eontodon 149 66.812.9 12.0+0.5
bz’fz'dm, Onobrychis bicbersteinii, Pedjcnlaris nordmanniana, Plantago atrata, Ranunculus crassifolins, (8.2-171.4) (2-28)
Sibbaldia semiglabra, Silene dianthoides, Trifolinm badinm, Veronica gentianoides)
SAM, 1850-2450 m (Alchemilla oxysepala, Betonica macrantha, Brachypodium pinnatum, 167 155.7£5.7 16.9£0.6
Calamagrostis arundinacea, Cancasalia pontica, Festuca varia, Inula grandifiora) (46.4-354.4) (5-35)
GM, 490-1008 m (Bothriochloa ischaemum, Brachypodinm pinnatun, Chrysopogon gryllus, Galega 209 125.0£4.8 12.810.3
orientalis, Geranium sangninenn, Pentanema aspernm, Salvia verticillata) (22.2-458.9) (5-29)
'TST, 540-714 m (Agropyron cristatunz, Allium denudatum, Psephellus declinatus, Salvia verticillata, 77 79.413.2 14.810.8
Stipa pulcherrima, Teucrinm chamaedrys) (27.9-160.4) (5-32)
DST, 30-75 m (Artemisia lercheana, Carex divisa, Poa bulbosa, Stipa lessingiana) 39 14 11 35_1—73513 9'73}102'2
LSSF, 220400 m (Aeggpodium podagraria, Allinm ursinum, Helleborus orientalis, Onoclea 89 38.2%1.6 6.4£0.2
struthiopteris, Paris incompleta, Scopolia cancasica, Symphytum grandiflorun) (11.8-92.7) (3-14)
SSE, 220-500 m (Aegopodium podagraria, Carex divulsa, C. pallescens, C. sylvatica, Dryopteris
Silix-mas, Festuca drymeja, Lamzj;m galeobdolon subsp. galeobdolon, Mattenccia yimtbz'aptmlfr, Salvia 139 24.3%1.7 41+0.1

; - (0.7-147.2) (2-8)

lutinosa, Symphytum grandiflorum)
SLE, 480-510 m (Carex tomentosa, Betonica officinalis, Lotus corniculatus, Trifolinm medium) 31 (12 Af 19}314%) 1%877%8) 5
EFP, 220—-400 m (Arum orientale, Corydalis marschalliana, Doronicum cancasicum, Laminm 4 9.6%0.8 7.8%0.2
maculatum) (2.8-22.8) (5-12)
MBS, 0.5-10 m depth (Ceraminm ciliatum, Codinm vermilara, Ericaria crinita f. bosphorica, 143 147.8+8.7 8.21+0.2
Gongolaria barbata, Padina pavonica, Phyllophora crispa) : (4.1-507.8) (3-15)
MAS, 0.5-2 m depth (Zostera marina, Z. nolii) 174 6}5{%‘3 5(5‘_%%2

n — number of samples; Wis dry above-ground biomass of the entire communities (g/0.25 m?), § is species richness per 0.25 m? SE —

standard error.

communities with similar biomass can be associated also
with different participation of dominant species in the com-
munities (degtees of dominance, D = Wg/W). The higher
participation of dominant, the less resources remain for
other (accompanying) species, the smaller the number of
their individuals appears on sites, the lower the likelihood
that they will belong to many species. The comparison of
the species richness of the communities on the sites of the
biomass gradient of accompanying species makes it possi-
ble to minimize the influence of this factor. Therefore we
compared the species richness of plant communities on
sites of not only the W gradient, but also the W, gradient.

RESULTS

Figure 2 shows the relationship between the biomass and
species richness for the studied terrestrial communities and
macrophytobenthos in general. As seen from this Figure 2, the
biomass in the studied terrestrial and benthic marine commu-
nities varies approximately within the same limits: from several
grams to slightly mote than 500 g per 0.25 m* The species
richness of terrestrial herb communities ranged from 1 to 35
species per 0.25 m* plot, macrophytobenthos — from 2 to 15
species. The highest species richness of terrestrial communities
(3235 species) corresponds to intermediate values of dry
biomass (70140 g). In macrophytobenthos relatively high
species richness (13—15 species) is observed in a wide range
of biomass gradient (45-370 g). At the same time, the sites of
both terrestrial and marine communities with similar biomass
are characterized by significantly different species richness.

Table 2 indicates that the communities of subalpine
meadows and forest glades have highest average biomass.
Among other terrestrial communities, the communities of

Botanica Pacifica. A journal of plant science and conservation. 2022. 11(1)

Species richness

Species richness

alpine belt and typical steppes are most productive. The
communities of dry steppes, late spring and summer herb
communities of shaded and light forests have lower bio-
mass. The communities of early flowering plants are the
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least productive. At the same time, let us note that the bio-
mass of communities of the most types varies in a wide
range. Therefore, the ranges of variation of this characte-
ristic in the communities of different types overlap.

Table 2 also indicates that species richness is the highest
in the communities of subalpine meadows and typical
steppes. It is slightly lower in the communities of alpine
belt, herb communities of light forests and forest glades;
even lower — in communities of dry steppes, eatly flowering
plants and late spring herb communities of shady forests.
The smallest number of species per site was found in the
herb communities of shaded forests. In addition, Table 2
shows that the macrophytobenthos of the Black Sea is cha-
racterized, on average, by higher biomass and higher species
richness than the benthic communities of the Azov Sea.

Table 3 shows the average values of the species richness
pet 0.25 m? of terrestrial and matine (benthic) plant commu-
nities in different ranges of the biomass gradient. One-way
ANOVA detected significant differences average S values
among terrestrial communities of different types in each of
seven ranges of W gradient. In particular, among low pro-
duction communities, the communities of the alpine belt
and the herb communities of light forests are characterized
by the highest average §. The Tukey’s post-hoc test suggests
that in the range of W gradient from 20 to 40 ¢ / 0.25 m?
differences in this regard between the communities of these
two types are not significant at the 0.05 level. Among the
other communities, meadows of forest glades, dry steppes
and communities of early flowering plants are more rich
species. The communities of late spring and summer herb
communities of shady forests are characterized by the lo-
west average species richness. Among the communities with
relatively high biomass (more than 60 g / 0.25 m?), subal-
pine meadows are characterized by the highest average S.
Among other communities with such biomass, meadows
of forest glades, typical steppes and communities of alpine

Table 3. The average species richness per 0.25 m?* for terrestrial and marine benthic communities of different types in different

ranges of dry above-ground biomass gradient.

belt are more rich species. In the range of W gradient from
100 to 150 g / 0.25 m? the average S values of communities
of subalpine meadows, forest glade and typical steppes are
approximately the same. The communities of dry steppes
are characterized by the lowest average 5. In general, the in-
fluence of plant community types on § values is stronger in
less production sites of habitats. Thus, the types of terrest-
rial communities determine 50-80 % of the total variation
of § values in the ranges of biomass gradients less than
20 g, 2040 g and 4060 g / 0.25 m?, but only 8 and 10 % in
the range of 100-150 and 150-300 g / 0.25 m™.

Table 4 shows the average S, values in different ranges
of the W, gradient for terrestrial and marine communi-
ties. It follows that One-way ANOVA detected significant
differences average 5, values among terrestrial communities
of different types in each of six ranges of I, gradient. The
highest Sa values in range of the W, gradient less than 10 g
/ 0.25 m? are observed in the communities of dry steppes
and meadows of forest glades. Among the rest, communi-
ties of alpine belt and early flowering plants are more rich
species. In other ranges of the W, gradient, the highest
S, values are observed in the communities of the alpine
and subalpine belt, glade meadows and typical steppes,
herb communities of light forests. Moreover, in many
of these ranges, the differences in the average S, values
between these communities are not significant at the 0.05
level (Tukey’s post-hoc test). Late spring and summer herb
communities of shaded forests are characterized by the
lowest average Sa values in different ranges of the W, gra-
dient. In general, the influence of plant community types
on S, values is stronger in sites of habitats with relatively
low biomass of accompanying species.

It is also seen from Tables 3 and 4 that in most of the
ranges of the gradient V] as well as IV, the values of § and
S, respectively, are higher in the macrophytobenthos of the
Black Sea than in the Azov Sea. Note also that the species

Dry above-ground biomass (g/0.25 m?*)

Community

<20 20-40 40 - 60 60 — 80 80 —100 100 - 150 150 - 300
Terrestrial plant communities
EFP 7.8£0.2
SLF 12.7%0.5a
LSSF 6.210.2b 6.310.3
SSF 4.0£0.2 4.3£0.2 3.7£0.3
DST 9.1+0.3 9.310.4 9.1+0.3
AG 12.410.4 12.7£0.9ab 13.4£1.2 12.1£0.9a 10.4£0.8 10.5£1.3
GM 9.2£0.5b 12.8%0.6a 12.8+0.8 14.9%0.6b 11.6£0.7
TST 12.1+1.3a 16.7+1.6 17.7+1.4a
SAM 21.3+1.9 223111 16.0£0.9ab 15.4£1.0
F 162.1* 60.16* 27.25% 10.06* 22.03* 6.30* 9.92*
h? 0.80 0.58 0.50 0.28 0.40 0.10 0.08
Phytobenthic communities
MBS 47104 9.1+1.1 8.8+0.0 8.910.4 8.810.3
MAS 4.2%0.3 6.2£0.3 6.210.4 5.4£0.6 4.2%0.2
F 0.64 9.06* 73.45%
h? 0.01 0.19 0.65

I actual values of the Fisher criterion, one-way ANOVA (*— actual values exceed critical for P < 0.05). The same letters show no significant

differences between the DSS values at the 0.05 level (Tukey’s post-hoc test)
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richness of macrophytobenthos of the Black Sea is lower
than that of many terrestrial communities with a similar
biomass of all or only accompanying species. Finally, note
that the strength of the impact of community types on §
values in the ranges of the W gradient is on average higher
than on Sa values in the ranges of the W, gradient.

DISCUSSION

Thus, we found that a certain amount of biomass,
sampled in communities of different types, includes, on
average, a significantly different number of species. Since
the strength of the impact of community types on § va-
lues in the ranges of the W gradient is on average higher
than on S, values in the ranges of the W, gradient, the
difference in the species richness of communities of dif-
ferent types partially can apparently be explained by the
difference in the average participation of dominant spe-
cies in them. However, despite this, the structure of § and
S, values in the ranges of W and W, gradients is appro-
ximately the same. So, among terrestrial communities
in ranges of the gradients with relatively low I and W,
values, the communities of the alpine belt and the herb
communities of light forests are characterized by the
highest average S and S, values; among more productive
communities — subalpine meadows. At many sites of the
IV, gradient, the difference in the species richness of these
communities is statistically insignificant. Among other ter-
restrial communities, typical and dry steppes, meadows of
forest glades and communities of early flowering forest
plants are richer in species. The communities of late spring
and summer herb communities of shady forests are cha-
racterized by the lowest average § and §, values in almost
all sites of the W and W, gradients. In general, the in-
fluence of plant community types on § and S, values is
stronger in sites of habitats with relatively low biomass of
all or only accompanying species. That is, low production

communities of different types are characterized by more
different species richness than communities with relatively
high production. The macrophytobenthos of the Black Sea
is characterized by lower species richness than most of the
terrestrial communities, but higher species richness than the
benthic communities of the Azov Sea with similar biomass.
Our results raise several questions. Four of them seem
to us the most interesting. Why, among the plant commu-
nities with similar biomass, the communities of the alpine
and subalpine belts of the Western Caucasus, formed in
relatively cold conditions, are characterized by the highest
species richness? Why is currently widespread herb com-
munities of shady forests characterized by lower species
richness in comparison with herb communities of light
forests, as well as meadow and steppe communities, with
similar production? Why is the species richness of benthic
communities of the Black and Azov Seas lower than that of
many terrestrial communities with approximately the same
biomass? Why is the species richness of benthic commu-
nities in the Azov Sea lower than in the Black Sea?
Following other authors, we will try to answer them
based on our knowledge of the vegetation history of the
study area. So in many works, it has been suggested that un-
usually high biodiversity of high-mountain ecosystems are
the result of reflects the interplay of multiple evolutionary
mechanisms, including long evolutionary history of species
adaptation to steep environmental gradients, enhanced spe-
ciation rate, as well as high topographic diversity, which con-
tributes to a high level of specialization (Musciano etal. 2018,
Muellner-Riehl et al. 2019, Rahbek et al. 2019). This may be
true, among other things, in relation to the high-mountain
flora of the Greater Caucasus. Most botanists consider it
historically ancient, formed mainly in the Tertiary period
(Tolmachev 1948, Fedorov 1952, Altukhov 2017). At the
same time, in the opinion of many authors, the presence of
young regional species closely related to modern landforms

Table 4. The average number of accompanying species per 0.25 m” for the communities of different types in different ranges

of gradient of the dry biomass of such species.

Dry above-ground biomass (g/0.25 m?*)

Community
1-10 10-20 20-30 30-50 50 -100 100 - 150
Terrestrial plant communities
EFP 6.8£0.2b
SLF 11.8£0.6a
LSSF 5.0£0.3¢ 53%0.4 5.9%0.5 5.6%£0.3
SSF 3.2%0.1 3.5%0.3
DST 8.210.3a 8.3+0.2¢ 8.41+0.5
AG 6.4£0.6b 10.1£0.8b 13.1£0.8a 13.6%0.8a 17.1+1.8a
GM 8.0+0.5a 8.610.4c 11.6+0.4 13.240.6a 13.4+0.7 12.6£0.8
TST 5.0+0.4c 14.1+1.3a 17.6%+1.1a
SAM 10.7%1.6ab 14.8%1.5a 16.8%+1.1 15.8410.9a 18.5+1.4
F 35.51* 23.92% 13.13* 9.92% 3.57* 13.20*
h? 0.48 0.46 0.34 0.21 0.06 0.2
Phytobenthic communities
MBS 6.910.3 6.810.4 7.3%0.5
MAS 4.5%0.3 7.1£0.6 5.4£0.6
F 39.18* 0.27 4.94*
h? 0.22 0.01 0.17

I actual values of the Fisher criterion, one-way ANOVA (*— actual values exceed critical for P < 0.05). The same letters show no significant
differences between the DSS values at the 0.05 level (Tukey’s post-hoc test).
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indicates active speciation also in the Quaternary period
(Tolmachev 1958, Fedorov 1952, Galushko 1976, etc.).
According to Altukhov (2017), the flora of vascular plants in
the high-mountainous belt of the Western Caucasus within
the Caucasian Reserve (the area of biomass sampling by us)
includes 967 species. This is more than in the corresponding
floras of the Eastern and Western Sayan (south of Siberia),
or Stanovoy Highlands (Russian Far East) (Altukhov 2017).
As follows from the reviews by Onipchenko (Onipchenko
& Semenova 1995, Onipchenko et al. 2005, 2020), alpine
communities of the Western Caucasus have approximately
the same local species richness as the communities of the
Central Alps developing under similar ecological conditions.
But they have a higher species richness than analogous com-
munities of the Krkonose Mountans (Czech Republic), Altai
and Priokhot‘e (Russian Far East), Mt. Kenya (East Africa),
Japan and New Zealand.

It is surprising that the herb communities of shady fo-
rests, that are now widespread in the Western Caucasus, are
characterized by a very low small-scale species richness. In
particular, it is lower than the species richness of the herb
communities of light forests with the same biomass, as well
as communities of the alpine belt and steppes, developing
in cold or dry, but well-lit habitats. In this regard, we draw
attention that in Late-Miocene low-mountain mesophytic
forests of the Western Caucasus, like forests of central
Europe, were neatly subtropical. They consisted of two
tree layers with mainly deciduous Arcto-Tetriary species
dominating in the canopy, and the mainly evergreen Palaco-
tropical species concentrated in the understory. During the
Pliocene they developed generally by changes in species
composition in the upper tree layer, by reduction of the
evergreen understory and by the increase of herbs (Dolu-
khanov 1980, Peters 1997). In the Western Caucasus this
process also continued in the Pleistocene (Galushko 1976,
Dolukhanov 1980). However the mostly cool and dry Plei-
stocene climate as well as the high density of large herbi-
vores, contributed to the formation of open landscapes,
including predominantly well-lit, dry habitats with soils
characterized by neutral or not too high pH. This circum-
stance should have contributed, on the one hand, to the
accumulation of species preferring such environmental
conditions, and, on the other, to the extinction of species
with opposite preferences (Pirtel 2002, Ewald 2003, Chytry
et al. 2007, Smirnova et al. 2020).

It should also be noted that the forests with evergreen
understory and poor development herb layer are still wide-
spread in the Western Caucasus. At the same time, they are
characterized by a very low diversity of vascular plants. For
example, in the Belaya River basin (area where we sampled
the biomass of forest herb communities) the flora of forests
with evergreen understory (dominated by Buxus colchica) in-
cludes only 65 species (Bondarenko 2011). The flora of
shady floodplain and mesophytic beech forests with herb
cover includes more species — 192 and 276, respectively, but
much less than the flora of light oak forests — 429 species
(Bondarenko 2011).

One would expect that for at least two reasons, the spe-
cies richness of macrophytobenthos in certain ranges of

gradients I and IV, should be higher than in most terrest-
rial communities. Firstly, resource availability in a three-di-
mensional aquatic environment should be higher than in
terrestrial habitats. Secondly, large thalli of the dominants
of benthic communities (for example, Cyszoseira sensu lato)
can be used by other species as an additional substrate along-
side with other surfaces, such as rocks and boulders. How-
ever, our results showed that the species richness of mac-
rophytobenthos of the Black Sea is lower than the species
richness of many terrestrial communities with a similar bio-
mass. It can be assumed that this may be caused not only
by relatively unfavorable environmental conditions, but
also by the history of this sea, namely by full (about 7-10
thousand years ago) or partial (currently) isolation from
other seas and oceans. According to the latest data, the
balance of fresh and saltwater inflow, as well as the Black
Sea water salinity, which are more or less close to modern
ones, were achieved only 3—6 thousand years ago (Ivanova
et al. 2012). The coastline of the Black Sea, close to the
present, was formed in the middle of the Holocene era or
later (Hiscott et al. 2007). Thus, the overwhelming number
of species of the modern Black Sea flora penetrated into
the Black Sea from the Mediterranean through the Sea of
Marmara and the system of straits only over the past 3-9
thousand years, and they continue to penetrate (Kalugina-
Gutnik 1975, Afanasyev & Korpakova 2008, Afanasyev
& Ruban 2013). However, due to the significantly lower
salinity and temperature of the Black Sea, only about 30 %
of Mediterranean algal species can thrive here — in the
Mediterranean there are 1124 macrophyte algae species
(Coll et al. 2010), while in the Black Sea there are only about
330 (Kalugina-Gutnik 1975). Among approximately 50
species of Cystoseira sensu lato dominate the Mediterranean
shelf and adjacent areas of the Atlantic, only five species
are found in the Black Sea and only two species have been
recorded in its northeastern part (Afanasyev et al. 2017).
As it was noted above, conditions for macrophytes in
the Azov Sea are even less favorable than in the Black Sea.
In particular, it is well known, that salinity of 5-8 %o is
critical zone for both marine and freshwater species which
is characterized by minimum number of benthic species
(Remane 1958). Besides, the Azov Sea is characterized by
constant changes of salinity due to short- and long-term
fluctuations of the Don's flow. In addition, due to small
depth of the sea (maximum 14 m) it has an extremely wide
range of daily, seasonal and annual fluctuations of sea level,
temperature, turbidity etc (Afanasyev & Korpakova 2008).
Apparently, these factors are a significant obstacle to spe-
ciation. Finally, the Azov Sea is characterized by a small area
and is isolated from similar reservoirs by marine ecosys-
tems of other types. Thus, the Azov Sea is a young, small
in area, isolated ecosystem with an ecological regime not
favorable for speciation. Perhaps that is why the flora of
macroalgae of this reservoir includes significantly less spe-
cies than the Black Sea (97 versus 330) and there ate no
species, that can be found only in the Azov Sea (Afanasyev
& Korpakova 2008). Therefore, from the standpoint of the
historical hypotheses, the higher species richness of the
macrophytobenthos of the Black Sea in comparison with
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the macrophytobenthos of the Azov Sea, similar in bio-
mass, is not a surprise.

Thus, the historical hypothesis provides a plausible ex-
planation for our results. They are consistent with the exis-
ting idea that one of the conditions for high species rich-
ness of plant communities is their long-term stable evolu-
tionary development. However, it is conceivable that some
other factors can also cause variations in the species rich-
ness of the community with the similar productivity. So, for
example, all communities that we used as objects of study
are widespread in the study area. We deliberately did not con-
sider communities with a limited distribution in the region
(for example, communities of subalpine fens, salt marshes,
etc.) because they are usually represented in the landscape
by small isolated sites that are affected by the island effect
(MacArthur & Wilson 1963 ). In this case, it is very difficult
to separate the impact on communities of historical and
regional factors. However, it cannot be ruled out that the
lower species richness of low mountain meadows (wide-
spread in the study area), than the communities of the al-
pine and subalpine belts, may be due to their confinement
to forest glades isolated from each other. Moreover, it is
known that the steppe vegetation of the Ciscaucasia and
the lower mountains of the Western Caucasus has been ex-
posed to human impact for a long time and is largely frag-
mented (Belonovskaya & Yasin 1990).

Secondly, in accordance with the “species-energy the-
ory” and the “more individuals hypothesis” (Wright 1983,
Srivastava & Lawton 1998), density of individuals is a po-
sitive function of production and species richness is a po-
sitive function of density. As we mentioned above, the key
link in this causal chain is the density of individuals. More-
over number of individuals in the plots depends not only on
the weight of the biomass, but also on their size. The herb
communities of relatively productive habitats, including
subalpine and low-mountain meadows, typical steppes, are,
as a rule, characterized by a similar size of individuals. How-
ever low production communities can be formed either by a
large number of small individuals or by a small number of
large ones. The first group includes, for example, the low-
herb communities of the alpine belt (grasslands, heaths and
snowbeds) and eatly spring herb communities of forests.
The second group includes late spring and summer herb
communities of shady forests. Therefore a difference in the
species richness of these low production communities may
be due, among other things, to the sampling effect. Perhaps
this is another reason why the influence of plant commu-
nity types on small-scale species richness is stronger in less
productive sites of habitats.

Third, the herb layer of forests is part of the forest
community as a whole, the different components of which
(layers of tall and low trees, shrubs, etc.) are presumably
closely related. So, Li et al. (2018) showed that the relation-
ship between species richness and aboveground biomass
in the tall tree layer of primary Pinus fesiya forest (Yunnan
Province, China) directly and indirectly affects the relation-
ship between species richness and aboveground biomass in
other layers, including the herb layer. Therefore, it cannot
be ruled out that the low species richness with respect to
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biomass of the herb layer of shady forests of the Wes-
tern Caucasus is associated, among other things, with this
circumstance. However, in general, knowledge about the
mechanisms that determine the relationship between bio-
mass and species richness in different layers of forest com-
munities is very limited.

On the other hand, note that the small area of the samp-
ling plots (0.25 m? means that our findings pertain only
to a small spatial scale. However there is evidence that the
species richness of small sites of plant communities are less
dependent on the species pool size and accordingly on his-
torical or regional effects than the species richness of large
sites (Terborgh & Faaborg 1980, Shurin et al. 2000, Akatov
et al. 2005, He et al. 2005, Simova et al. 2013, Onipchenko
et al. 2020). In particular, interesting results in this respect
were recently obtained by Onipchenko et al. (2020). They
compared the a-diversity of plant communities in five
mountain regions (Mount Kenya, the European Alps, the
Caucasus, Tibet, the New Zealand Alps) and found that
percentage of richness variability, explained by mountain
system size, increased with spatial scale from 47 % for 1 m?
plots up to 69 % for 500 m* area. In this regard note, that
only about 30 % of the algal species of the Black Sea can
grow in the Azov Sea. At the same time the species richness
of the benthic communities of the Azov Sea on plots of
0.25 m? is on average more than 65 % of the species rich-
ness of the communities of the Black Sea (Table 2). There-
fore, it is quite possible, that some communities, which
within certain ranges of the biomass gradient have similar
species richness on plots of 0.25 m? will include signifi-
cantly different numbers of species in the larger plots. That
is it can be expected, that the type of communities and ha-
bitats will have a more significant impact on the local spe-
cies richness of communities, if it is estimated on plots with
an area larger than 0.25 m?

CONCLUSION

We tested the significance of the impact of plant com-
munity types on small-scale species richness in different
ranges of the above-ground biomass gradient. The objects
of research were widespread plant communities of the Wes-
tern Caucasus and Ciscaucasia (alpine communities, subal-
pine and low mountain meadows, steppes, herb layer of
light and shady forests, etc.), as well as macrophytobenthos
of the shallow waters of the Black and Azov Seas. The re-
sults showed that a certain amount of biomass, sampled in
communities of different types, includes, on average, a sig-
nificantly different number of species. In particular, high-
mountain communities of the Western Caucasus are cha-
racterized by the highest species richness in most ranges of
the biomass gradient; communities of herb layer of shaded
forests and macrophytobenthos of the Black and Azov Seas
— on the contrary, the lowest richness. At the same time,
we noticed that the high-mountain communities of the
Western Caucasus presumably have a longer evolutionary
history than the communities of the other two types. In
particular, the period of existence of the Black and Azov
Seas as marine reservoirs is limited to only a few millennia.
In addition, herb communities of shady forests presumably
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had a limited distribution in the Pleistocene. Therefore, we
concluded that significant difference in the small-scale spe-
cies richness of these communities in different parts of the
biomass gradient can be plausibly explained by the pecu-
liarities of their history.

ACKNOWLEDGEMENTS

We thank Sergey Trepet (Caucasus State Nature Re-
serve, Russia) for the technical assistance in preparing the
manuscript, Evgeniya Hskina (Krasnodar, Russia) for re-
vising the English, Vladimir Onipchenko for valuable com-
ments and recommendations on the work, and the Russian
Foundation of Fundamental Research for financial support
(grants No. 16-04-00228 and 20-04-00364).

LITERATURE CITED

Adler, P.B., E.W. Seabloom, E.T. Borer, et al. 2011. Produc-
tivity is a poor predictor of plant species richness. Science
333:1750-1753.

Afanasyev, D.F. & 1.G. Korpakova 2008. Macrophytobenthos of
Agzov and Black Sea Regions of Russia. Izdatel'stvo Azovsko-
go nauchno-issledovatel'skogo instituta rybnogo hozyai-
stva, Rostov-on-Don, 291 pp. (in Russian). [Adpamacs-
es A.®., Kopmakosa M.I. 2008. Makpodurobenroc
Poccniickoro  Asoso-Uepromopsesa. Pocros-ma-AoHy:
Nsa-Bo Aszosckoro HUPX. 291 c.].

Afanasyev, D.F. & D.A. Ruban 2013. Actual issues of ecolo-
gical-floristic classification and the origin of macrophyto-
benthos of the Black Sea. Lssues of modern algology 2:25-31
(in Russian). [Adanacses A.®P., Pydan A.A. 2013. Ax-
TYyaABHBIC BOIIPOCHI 9KOAOTO-(DAOPHUCTHYECKOH KAACCH-
duxaruu u mpoucxoxacHud MakpodurodenToca Yep-
noro Mops // Bonpocsr coBpemennoit aabrorornu. T. 2.

C. 25-31].

Afanasyev, D.F, A.N. Kamnev, D.V. Seskova, E.G. Sushko-
va 2017. The seasonal dynamics of Cystoseira crinita Duby,
1830 (Fucales: Phacophyceae) — dominated communities
in the northeastern Black Sea. Russian Journal of Marine
Biology 43(6):431-441.

Akatov, V.V. & S.G. Chefranov 2014. Density compensation
effect in arboreal communities of the West Caucasus.
Biology Bulletin Reviews 4(5):421-432.

Akatov, V., S. Chefranov, T. Akatova 2005. The relationship
between local species richness and species pool: a case
study from the high mountains of the Greater Caucasus.
Plant Ecology 181(1):9-22.

Altukhov, M.D. 2017. Vegetation cover of the highlands of the
North-Western Caucasus, its rational use and protection. 1zda-
tel'stvo IP Solodovnikova A.N., Krasnodar, 238 pp. (in
Russian) [Aaryxos M.A. 2017. PacrureAbHslii 1TOKpoB
seicokoropuii Cesepo-3amaanoro Kaskasa, ero panmo-
HAABHOE HCIIOAB3OBaHHE B oxpaHa. Kpacmoaap: Hsaa-
teabctBo MIT CororoBrukosa A.H. 238 c.

Anonymous 1971. Agroclimatic resources of the Stavropol Territo-
ry. Gydrometeoizdat, Leningrad, 238 pp. (in Russian).
[Arpokanmarnaeckne pecypcsl CTaBpOITOABCKOTO Kpas.
Aennnrpaa: I'mapomereonsaar. 238 c.].

Arenas, E, F Rey, 1.S. Pinto 2009. Diversity effects beyond
species richness: evidence from intertidal macroalgal
assemblages. Marine Ecology Progress Series 381:99-108.

Bedanokov, M.K., S.K. Chich, D.Y. Chetyz, S.A. Trepet,
S.A. Lebedev, A.G. Kostianoy 2020. Physicogeographical
characteristics of the Republic of Adygea. In: The Republic
of Adygea environment. 170l. 106 (M.K. Bedanokov, S.A. Le-

bedev, A.G. Kostianoy, eds), pp. 19-55, Springer, Cham.

Belonovskaya, E.A. & E.V. Yasin 1990. Anthropogenic trans-
formation of mountain ecosystems of the Greater Cauca-
sus. In: Biota of ecosystems of the Greater Caucasus (E.A. Be-
lonovskaya & O.S. Grebenshchikov, eds), pp. 176-187,
Nauka, Moscow (in Russian). [beaomosckas E.A.,
Scnua E.B. 1990. AHTpOHOFCHHa}I TpaHCOpPMAITUA TOP-
HBIX 3KocrcTeM Boabimroro Kaskasza // Brora skocucrem
Boasmoro Kaskasa / moa pea. beaonosckon EA. u I'pe-
6enmukosa O.C. Mocksa: Hayka. C. 176-187].

Bhattarai, K.R. 2017. Variation of plant species richness at
different spatial scales. Botanica Orientalis — Journal of Plant
Science 11:49-62.

Bhattarai, K.R., O.R. Vetaas, J.A. Grytnes 2004. Relationship
between plant species richness and biomass in an arid
sub-alpine grassland of the Central Himalayas, Nepal.
Folia Geobotanica 39:57-71.

Bondarenko, S.V. 2011. Analysis of the flora of the northwes-
tern Caucasus. [3vestzya Samarskogo nanchnogo centra RAN 13(1):
42-49 (in Russian). [borsapenko C.B. 2011. Anarus dpao-

por Cesepo-3artaanoro Kaskasa // Mssecrus Camapckoro
nayuroro riearpa PAH. T. 13, Ne 1. C. 42—49].

Chytry, M., ]. Danihelka, N. Ermakov, M. Hajek, P. Hajkova,
M. Kodi, S. Kubesova, P. Lustyk, et al. 2007. Plant species
richness in continental southern Siberia: effects of pH
and climate in the context of the species pool hypothesis.
Global Ecology and Biogeography 16: 668—678.

Coll, M., C. Piroddi, J. Steenbeek, K. Kaschner, F. Ben
Rais Lasram, et al. 2010. The Biodiversity of the
Mediterranean Sea: estimates, patterns, and threats. PLoS
ONE 5(8): ¢11842.

Cornwell, W.K. & PJ. Grubb 2003. Regional and local pat-
terns in plant species richness with respect to resource
availability. Ozkos 100:417—-428.

Cornell, H.V. & S.P. Harrison 2012. Regional effects as
important determinants of local diversity in both marine
and terrestrial systems. Ozkos 122(2):288-297.

Cornell, H.V. & S.P. Harrison 2014. What are species pools
and when are they important? Annual Review of Ecology,
Ewvolution, and Systematics 45:45—67.

Database of Plants of the World online. URL: http: //
www. plantsoftheworldonline.org

Dolukhanov, A.G. 1980. Colchidean nnderstory. Metsniereba,
Thilisi, 262 pp. (in Russian) [Aoayxanos A.I'. 1980. Koa-
XUACKHH 1ToArecok. Tomancn: Mertauepeba. 262 c.].

Eriksson, O. 1993. The species-pool hypothesis and plant
community diversity. Ozkos 68:371-374.

Ewald, J. 2003. The calcareous riddle: why are there so
many calciphilous species in the Central European florar?

Folia Geobotanica 38:357—3606.

Fedorov, A.A. 1952. The history of the highland flora of
the Caucasus during the Quaternary as an example of the
autochthonous development of the tertiary floristic basis.
In: Materials for the study of the Quaternary period of the USSK.
170, 3. (A.A. Blokhin, ed). Izdatel'stvo AN SSSR, Moscow,
pp. 230-248 (in Russian). [Pesopos A.A. 1952. Mcropus
BBICOKOTOpHO#M pAaopsl KaBkasa B geTBepTHYHOE BpeMs
KaK IIPHMEP ABTOXTOHHOIO PA3BHTHSA TPETHIHOH (PAO-
pucruaeckoil ocHOBBL // MaTepuabl 10 U3yYCHUIO
uersepruaoro mepuopa CCCP. T. 3. M.: Msa-so AH
CCCP. C. 230-248].

Fraser, .H., J. Pither, A. Jentsch, et al. 2015. Worldwide
evidence of a unimodal relationship between productivity
and plant species richness. Sczence 349(6245):302-305.

10 Botanica Pacifica. A journal of plant science and conservation. 2022. 11(1)



Influence of habitat types on small-scale species richness: example from Caucasus

Galushko, A.I. 1976. Analysis of flora of Central Caucasus
western part. In: Flora of North Caucasus and issues of its
history 1 (AL Galushko, ed), pp. 5130, Izdatel'stvo SGU,
Stavropol (in Russian) [Iaaymmko A.M. 1976. Amaus
daoper samaanoit wactu Llentpassnoro Kaskasa //
®ropa Ceseprnoro Kaskasa m BOIPOCH €€ HCTOPHH.
Craspornioas: Msa-so CI'V. Be. 1. C. 5-130].

Garsia, 1.V.,, T. Maranon, F. Moreno, L. Clemente. 1993.
Above-ground biomass and species richness in a Mediter-
ranean salt march. Journal of Vegetation Science 4:417—424.

Grime, J.P. 1973. Competitive exclusion in herbaceous ve-
getation. Nature 242:344-347.

Guiry, M.D. & G.M. Guiry. 2021. AlgaeBase. World-wide
electronic publication. National University of Ireland. Galway
URL: http: //www.algacbase.org

Gvozdetskii N.A. 1963. The Caucasus. Essay of nature. 1zda-
tel'stvo geograficheskoj literatury, Moscow, 262 pp. (in
Russian). [I'sosaenxumit H.A. 1963. Kaskaz. Ouepk mpu-
poasr. M.: MI3a-Bo reorp. anr-por. 202 c.].

Harrison, S.P. & H.V. Cornell 2008. Toward a better under-
standing of regional causes of local species richness.
Ecology Letters 11:969-979.

He, I, KJ. Gaston, E.Il. Connor, D.S. Srivastava 2005. The
local-regional relationship: immigration, extinction, and
scale. Ecology 86:360-3065.

Hiscott, R.N.,, A.E. Aksu, PJ. Mudie, M.A. Kaminski,
T. Abrajano, D. Yasar, A. Rochon 2007. The Marmara
Sea Gateway since ~16 ky BP: non-catastrophic causes
of paleoceanographic events in the Black Sea at 8.4 and
7.15 ky BP. In: The Black Sea flood question: Changes in coast-
line, climate, and human settlement (V. Yanko-Hombach et al.,
eds), pp. 89—117, Springer, Dordrecht.

Ivanova, E.V,, 1.O. Murdmaa, M.S. Karpuk, E.I. Schornikov,
F. Marret, T.M. Cronin, I.V. Buynevich, E.A. Platonova
2012. Paleoenvironmental changes on the northeastern
and southwestern Black Sea shelves during the Holocene.
Quaternary International 261:91-104.

Kalugina-Gutnik, A.A. 1975. Phytobenthos of the Black Sea.
Naukova Dumka, Kiev, 247 pp. (in Russian) [Kaayrmma-
I'yrank A.A. 1975. ®uroberroc Yeproro mops. Kues:
Haykosa aymxa. 247 c.].

Kaspari, M., M. Yuan, A. Lecanne 2003. Spatial grain and
the causes of regional diversity gradients in ants. The
American Naturalist 161(3):459—477.

Kaspari, M., PS. Ward, M. Yuan 2004. Energy gradients
and the geographic distribution of local ant diversity.
Oecologia 140:407—413.

Kleopov, Y.D. 1990. Floristic analysis of broad-leaved forests of
European USSR. Naukova Dumka, Kiev, 352 pp. (in Rus-
sian). [Kaecomos FO.A. 1990. Anaaus daopsl mupoko-
AmnctBeHHBIX AecoB esporrerickoi gactn CCCP. Kwues:
HaykoBa aymxka. 352 c.].

Kolakovskiy, A.A. 1974. Vertical levels of forest vegetation of
Colchis in Tertiary. In: Proceedings of the Tbilisi Forest Institute
21. Metsniereba, Thilisi, pp. 98115 (in Russian). [Koaaxos-
ckmit A.A. 1974. BeprukaabHas OACHOCTD ACCHOH PACTH-
teapHOCTH KOAXHABL B Tpetnanoe Bpewmst // Tp. TOua. un-
Ta Aeca. Tonancm: Mertanepeba. T. 21. C. 98-115].

Konar B., K. Iken, J.J. Cruz-Motta, L. Benedetti-Cecchi,
A. Knowlton, G. Pohle, P. Miloslavich, M, Edwards,
T. Trott, E. Kimani, R. Riosmena-Rodriguez, M. Wong,
S. Jenkins, A. Silva, L.S. Pinto, Y. Shirayama 2010 Current
patterns of macroalgal diversity and biomass in Northern
Hemisphere rocky shores. PLoS ONE 5(10): e13195.

Latham, R.E. & R.E. Ricklefs 1993. Continental compari-
sons of temperate-zone tree species diversity. In: Species
diversity in ecological commmunities: historical and geographical per-
spectives (R.E. Ricklefs, D. Schluter, eds), pp. 294-315.
Chicago University Press, Chicago.

L4, S., J. Su, X. Lang, W. Liu, G. Ou 2018. Positive relation-
ship between species richness and aboveground biomass
across forest strata in a primary Pinus kesiya forest. Scientific
Reports 8:2227.

Longino, J.T., RK. Colwell 2011. Density compensation,
species composition, and richness of ants on a neotropical
elevational gradient. Ecosphere 2(3):1-20.

Ma, W, J.-S. He, Y. Yang, X. Wang, C. Liang, M. Anwar,
H. Zeng, ]. Fang, et al. 2010. Environmental factors
covary with plant diversity—productivity relationships
among Chinese grassland sites. Global Ecology and Biogeog-
raphy 19:233-243.

Maleev, V.P. 1941. Tertiary relicts in flora of Western Cauca-
sus and main stages of Quaternary evolution of its flora
and vegetation. In: Materials on the history of flora and vegetation
of the USSR (The data on evolution of flora and vegetation in the
USSR) 1. (VL. Komarov, ed.), pp. 61-144, Izdatel'stvo
AN SSSR, Moscow (in Russian). [Maaees B.IT. 1941.
Tperuansie peAanktsr B0 (paope 3amaanoro Kapkasa n
OCHOBHBIC 3TAIBI YCTBEPTUYHON HCTOPUU €ro (DAOPBI
u pacrureassoctn // Matep. 1o ucropun AOpE u
pactureapnoctu CCCP / moa pea. B.A. Komaposa. M.:
Mza-8o AH CCCP. Bemm. 1. C. 61-144].

Moore, DR.J. & PA. Keddy 1989. The relationship bet-
ween species richness and standing crop in wetlands: the
importance of scale. IVegetatio 79: 99—106.

Muellner-Riehl, A.N.,, J. Schnitzler, W.D. Kissling, V. Mos-
brugger, K.E Rijsdijk, A.C. Seijmonsbergen, H. Vers-
teegh, A. Favre 2019. Origins of global mountain plant
biodiversity: Testing the “mountain-geobiodiversity hy-
pothesis”. Journal of Biggeography 46:2826—2838.

Musciano, M.D., M.L. Carranza, L. Frate, V.D. Cecco,
L.D. Martino, A.R. Frattaroli, A. Stanisci 2018. Distribu-
tion of plant species and dispersal traits along environ-

mental gradients in Central Mediterranean summits.
Diversity 10(3):58.

Oksanen, J. 1996. Is the humped relationship between spe-
cies richness and biomass an artefact due to plot size?
Journal of Ecology 84:293-295.

Onipchenko, V., A.FE Mark, A.G. Wells 2005. Floristic rich-
ness of three perthumid New Zealand alpine plant com-
munities in comparison with other regions. Austral Ecology
30:518-525.

Onipchenko, V.G. & G.V. Semenova 1995. Comparative
analysis of the floristic richness of alpine communities
in the Caucasus and the Central Alps. Journal of 1 egetation
Stcience 6:299-304.

Onipchenko, V.G. & V.N. Pavlov 2009. Local plant species
richness depends on the total area of alpine communities.

Doklady Biological Sciences 427:381-383.

Onipchenko, V.G., N.A. Kopylova, A.M. Kipkeev, T.G. Elu-
meeva, A. Azovsky, S.V. Dudov & J.M. Nyaga 2020. Low
floristic richness of afro-alpine vegetation of Mount Ke-
nya is related to its small area. A/pine Botany 130(1):31-39.

Pirtel, M. 2002. Local plant diversity patterns and evolutio-
nary history at the regional scale. Ecology 83:2361-23606.

Pirtel, M., L. Laanisto & M. Zobel 2007. Contrasting plant
productivity—diversity relationships in temperate and tro-
pical regions: the role of evolutionary history. Ecology 88:
1091-1097.

Botanica Pacifica. A journal of plant science and conservation. 2022. 11(1) 11



Akatov et al.

Partel, M., M. Zobel, K. Zobel & E. van der Maarel 1996. The
species pool and its relation to species richness: evidence
from Hstonian plant communities. Ozkos 75:111-117.

Perevozov, A.G. 2011. Changes in the species diversity and
density of insectivore birds along altitudinal gradient in
the Western Caucasus. Zoologicheskii Zhurnal 90(12):1492—
1501 (in Russian) [ITepesosos A.I'. MiameHeHIE BHAOBOTO
Pa3HOOOPA3Us M IAOTHOCTH HACEACHUS HACCKOMOAAHBIX
IITHI] BAOAB BBICOTHOTO IpaAreHTa Ha 3armaanoM Kaska-
3e. 3oonrormueckmit xypraA. T. 90, Ne 12. C. 1492-1501].

Peters, R. 1997. Beech forests (Geobotany; No. 24). Kluwer
Academic Publishers, 169 pp.

Qian, H. & R.E. Ricklefs 2004. Taxon richness and climate in
angiosperms: is there a globally consistent relationship that
precludes region effects? Awmserican Naturalist 163:773-779.

Qian, H.,,]J.S. Song, P. Krestov, Q.. Guo, .M. Wu, X.S. Shen
& X.S. Guo 2003. Large-scale phytogeographical pat-
terns in East Asia in relation to latitudinal and climatic

gradients. Journal of Biogeography 30:129-141.

Ratiani, N.K. 1979. Pliocene and pleistocene floras of Western
Georgia and their relationship with current flora. Metsniereba,
Thilisi, 236 pp. (in Russian). [Parmann H.K. 1979. [Tauo-
IICHOBBIC 1 HACﬁCTOHCHOBbIC q)/\OpI)I SQHQAHO;I FPYSI/II/I

1 UX CBA3H C cOBpeMeHHOH daopoit. Touancn: Mertrn-
epeba. 236 c.].

Rahbek, C., M.K. Borregaard, A. Antonelli RK. Colwell,
B.G. Holt, D. Nogues-Bravo, CM.Q. Rasmussen, K. Richard-
son, et. 2019. Building mountain biodiversity: Geological and
evolutionary processes. Science 365(6458):1114-1119.

Remane, A. 1958. Okologie des Brackwassers. Die Biologie
des Brackwassers. Binnengewdsser 22:1-216.

Ricklefs, R.E. & F He 2016. Region effects influence local
tree species diversity. PNAS 113(3):674-679.

Ricklefs, R.E., R.E. Latham & H. Qian 1999. Global patterns
of tree species richness in moist forests: distinguishing ecolo-
gical influences and histotical contingency. Oikos 86: 369-373.

Schamp, B.S., R.A. Laird & L.W. Aarssen 2002. Fewer spe-
cies because of uncommon habitat? Testing the species
pool hypothesis for low plant species richness in highly
productive habitats. Ozkos 97:145-152.

Shurin, ].B,, J.E. Havel, M.A. Leibold & B. Pinel-Alloul 2000.
Local and regional zooplankton species richness: a scale-
independent test for saturation. Ecology 81:3062-3073.

Simova, 1., Y.M. Li, D. Storch 2013. Relationship between
species richness and productivity in plants: the role of
sampling effect, heterogeneity and species pool. Journal of
Ecology 101:161-170.

Smirnova, O.V., A.P. Geraskina, V.N. Korotkov 2020. Natu-
ral zonality of the forest belt of Northern Eurasia: myth or
reality? Part 1 (literature review). Russian Journal of Ecosysten
Ecology 5 (1) DOI 10.21685/2500-0578-2020-1-2.

Srivastava, DS. & J.H. Lawton 1998. Why more productive
sites have more species: an experimental test of theory using
tree-hole communities. Awmserican Naturalist 152:510-529.

Taylor, DR., L.W. Aarssen & C. Lochle 1990. On the
relationship between t/k selection and environmental
carrying capacity: a new habitat templet for plant life his-
tory strategies. Ozkos 58:239—-250.

Terborgh J. 1973. On the notion of favorableness in plant
ecology. American Naturalist 107:481-501.

Terborgh, J.W. & J. Faaborg 1980. Saturation of bird commu-
nities in the West Indies. .American Naturalist 116:178—195.

Tilman D. 1988. Plant strategies and the dynamics and structure of
plant communities (Monogragraphs in population biology, v. 26).
Princeton University Press, Princeton, 362 pp.

Tolmachev, A.I. 1948. The main ways of forming vegetation of
high-mountainous landscapes of the Northern Hemisphere.
Botanicheskii Zhurnal 33(2):161-180 (in Russian). [Toama-
ues AL 1948. OcuoBrble 1y (hopMUpOBaHHA PaCTH-
TEABHOCTH BBICOKOTOPHBIX AAHAIIA(DTOB CEBEPHOIO TOAY-
mapns // Borammaeckuit skypraa. T. 33, Ne 2. C. 161-180].

Twist, B.A., A. Kluibenschedl, D. Pritchard, M.]. Desmond,
R. D’Archino, W.A. Nelson & C.D. Hepburn 2020. Bio-
mass and species richness relationships in macroalgal
communities that span intertidal and subtidal zones. Ma-
rine Ecology Progress Series 654:67-78.

Venterink, H.O., M.J. Wassen, J.D.M. Belgers & J.T.A. Ver-
hoeven 2001. Control of environmental variables on spe-
cies density in fens and meadows: importance of direct
effects and effects through community biomass. Journal
of Ecology 89:1033-1040.

Waide, R.B., M.R. Willig, C.E Steiner, G. Mittelbach, L. Gough,
S.I. Dodson, G.P. Juday & R. Parmenter 1999. The relationship
between productivity and species richness. Annual Review of
Ecology, Evolution, and Systematics 30:257-300.

Wright, D.H. 1983. Species-energy theory: an extension of
species-area theory. Oikos 41:496-5006.

Zobel, M. 2016. The species pool concept as a framework
for studying patterns of plant diversity. Journal of 1 egetation
Science 277:8-18.

Zobel, M., R. Otto, L. Laanisto, A. Naranjo-Cigala, M. Pir-
tel & J.M. Fernandez-Palacios 2011. The formation of
species pools: historical habitat abundance affects current
local diversity. Global Ecology and Biogeography 20:251-259.

Zobel, M. & M. Pirtel 2008. What determines the relation-
ship between plant diversity and habitat productivity?
Global Ecology and Biogeography 17:679—684.

12 Botanica Pacifica. A journal of plant science and conservation. 2022. 11(1)



