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Phytoliths are a useful paleoproxy in arid environments. This modern analog study assessed variability of silica
phytoliths in 30 species of grasses and 42 modern soil samples from eight locations in the Altaysky Kray and
the Republic of Gorny Altay of Russia. Phytoliths were grouped into 25 broadly defined morphotypes based on
their 3D shapes under light microscope and presumed anatomical origin within the plant. Grasses exhibited
the most diverse forms. Forests, meadows, and steppes can be distinguished based on differences in proportion
of variousmorphotypes. Steppes can be reliably identified based on high proportion of rondel phytoliths, but low
presence of lobate and lanceolate forms. Meadows have high proportion of lobate and lanceolate forms. All for-
ests have high proportion of smooth long cells and lanceolate phytoliths. Coniferous forests additionally have
small presence of blocky forms with pitted surface and pores from conifers. Phytolith assemblages were also
found to varywith gradients of temperature and precipitation, which could enable direct paleoenvironmental in-
ferences from phytoliths in geological sediments from the region. However, vegetation types could not be differ-
entiated based on the presence of particular types of trichomes, as has been suggested for other regions in Russia.
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1. Introduction

Phytolith analysis has become a mature method of
paleoenvironmental analysis along with pollen and macrofossil analy-
ses (Blinnikov, 2013; Piperno, 2006). It is generally accepted that any
paleoenvironmental reconstructions using phytoliths must begin with
analyzing phytoliths in living plants and modern soils in the region of
interest (Carnelli et al., 2001; Lu and Liu, 2003; Blinnikov, 2005), al-
though studies of phytoliths inmodern soils are less common than stud-
ies of phytoliths in plants. Despite recent advances in phytolith
taphonomy (Albert et al., 2006; Fishkis et al., 2010; Blinnikov et al.,
2013; Cabanes and Shahack-Gross, 2015), our understanding of how
soil phytolith assemblages are formed and preserved is still very prelim-
inary. At the same time, paleostudies demonstrate the ability of phyto-
lith analysis to answer questions about past composition of plant
communities, and so advances inmodern phytolith studies are relevant.

We studied phytoliths in plants and modern soils of the Russian
Altay, a continental ecotonal region located in the heart of Eurasia and
an area of high significance to anthropology (Derevianko and
Shunkov, 2002; Reich et al., 2010), paleoecology (Baker et al., 1993;
Blyakharchuk et al., 2007), indigenous culture (Balakina and Balakina,
2014), and conservation efforts (Li et al., 2016). While phytoliths in
modern soils in Europe (Novorossova, 1951; Smithson, 1958; Golyeva
linnikov).
et al., 1987; Kamanina, 1992; Carnelli et al., 2001; Delhon et al., 2003),
China (Lu et al., 2006; Song et al., 2012; Traoré et al., 2015), tropical Af-
rica (Barboni et al., 1999; Brémond et al., 2008; Wooller et al., 2003;
Neumann et al., 2017), and North America (Fredlund and Tieszen,
1997; Kerns, 2001; Blinnikov, 2005; Blinnikov et al., 2013; McCune et
al., 2015) have received much attention, there have been fewer at-
tempts in Siberia (Gavrilov and Golyeva, 2014; Gavrilov and Loyko,
2016), of which the Altay forms narrow southwestern edge.

Previous studies prove that phytoliths are robust proxies in ecotonal
studies at the interface of forest and steppe (Witty and Knox, 1964;
Verma and Rust, 1969; Blinnikov et al., 2013). First, grasses (Poaceae),
which contain an order of magnitude more biogenic silica than trees
(Geis, 1973; Piperno, 2006), are abundant in such areas. Short grass
cells are considered diagnostic at least to the subfamily level
(Neumann et al., 2017). Detection of forest vs. grassland communities
can sometimes bemademerely by studying the total opal concentration
in modern soils (Wilding and Drees, 1971; Blinnikov, 2005). Second,
forest-steppes typically span the dry end of the moisture gradient,
with few lakes or peat bogs available for pollen analysis. Finally, at
least in Eurasia, forest-steppe is of great interest to archeologists, be-
cause this has been a transitional zone between more sedentary forest
cultures and more nomadic steppe cultures with uncertain boundaries
between the two.

In higher plants of temperate northern Eurasia, phytoliths have been
mostly studied in grasses (Kiseleva, 1982, 1992), sedges (Bobrov et al.,
2016), conifers (Carnelli et al., 2004), and some dicotyledonous shrubs
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and herbs (Blinnikov, 1994; Volkova et al., 1995). The number of mod-
ern soil studies on phytoliths is even smaller. Golyeva (2001, 2008) has
published two monographs and many shorter articles, mainly in Rus-
sian, that summarize phytolith distribution in modern soil profiles
under various communities mainly in the European part of Russia and
primarily from the vicinity of archeological sites. Much of her ecological
attribution of phytolith assemblages is based on the unpublished disser-
tation of Kamanina (1992),who looked at phytolith assemblages in soils
across a latitudinal transect from tundra to semi-desert in the European
part of Russia. However, that study was based on only about 5 soil sam-
ples collected from each zone and did not use currently accepted phyto-
lith nomenclature.

There has been more recent work done in West Siberia dark taiga
forests (Gavrilov and Golyeva, 2014; Gavrilov and Loyko, 2016),
Kulunda steppe (Lada, 2016), and the Altay region in different commu-
nities (Speranskaja et al., 2016). Some of this work has been only
preliminary, not statistically verified and/or used ambiguous classifica-
tions for phytolith morphotypes inconsistent with the International
Code of Phytolith Nomenclature (Madella et al., 2005). Nevertheless, it
is clear that there is a growing interest in using modern analogs in
paleoreconstructions in Russia.

This study built a modern analog dataset, the first of its kind for the
south of Siberia. We test some hypotheses that have broader implica-
tions for other temperate forest-steppe regions of the world.

This paper aims to:

1. Describe overall diversity of phytoliths in modern soils under differ-
ent communities in Altaysky Kray across an environmental moisture
gradient from forests to meadows to steppe.

2. Relate these assemblages to themajor phytolith producing plants in
the region, principally grasses (Poaceae), but also sedges, horsetails,
conifers and various dicots.

3. Test whether major factors, such as climate and history of human
disturbance are correlated with modern phytolith composition.

In addition, we test the assertion of Golyeva (2007) that forests,
meadows, and steppes can be distinguished in the soil record based
on the presence of particular trichomes (large and blunt in forests and
small and pointy in meadows), and saddles and rondels in steppes.

2. Study area description

The study area is located in the Russian Altay, an area east of the Ural
Mountains and north of the Russia–Mongolia border. Most samples
come from Altaysky Kray, one of 85 subjects of the Russian Federation
with an area of 168,000 km2 and a population of 2.4 million. A few sam-
pleswere collected in the Republic of Gorny Altay, an adjacent area to the
south of 92,903 km2 and a population of 215,000. The climate of Altaysky
Kray is transitional between humid continental type with cold winters in
the north (e.g., Barnaul weather station, Mean Annual Temperature
(MAT) +1.9 °C, Mean Annual Precipitation (MAP) 409 mm average in
1960–1990) and semi-arid steppe in the south (MAT +1.6 °C, MAP
300 mm). A major moisture barrier, the Altay Mountains, is located fur-
ther south. Consequently, the overall decrease in precipitation observed
across the region from north to south is reversed in the foothills.

The relief of Altaysky Kray is flat in the west (Kulunda steppe), hilly
in the middle (Barnaul), andmountainous in the south (Altay foothills)
and east (Salairsky Range). It is bisected by the Ob River flowing north-
ward. From the physical geography perspective, the north and west of
the region belong to the Upper Ob province of the West Siberian low-
land, while the south and east belong to the Altay and Salair provinces
of the Altay–Sayan mountain system. Most of the rivers drain into the
Ob, except in thewest, where somewest flowing rivers endup in the in-
terior Kulunda Basin lakes. Typical elevations are 200 m a.s.l. on the
plains and up to 2000ma.s.l. near the Altay Republic border. The Repub-
lic has considerablymoremountainous relief reaching to 4500ma.s.l. in
the Katun Range. However in this study we only present results of the
analysis of the communities of lower elevations.

Our strategy was to encompass all major vegetation types of the re-
gion in locations readily accessible by road. A few soil samples were ob-
tained from each major sampling area (Fig. 1). Therefore, our dataset is
neither random, nor systematic, in its geographic extent, but still gives a
range of typical communities and soils (Table 3). The vegetation studied
ranges from forest-steppe in the north to true steppe in the south with
diversified mountainous vegetation in the east and extreme south.

Forest-steppe is composed of either birch and forbs communities or
birch-pine communities with well-developed forb layers (syntaxonomic
class Brachypodio pinnati-Betuletea pendulae Ermakov, Korolyuk and
Latchinski 1991, order Carici macrourae-Pinetalia sylvestris Ermakov,
Korolyuk and Latchinski 1991). Typical grass dominants in such forests
are Brachypodium pinnatum, Bromopsis inermis, Calamagrostis
arundinacea, Dactylis glomerata, Elytrigia repens, and Poa angustifolia.
Some of these are also common in the meadows that replaced forests in
many areas because of human interference. Typical soils are soddy-pod-
zolic (retisols) or gray forest soils (luvisols). True steppes belong to the
syntaxonomic class Festuco-Brometea Br.-Bl. et Tx. 1943, order Festucalia
valesiacae Br.-Bl. et Tx. 1943. The most common grass dominants are
Festuca pseudovina, Festucalia valesiaca, and Stipa capillata. Typical soils
under such communities are calcic chernozems in wetter areas and
kastanozems (chestnut soils) in dryer areas. Additional local communi-
ties includemarshes andwillow thickets along the rivers or lakes, and sa-
line meadows near lakes in the steppe zone. We did not undertake a
systematic study of those; however, individual samples from such were
obtained for a preliminary evaluation. It should be noted that about 65%
of Altaysky Kray is under cultivation today.We did not sample agricultur-
al fields systematically, and rather focused on less disturbed and more
natural communities. However, some sites did exhibit fair amounts of
disturbance from people or livestock and we accounted for such use in
our interpretations.

3. Methods

3.1. Phytolith extraction and counts

We analyzed phytoliths from 30 species of grasses (Poaceae) and 42
surface soil samples collected in 2015–2016. We also relied on published
data on phytolith production in some non-grass species, principally coni-
fers, horsetails, Cyperaceae, and Asteraceae, for which phytolith produc-
tion is known. Above-ground biomass of grasses was collected to
include both vegetative and generative organs. For each species, about
10 g of dry plant matter was obtained from a minimum of 3 different
plants at each location. In this paper we primarily rely on counts from
generative shoots, which would then include both forms characteristic
of the inflorescences and from the culms and leaves in themixed sample.

Samples of topsoil were collected at random locations within 10 ×
10 m square plots in non-forested communities and 50 × 50 m plots in
forests (Fig. 1). We did not attempt to collect samples systematically
across the entire region, rather in relatively undisturbed and accessible
areas. Ten random pinch samples of about 2 g of topsoil each free of litter
(from thedepthof 0–2 cm in theAhorizon)were obtained and thorough-
lymixed. Vegetation descriptions weremade in field recording dominant
plants and their percent cover. Each of the samples was then assigned to
one of the three vegetation formation types (forest, meadow, or steppe),
based on the composition of dominants. Additional classification down to
association level was carried out, but is not used here for the analysis.

Phytoliths were extracted from plant tissue samples using the mod-
ified dry oxidation technique of Golyeva (2008), which follows Piperno
(2006) and other researchers. Plant material was carefully rinsed with
distilled water, cut into small fragments of about 5 × 5 mm, and ashed
in a muffle furnace at 400 °C for 20 h. The residue was soaked in 10%



Fig. 1.Mapof the study area including theAltaysky Kray and theRepublic of GornyAltay inRussia. Sample numbers correspond to Table 3. Location 1: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 15, 17,
18, 20, 36, 37, 38, 39, 40, 42, 43, 45, 46; Location 2: 24, 32, 33, 34, 35; Location 3: 21, 22, 29, 30, 31; Location 4: 49; Location 5: 25; Location 6: 26; Location 7: 48; Location 8: 27, 28, 41;
Location 9: 23.
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hydrochloric acid to remove carbonates, washed, and dried. Soil sam-
ples were treated using the modified approach of Golyeva (2008). Ap-
proximately 40 g of soil was boiled in 15% hydrochloric acid for 1 h to
destroy carbonates andmost organics. After that, the residuewas cooled
to 20 °C and sandwas removed by rapid sieving through a 250 μm sieve
and settling for 30 s to the 15 cm depth. The residue below the 15 cm
mark near the bottom and on the sieve was mainly sand fraction and
was discarded. The remaining suspension of clay and silt was then sub-
jected to a few cycles of gravity sedimentation and decantation to re-
move suspended clays near the top (after 3 h, repeated 3–7 times)
(Tanner and Jackson, 1947). Phytoliths were floated in heavy liquid so-
lution of CdI2 and KI at 2.3 g/cm3. The samples were mixed thoroughly
with a glass rod and centrifuged for 10 min at a slow speed (approxi-
mately 1000 rpm). Thefloated phytolithswere collected by a Pasteur pi-
pette from the top 5 mm of the solution, transferred to clean test tubes
and sunk by adding distilled water in proportion of 3:1, and dried. The
phytolith-rich residue was stored dry in glass vials.

Phytoliths were counted in immersion oil under Olympus optical
microscope (×400–×1000) to examine 3D shapes using rotation. Be-
tween 200 and 500 phytoliths were counted per sample. Phytolith
morphotypeswere documented by lightmicrophotographs and perma-
nent reference slides. All identifiable phytoliths larger than 10 μmwere
counted, not only short cells (rondels, bilobates, polylobates, and sad-
dles), but also long cells and other grains of identifiable shape. We
followed the classification system of Blinnikov (2005), originally modi-
fied from Mulholland (1989) and Fredlund and Tieszen (1994), in de-
scribing grass morphotypes; and Bozarth (1992) and Piperno (2006)
in describing non-grass morphotypes (Plate I, Fig. 2). We also provide
descriptions following glossary in ICPN 1.0 (Madella et al., 2005) for
each morphotype (Table 1).

3.2. Statistical analyses

Morphotype percentages were plotted in two diagrams for the 30
grass species and 42 soil samples respectively (Table 1, Fig. 2). Canonical
correspondence analysis (CCA) was performed in PAST (Hammer et al.,
2001) on square-root transformed percentages of phytolith frequencies
to examine the indirect and direct environmental gradients implied by
the phytolith data (Blinnikov, 2005). Square root transformation re-
duces the influence of themost commonmorphotypes and emphasizes
less common ones, as appropriate for percentage values. The scores for
samples and phytolith morphotypes were shown on two different ordi-
nation graphswith the same axes, but at different scale, to show the de-
gree of overlap between different vegetation types. Boxplots drafted in
MINITAB 17 (2015) were used to further explore variability of the phy-
tolith percentage datawithin and between vegetation types as a formof
direct gradient analysis.We used discriminant analysis to assess the sta-
tistical likelihood of correct interpretation of random soil phytolith as-
semblages with three main vegetation types (“formations”: forest,
meadow, and steppe). We excluded three minor types (marsh, saline
meadow and floodplain willow thicket) because we had insufficient
number of samples from those.

MAT, MAP, and human disturbance influence on phytolith assem-
blages from soils were assessed using canonical correspondence analy-
sis in PAST (Hammer et al., 2001). MAT values were expressed in °C and
MAP inmmper year. Disturbancewas estimated as a dummy variable of
0, 1, or 2, depending on the level of disturbance estimated from local
land use records or field observations (Table 3). Native community re-
ceived a zero, evidence of grazing - one, and evidence of plowing or sig-
nificant logging - two.

4. Results

4.1. Morphotypes used in the study

Many dominant plant species of the Altay contain abundant silica
phytoliths (Plate I, Table 2, Fig. 2). Here we present morphotypes of
the dominant 30 species of grasses. We also analyzed phytolith produc-
tion in conifers, upland sedges, a few shrubs and forbs, and one species
of horsetail. All these taxa were expected to contribute to the phytolith
assemblages based on the published literature. While some researchers
use only grass short silica cell (GSSC) phytolith morphotypes (Fredlund
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and Tieszen, 1994), we also included long cells of Poaceae andnon-grass
phytoliths (Cyperaceae, Pinaceae, Equisetaceae) in the analysis. A few
morphotypes (small rectangular plates, smooth epidermal long cells,
and trichomes) may occur in grasses, sedges, and some dicots, and we
included them as such without presuming their taxonomic attribution.

As expected, studied grass species produce diverse morphotypes;
some of which were more redundant than others (Table 2). Most spe-
cies, however, have only two or three morphotypes representing
about 75% of the total for that species. Such morphotypes may be con-
sidered “characteristic” of these species. There were few “diagnostic”
morphotypes in our study: such would allow unambiguous identifica-
tion of the taxon if present. In addition to the silicified epidermal short
and long cells, grasses also produce abundant silicified hairs, trichomes
(lanceolate phytoliths), bulliform cells (rectangular and fan-shaped),
and scutiform opal (papillae) of inflorescences.

The GSSC were divided into six main types: plates, polylobate trape-
zoids, rondels, bilobates, saddles, and quadrilobates or crosses. Each
type except saddles and crosses have subtypes as described in Table 1
and shown on Plate I. The long cell phytoliths (rods) originate from
non-specialized long cells in the grass epidermis. Although the overall
variation in this group is high, five morphotypes were distinguished for
convenience: (i) straight and smooth long cells (could be from non-
grasses as well), (ii) perforated rods with small cavities, (iii) long cells
with wavy margins, (iv) deeply indented or toothed long cells including
dendritic phytoliths from inflorescences, and (v) angular long cells. The
sum of the latter four long cells was also calculated as PTW (perforated,
toothed and wavy) rods (Fig. 2) to simplify the analysis and compare
our results with less-detailed classifications of other researchers.

Rondels (short trapezoids) constitute another important group of
grass phytoliths. They form in highly specialized short cells in the epi-
dermis (Metcalfe, 1960). Rondels were divided into four groups, follow-
ing in part Mulholland (1989) and Fredlund and Tieszen (1994): (i)
rondels elongated in top view (oval trapezoid), (ii) short rondels round-
ed in top view with keel underneath, (iii) tall rondels rounded in top
view with keel underneath, and (iv) rondels rectangular in top view
and pyramidal in side view. There were a few other rondels (e.g.,
semispherical below, true conical with a single tip, or crescent shaped)
noticed in a few samples. Tall rondels (cf. Stipa) were tallied separately
from other rondels aswell, but are not listed separately in the table. This
classification should be approached with caution, as there are transi-
tional types. The sum of all rondels was mainly used in our interpreta-
tion, because it minimizes the risk of confusing similar morphotypes.

Most bilobates encountered in our studywere Stipa-type trapezoids.
These are bilobate in top view, but are actually trapezoids in the side
view (Mulholland, 1989; Fredlund and Tieszen, 1994). There were few
true Panicoid bilobates.

Trichomes (Mulholland, 1989) or lanceolate phytoliths (Madella et
al., 2005) are thick and pointy epidermal appendages developing on
the margins or along the veins of grass blades. We distinguished two
kinds of trichomes, following Golyeva (2007): long base and short tip
(“forest grasses” of Golyeva) vs. short base and long tip (“meadow
grasses”). A handful of longer silicified hairs were also encountered,
and included as “other.” In the temperate Holarctic flora, Asteraceae,
Cannabiaceae, Cyperaceae, Ulmaceae, Urticaceae, and a few other fami-
lies produce silicified hairs (Piperno, 2006).

We studied phytolith production in 30 species of Poaceae, all
common dominants in the Altay (Table 2). They were divided into six
ecological types along a moisture gradient from hydrophytic to xero-
phytic following Silantyeva and Elesova (2014). We also distinguished
four growth forms of Poaceae according to Serebryakov (1962): dense
Plate I. Phytolith morphotypes observed in plant tissue samples. 1 – bilobate short cell, 2 – sadd
rondel short cell, 6 – pyramidal rondel short cell, 7 – parallelepipedbulliform, 8 – conical rondel
12 –straight edge plate short cell, 13 – wavy plate short cell, 14 –straight edge smooth rod (
(trichome), 18 –cylindrical (long cell), 19 – lanceolate large (trichome), 20 – conical of Carex,
phytolith with pits of conifers, 25 – perforated rod (long cell). The scale bar applies to all photo
tussock, loose tussock, rhizomatous and annual. In addition, we ana-
lyzed phytoliths in conifers, horsetails, Cyperaceae and Asteraceae and
relied on published literature for the description of their forms.

4.2. Distribution of morphotypes in modern plants

4.2.1. Rondels
We distinguished four rondel types in the initial counts, but lumped

them together for the analysis (Plate I, 4, 5, 6, 8). Rondels dominate as-
semblages from steppe grasses (Elymus gmelinii, Festuca valesiaca, F.
pseudovina, Leymus dasystachius, Stipa capillata) typical of dry steppe
communities in the Altay with N60% of all morphotypes in plants
(Table 2; Speranskaja et al., 2016). However, in our study area rondels
can be found in smaller proportion in mesophytic grasses in meadows
(Elytrigia repens, Festuca pratensis, Poa pratensis) (Speranskaja et al.,
2016). Needlegrasses (Stipa spp.) produce distinct tall or round bottom
rondels, which are characteristic of the genus Stipa. Poa pratensis has 8%
of its phytoliths in conical with pointed tip rondel subcategory, but
these are overall uncommon in most grasses studied (b2% of all
phytoliths). Rondels may be used to construct an index to distinguish
wet (few rondels) from dry (high rondels) habitats in our region (Fig. 3).

4.2.2. Polylobate sinuate trapezoids
These are GSSC rectangular from the top,with a fewundulations, but

trapeziform in the side view (Plate I, 9, 11). They are common in meso-
phytic Pooid grasses (Agrostis gigantea, Bromopsis inermis, Calamagrostis
epigeios, Dactylis glomerata,Milium effusum, Poa pratensis) (Speranskaja
et al., 2016), but are found occasionally in some xerophytes (Leymus
angustus, Puccinella tenuissima). Overall, these are most typical in
hydro-to mesophyte end of the moisture gradient (mean = 20% for all
plant species in these categories), and least common in mesoxeropytes
(with the exception of Calamagrostis epigeios, 50%) and true xerophytes
(mean b 2%) (Fig. 3).

It must be noted that these are all trapeziform in side view, not true
polylobates of Panicoideae. We studied two species of Panicum, and
those had 3–4% of polylobate Panicoid formswith 3 lobes. Some authors
distinguish asymmetrical and symmetrical lobate forms based on the
match of one undulation on top to the other on the opposite side of
the phytolith (Gavrilov and Loyko, 2016; Speranskaja et al., 2016). We
acknowledge such distinction, but do not use it in our analysis here.

4.2.3. Bilobates, including trapeziform Stipa-type
Despite the name, Stipa-type bilobates are rare in the aboriginal Stipa

of the region, but they are common in North American Achnatherum
(Fredlund and Tieszen, 1994), but are found among some Pooideae
(Agrostis, Calamagrostis, Stipa) (Speranskaja et al., 2016). Panicoid-type
bilobates in our studied set of grasses are only common in the weedy
species of Panicum ruderale (6%) and Setaria viridis (52%).

4.2.4. Saddles
In Altaysky Kray, a few needlegrass (Stipa) and bluegrass (Poa)

species produce these (Plate I, 2; Speranskaja et al., 2016). Saddles are
most common in xeromesophytes. One outlier is Stipa korshinsky, a
mesoxerophyte, in which saddle-type phytoliths were the most com-
mon of all studied species (13%). However, both xeromesophytes and
mesoxerophytes are quite similar ecologically as they occupy the mid-
dle of themoisture gradient. Golyeva (2001) views these as characteris-
tic of the Eurasian steppes in general, in contrast with North America or
Africa, where saddles are characteristic of communities dominated by
Chloridoid grasses, e.g., short-grass prairie (Fredlund and Tieszen,
le short cell, 3 – cross (quadrilobate) short cell, 4 – keeled rondel short cell, 5 – keeled tall
short cell, 9 – polylobate symmetrical, 10 – cubical bulliform, 11 – polylobate asymmetrical,
long cell), 15 – toothed rod (long cell), 16 –curved rod (long cell), 17 – lanceolate small
21 – oval flat short cell, 22 – wavy rod (long cell), 23 – fan-shaped bulliform, 24 –blocky
s. See Table 1 for the corresponding names according to ICPN 1.0.



Fig. 2. Percentage of phytolith morphotypes from 42modern soil samples collected from the Altaysky Kray and the Republic of Gorny Altay in Russia. Mean annual temperature (MAT) in
°C, mean annual precipitation (MAP) in mm.
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1994; Neumann et al., 2017). Chloridoids are absent from the native
flora of our region.

4.2.5. Plate phytoliths
We found straight-edge rectangular plates (Plate I, 12) not only in

Poaceae, but in some dicots. A high proportion of these forms might
imply high amount of dicots in the plant cover. However, due to the
Table 1
Morphotypes recognized in this study described according to the International Code for
Phytolith Nomenclature (Madella et al., 2005). See Plate I for microphotographs.

Morphotype name Nomenclature notes (ICPN 1.0)

Keeled short rondel Grass short cell epidermal trapeziform carinate with round
top and height ≤ diameter of the top

Keeled tall rondel Grass short cell epidermal trapeziform carinate with round
top and height N diameter of the top

Pointed tip rondel Grass short cell epidermal conical with round top
Pyramidal square
rondel

Grass short cell epidermal trapeziform with square top

Bilobate Trapeziform bilobate or true bilobate (dumbbells)
Saddle Saddle nomina conservanda
Cross Quadrilobate or cross
Oval flat trapezoid Grass short cell trapeziform epidermal oval top
Polylobate
symmetrical

Grass short cell trapeziform epidermal undulated top

Polylobate
asymmetrical

Grass short cell trapeziform epidermal undulated top

Straight plate Short cell tabular epidermal rectangular psilate top
Wavy plate Grass short cell tabular epidermal sinuate top
Lanceolate large
(trichome)

Lanceolate with long base and short tip (“forest trichomes”
sensu Golyeva, 2001)

Lanceolate small
(trichome)

Lanceolate with short base and long tip (“meadow
trichomes” sensu Golyeva, 2001)

Conical Cyperaceae epidermal short cell with hexagonal base
Conifer suite Include silicified tracheids and blocky forms with pores
Perforated rod Grass elongate scrobiculate epidermal cell
Toothed rod
(dendritic)

Grass elongate echinate epidermal cell from glumes

Wavy rod Grass elongate sinuate epidermal cell
Straight smooth
rods

Psilate epidermal long cell with parallel sides (Poaceae,
Cyperaceae, some dicots?)

Long curved and
angled cells

Grass or non-grass long cells that have curves or angles

Fan shaped Grass bulliform
Parallelpiped
bulliform

Grass bulliform

Cubical Grass bulliform
very high redundancy of this morphotype, we do not see much value
in these forms. In our study we focusedmainly on the diagnostic poten-
tial of wavy plates (Plate I, 13) that were first described by Kiseleva
(1982) and later confirmed by Blinnikov (2005) as characteristic of
junegrass (Koeleria) и wheatgrass (Agropyron s.l.) genera. In the Altay,
this morphotype is also common in xerophytic Elymus gmelinii and is
found in small proportions in mesophytic species typical of meadows
(B. inermis, P. pratensis) (Speranskaja et al., 2016). Ecologically, these
forms are more abundant in xeromesophytes (8%), mesoxerophytes,
and xerophytes, but in the latter there is a very wide range of their oc-
currence from none at all to 41% in Koeleria.

4.2.6. Epidermal long cells
Called ‘rods’ by some authors, these are generally produced in grass

long silica cells (GLSC) of (with parallel edges and various ornamenta-
tion), although they may be also produced by Ericaceae (especially
curved) and some dicot shrubs and forbs (Carnelli et al., 2004). Appar-
ently, long smooth rods (Plate I, 14) may also be produced by sedges,
some other monocots, and by Asteraceae (Artemisia, Centaurea, Picris).
Golyeva (2008) considers these common in dicotyledonous forbs.
Only limited study of LC in grasses and forbs has been conducted for
the region (Speranskaja et al., 2016). In grasses, smooth LC were most
common in hydrophytes, mesohydrophytes and true mesophytes
(mean=19%) and least common in the xeromesophytes (mean=6%).

Besides smooth rods, we also distinguished perforated (Plate I, 25),
wavymargin (Plate I, 22), and asymmetrical rods (Plate I, 16) and a spe-
cial subset of LC – dendritic forms of glumes in grass inflorescences
(“toothed rods”, Plate I, 15). The latter are generally viewed as diagnos-
tic of cultivated grasses (wheat, barley, oats, millet, etc.), but also occur
in the inflorescences of wild members of the Triticeae tribe (Ball et al.,
1999), of which important genera in our region include Agropyron,
Elymus, Elytrigia, and Leymus. Ecologically, these are mainly common
in xeromesophytes (mean=10%), although they are also very common
(19%) in Elytrigia repens, a mesophyte.

4.2.7. Trichomes and silicified hairs
Mesophytic grasses of Altaysky Kray produce more, and larger, tri-

chomes (lanceolate phytoliths, Plate I, 17, 19) than xerophytes
(Speranskaja et al., 2016), which generally agrees with the assertion of
Golyeva (2007). Trichomes, however, can be also produced by sedges
(Ollendorf, 1992). When taken as a single morphotype, lanceolate
phytoliths are most common in hydrophytes (mean = 35%) and least



Table 2
Percentages of phytolithmorphotypes observed in grasses and arranged by Silantyeva and Elesova (2014) ecological type: Xer - xeropyte,Mxer –mesoxerophyte, Xmes – xeromesophyte,
Mes -mesophyte,Mhyd -mesohydrophyte, Hyd - hydrophyte and growth forms of Serebryakov (1962): Dtuss - dense tussock perennial, Ltuss - loose tussock perennial, Riz - rhizomatous
perennial and Ann - annual. All species are Pooideae subfamily, except two species of Panicum and one of Setaria. Most common morphotype is highlighted in bold.

Species Ecol.l
group

Growth
form

Keeled
square
rondel

Conical
rondel

Bilob. Saddle Cross Polylob. Wavy
plate

Plate Trich. Smo.
rods

Perf.
rods

Tooth
rods

Wavy
rods

Asym.
rods

Stom. Bull

Stipa lessingiana Xer Dtuss 64 5 4 1 0 1 1 3 18 1 2 0
Festuca valesiaca Xer Dtuss 74 2 0 7 1 14 1 0 1
Koeleria cristata Xer Dtuss 18 1 1 2 41 3 5 19 7 1 1 1
Stipa capillata Xer Dtuss 80 1 2 1 1 1 2 1 2 2 1 1 3 2
Pucinella tenuissima Xer Ltuss 51 0 1 0 12 1 3 24 1 1 1
Agropyron pectinatum Xer Ltuss 21 5 1 22 1 4 27 1 12 1 2 2 1 1
Leymus angustus Xer Ltuss 39 2 1 2 14 8 16 10 3 3 2 1
Leymus dasystachys Xer Ltuss 69 1 1 1 2 6 3 4 7 4 2 1
Festuca pseudovina Mxer Dtuss 67 2 3 5 1 9 8 2 1 1 1
Stipa korshinsky Mxer Dtuss 59 13 2 3 14 5 1 1 2
Stipa pennata Mxer Dtuss 58 1 1 1 1 1 7 6 7 14 2 1
Poa angustifolia Mxer Ltuss 52 1 0 7 4 11 21 1 2 1
Phleum phleoides Mxer Ltuss 32 2 0 7 2 31 19 3 1 1 2 0
Elymus gmelinii Mxer Ltuss 55 1 1 1 4 20 2 6 4 5 1
Calamgrostis epigeios Mxer Riz 6 3 50 1 19 8 11 1 1
Elymus exelsus Xmes Ltuss 49 2 1 4 8 4 7 20 5
Agrostis vinealis Xmes Ltuss 10 1 3 47 14 1 8 11 1 1 1 2
Dactylis glomerata Mes Ltuss 9 1 1 51 8 23 2 2 1 1 1
Milium effusum Mes Ltuss 4 1 50 14 27 1 1 1 1
Elytrigia repens Mes Ltuss 41 1 1 1 2 26 6 19 2 1
Festuca pratensis Mes Ltuss 49 1 1 2 12 1 1 12 11 3 2 1 3 1 1
Poa pratensis Mes Riz 46 8 1 6 8 9 19 1 1 1
Bromopsis inermis Mes Riz 19 1 1 5 13 14 1 14 16 1 10 1 4
Panicum ruderale Mes Ann 3 6 52 3 6 27 1 1 1
Panicum miliaceum Mes Ann 4 1 63 4 1 23 1 1 2 0
Setaria viridis Mes Ann 8 52 4 3 4 5 18 5 1
Agrostis gigantea Mhyd Ltuss 13 10 1 40 1 1 9 9 12 1 1 2
Alopecurus arundinacea Mhyd Ltuss 37 2 3 0 5 1 22 24 1 2 3
Poa palustris Hyd Ltuss 26 1 0 1 3 43 18 1 1 1 2 3
Calamagrostis
pseudophragmites

Hyd Riz 9 0 2 38 1 22 21 1 1 2 1 2
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common in xerophytes (mean = 2%). This is an important finding, be-
cause it may allow to design an index of wet vs. dry habitats.

4.2.8. Sedge phytoliths
These are conical phytoliths (Plate I, 20) usually with rounded or

hexagonal base and some smaller satellite bodies well known from
the literature (Mehra and Sharma, 1965; Bobrov et al., 2016). These
forms tend to be underrepresented in soils, probably due to their
rapid dissolution (Yost et al., 2013; Cabanes and Shahack-Gross,
2015). Special care must be taken to not confuse these with rondels or
scutiform opal from grasses.

4.2.9. Conifer phytoliths
The main form observed in our samples were square blocky forms

with pores (Plate I, 24), probably of Scotch pine (Pinus sylvestris), the
main conifer species in the plains in the region (Blinnikov, 1994;
Delhon et al., 2003). Additional forms in soils may include bordered
pit tracheids, undulated plates, and ornamented blocky forms of Picea
and epidermal cell walls of uneven thickness of Larix (Klein and Geis,
1978; Bozarth, 1993; Carnelli et al., 2001; Blinnikov, 2005). These
phytoliths should not be confused with blocky parallepiped bulliform
cells from grasses (An, 2016).

4.3. Phytoliths in modern soils

Forty-two soil samples were collected at nine locations across the
Altay (Figs. 1 & 2, Table 3). This geographic extent is not sufficient for a
thorough representation of all regional vegetation and soil diversity.
The range of available samples, however, does illustrate the regional var-
iability in the phytolith record from modern soils (Fig. 2). Table 3
provides information on the geographic coordinates, elevation, and veg-
etation composition for each sample. The samples were grouped into
three main vegetation types or formations (forests, meadows, and
steppe) with additional samples coming from a marsh, a willow thicket
in the floodplain, and a saline meadow community. The vegetation
types are necessarily subjective, but they generally correspond to the
common formations described for the region (Kuminova et al., 1963).

The following broad vegetation types (formations in the Russian lit-
erature) were distinguished from driest to wettest communities:

(i) Steppe – these included samples principally from Artemisia-
Festuca valesiaca-Stipa capillata and Carex-Festuca valesiaca-
Stipa pennata associations.

(ii) Meadow – these included samples from wet meadows in the
floodplains and some uplandmeadowswith diverse forbs, typical
meadow grasses (Dactylis, Festuca pratensis, Bromopsis inermis)
and limited presence of steppe elements (e.g., Koeleria and Stipa).

(iii) Forest – these included samplesmainly frombirch forests, but also
from aspen andmixed birch-pine forest. Additional forest samples
came from larch and Siberian cedar pine forests in the Altay foot-
hills. In addition, we sampled a marsh, a saline community, and a
floodplain willow thicket.

CCA ordination graph (Fig. 4, only the first two axes are shown)
shows that the three main formations could be distinguished, but
therewas a significant overlap. The first axis of CCA ordination accounts
for 63% of the information in the data andmost closely alignswithMAT.
The second axis of CCA accounts for most of the remaining information
(33%) and aligns with MAP. The disturbance signal does not appear to
be reflected in the morphotype assemblages to a significant degree.
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Fig. 4 graph shows groupA ofwarmandmoderately dry steppe sam-
ples on the right middle side (32–35, Table 3). These samples are most
closely aligned with the prevalence of plates, saddles, and bilobate
morphotypes. Group B of mesic meadows (21, 27–31, Table 3) in the
top right of the diagram has affinity with warm and wet conditions
and crosses, lanceolate and PTWrod phytoliths. Forest samples on the
top and left side of the diagram (Group C) include samples 22, 23 and
26,with strong presence of sedge and conifer phytoliths and high values
ofMAP (Table 3). Samples near the bottom of the graph in group D (1, 4,
5, 8, 12, Table 3) are mainly from dry steppes or meadows with steppe
elements. They have some presence of bulliforms and long cells that are
curved (of unknown provenance). Samples near the center of the dia-
gram come from transitional ecotonal communities: 9, 10, 14, 15, 17,
20, 24, 38, 39, 40 in Table 3. These are either samples taken from a
steppe near a forest, in wet (meadow) steppes, or meadows that now
grow in place of a recently logged forest (b50 years ago) (Fig. 5).

Boxplots allow direct examination of the phytolith data by plotting
each morphotype for the six vegetation types (Fig. 5). Bilobates, mainly
of trapeziform Stipa-type, are more common in meadows (Agrostis
gigantea, Dactylis glomerata, Poa pratensis, Setaria viridis) than in steppes
(Stipa). True bilobates are rare in Stipa, and there are no native Panicoids.
Saddles are clearly most common in the steppe, as expected (Festuca
pseudovina, Stipa korshinsky). Chloridoids are virtually absent from thena-
tiveflora, and thus do not contribute saddles to our assemblages. Rondels,
likewise, are most common in the steppe (Stipa spp., F. pseudovina).
However, they are common in the meadows as well (Festuca pratensis,
Elymus, Leymus, Elytrigia). Polylobates are most common in the forests
(Calamagrostis, Agrostis, Poa). Plates are common everywhere, but are
slightly higher in meadows (Bromopsis inermis, Koeleria cristata). Tri-
chomes are most common in the forests and meadows, especially large
trichomes (cf. “forest type” of Golyeva, 2007). Not surprisingly, coniferous
phytoliths are most common in the (coniferous) forests, although one
samplewithmany of those came from ameadowplanted in a former for-
est indicating a degree of soil inheritance. Ornamented rods are most
common in forests and meadows and are less common in steppes. They
are especially numerous in the saline meadow and the willow thicket.
Bulliform phytoliths are most common in the steppes. While they could
be common in marshes with common reed (Phragmites), in our data
they were not, but we did not sample any marshes with a high presence
of Phragmites. Generally, they are associated with high evapotranspira-
tion, rather than moisture availability (Brémond et al., 2005). Smooth
rods aremost common in the forests, and thesemay be contributed by di-
cots, e.g., Asteraceae and Ericaceae (Fig. 6).

We also performed discriminant analysis to see just how strong this
degree of overlap is. We did not use willow, marsh and saline meadow,
because there was only one of each sample of those, while a minimum
of two is required for each formation. Our formation label (forest,mead-
ow, and steppe) correctly identified 76.9% of all samples based on phy-
tolith data, which is somewhat low. Amajor issue is that many samples
were taken from either ecotonal communities (e.g., a steppe area near a
forest) or from transitional communities (e.g., former forest that is now
a meadow). In terms of distance between the groups, meadows and
steppes are closer to each other than either is to forests.

4.4. Climate, soil type, and land use

In our limited dataset forests occupy sites with higher MAP than
steppes. Meadows are found in intermediate positions, although some
meadows can co-exist side-by-side with forest based on local relief
and land use history. Therefore there is relatively little difference in cli-
mate values across the entire suite of our samples. The highestMATwas
+2.1 °C (#33–35, all variants of Artemisia-Festuca steppe, Table 3) and
Fig. 3. Percentage of each phytolith morphotype class out of a count of 300 in grass species fr
moisture gradient (wet on the left, dry on the right): 1-Hyd – hydrophytes (n = 2), 2-Mhyd-
= 2), 5-Mxer – mesoxerophytes (n = 7), 6-Xer – xerophytes (n = 8). See Table 2 for the com
the lowest was −4.2 °C (#23, Larix-Pinus sibirica forest, Table 3). The
highest MAP was 700 mm (#26, Calamagrostis-Carex fir forest) and
the lowest was 220 mm (#25, Stipa steppe).

Soil type can play a role in composition and amount of phytolithma-
terial (Reyerson, 2012; Hyland et al., 2013). In this study, samples come
from forest soils (e.g., gray forest soils and podzols), meadow podzolic
and two types of chernozems and a kastanozem. However, we did not
explicitly test soil association influence on phytolith assemblage com-
position or volume in this study.

The fertility of soils is lower today by 50% as compared to 50 years
ago due to poor agricultural practices, erosion, and lack of proper soil re-
generation. Many forests have been thinned out and grazing in them is
not uncommon. The majority of sites we studied required careful selec-
tion to avoid most damaged areas. CCA suggests that disturbance factor
plays a small role in determining phytolith assemblage composition
among our samples. Saddles and curved long cells seem to be most as-
sociated with this factor.

We tested Golyeva's (2007) scheme of classifying soil assemblages
as “forest” or “meadow” based on the presence of lanceolate phytoliths
(trichomes). In her classification widely used in Russia, trichomes are
classified into those of “forest grasses” if they have a large base, but rel-
atively short tip. Conversely, “meadow grasses” are presumed to have
shorter bases, but longer tips (fig. 17.2 in Golyeva, 2007). For example,
in the following studies assemblages of paleosamples were assigned to
either forest or meadow in part based on this differentiation (Gavrilov
and Loyko, 2016; Lada, 2016; Ryabogina et al., 2013). In our samples,
both types of trichomes were initially tallied separately and we could
compare their distribution in various samples. The correlation analysis
showed no relationship between the larger less pointy and the smaller
more pointy forms (r = 0.024). One-way ANOVA showed little statisti-
cal difference between the formation typeswith themean value of large
“forest” trichomes averaging 2.95% for forests, 2.0% for meadows, and
1% for steppes (p= 0.563). For small “meadow” trichomes the average
was 16.39% for forests, 12.38% for meadows and 8.81% for steppe (p =
0.186). Significantly, some samples had virtually no trichomes of either
kind, regardless of the vegetation type. While trichomes can be very
common in soils, their differential silicification is in all likelihood similar
to that of the bulliform cells, which have been shown to silicify more
when exposed to greater transpiration or water stress (Brémond et al.,
2005). Thus, we will expect the largest trichomes to develop in grasses
of generally dry habitats that were exposed to some extra seasonal
moisture. Therefore,we do notfind the schemeof “forest” vs. “meadow”
trichomes of Golyeva (2007, 2008) applicable to our region, at least
without further qualification, as we cannot distinguish meadow sam-
ples from forest samples based on trichome morphology or size. How-
ever, we can distinguish steppe assemblages from forests or meadows
based on much lower presence of trichomes in steppes (maximum
value observed in forests is 15% for large and 35% for small trichomes,
while maximum values for steppes are 3.2% and 18% respectively).

With respect to other commonly used forms in Golyeva's (2007) eco-
logical classification, our study corroborates that saddles (one-way
ANOVA for six vegetation types, p = 0.034) and rondels (p = 0.001)
are in fact statisticallymore common in steppes than in any other vegeta-
tion type (Fig. 6). Bilobates are only very slightly more common in
meadows (mean = 4.95%) than in forests (3.83%) as indicated by two-
tailed t-test (p = 0.564). Polylobates are only slightly more common in
forests (mean=12.50%) than inmeadows (10.73%) (p=0.459). This im-
plies that polylobates or bilobates cannot be used to distinguish forests
frommeadows in our region, contrary to findings for the European Russia
inGolyeva (2007). Onemorphotype that seems to reliably distinguish for-
ests (mean = 20.28%) from meadows (mean = 12.74) in our study are
smooth rods (two-way t-test, p = 0.01). Golyeva (2008) asserts that
om the study area arranged by ecological types of Silantyeva and Elesova (2014) along a
mesohydrophytes (n = 2), 3-Mes – mesophytes (n = 9), 4-Xmes – xeromesophytes (n
plete species list in each category.



Table 3
Soil samples used in this study. Climate data are extrapolated from the database of Altay State University (unpublished) based on climate means from 1970 to 2000. Disturbance was
assessed from available land use records and visual appearance.

Sample Community Location Coordinates Soil type Climate Disturbance

MAT
°C/Tjul
°CI

MAP,
mm

1 Artemisia-Festuca-Stipa
capillata steppe

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.62″ N
79°07′12.53″ E

Meadow
chernozem

0.1/19.0 300 Evidence of plowing

2 Artemisia-Festuca-Stipa
capillata steppe

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.11″ N
79°12′ 36.1″ E

Southern
chernozem

0.1/19.0 300 Native community under
grazing

3 Artemisia-Festuca-Stipa
capillata steppe

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.11″ N
79°12′36.1″ E

Southern
chernozem

0.1/19.0 300 Native community under
grazing

4 Carex-Festuca-Stipa steppe Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′36.12″ N
79°07′11.64″ E

Meadow
chernozem

0.1/19.0 300 Evidence of plowing

5 Carex-Festuca-Stipa steppe Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′36.12″ N
79°07′11.64″ E

Meadow
chernozem

0.1/19.0 300 Evidence of plowing

6 Forb-grass meadow with
steppe elements

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′38.46″ N
79°07′10.99″ E

Meadow
chernozem

0.1/19.0 325 Native community

7 Forb-grass meadow with
steppe elements

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′38.46″ N
79°07′10.99″ E

Meadow
chernozem

0.1/19.0 310 Native community

8 Forb-grass meadow with
steppe elements

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′38.46″ N
79°07′10.99″ E

Meadow
chernozem

0.1/19.0 310 Native community

9 Stipa pennata steppe near
forest edge

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′55.3″ N
79°13′16.4″ E

Southern
chernozem

0.1/19.0 310 Native community under
grazing

10 Birch forest with steppe
elements

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′56.6″ N
79°13′23.9″ E

Southern
solodized
chernozem

0.1/19.0 330 Native community under
grazing

12 Artemisia-Carex-Festuca
steppe

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.25″ N
79°07′8.07″ E

Meadow
chernozem

0.1/19.0 320 Evidence of plowing

14 Stipa cаpillata steppe near
forest edge

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′57.7″ N
79°13′18.8″ E

Southern
chernozem

0.1/19.0 310 Native community under
grazing

15 Birch forest with steppe
elements

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′46.8″ N
79°13′25.8″E

Southern
solodized
chernozem

0.1/19.0 330 Native community under
grazing

17 Birch forest with steppe
elements

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′44.7″ N
79°13′20.9″E

Meadow
chernozem

0.1/19.0 330 Native community under
grazing

18 Willow thicket in an oxbow
of a river

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°33′16.1″ N
79°12′42.4″E

Alluvial
(fluvisol)

0.1/18.9 330 Native community

20 Forb-rich meadow Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°32′78.1″ N
79°21′ 00.3″E

Common
chernozem

0.1/19.0 320 Native successional community
after logging of the forest

21 Birch forest Altaysky Kray, Pervomaysky district, about 2
km NE of Tsaplino station

53°34′2.14″ N
83°44′24.41″ E

Gray forest soil 0.9/18.9 500 Native community

22 Mixed forest Altaysky Kray, Pervomaysky district, 0.5 km
north of Berezki station

53°33′45.31″ N
83°46′15.49″ E

Soddy podzolic 0.9/18.9 520 Native community

23 Larch-cedar pine forest Republic of Gorny Altay, Ulangansky district 50°19′29.1″ N
87°37′59.7″ E

Brown podzolic
mountain-forest

−
4.2/13.6

450 Native community

24 Meadow steppe Altaysky Kray, Mikhailovsky district 52°10′01.95″ N
79°54′14.08″ E

Dark
kastanozem

1.8/20.6 230 Native community

25 Stipa steppe Altaysky Kray, Uglovsky district, north of Lake
Bolshoy Tassor

51°8′31″ N
80°23′44″ E

Kastanozem 1.8/20.6 220 Native community

26 Calamagrostis-Carex fir
forest

Altaysky Kray, Smolensky district, left bank of
the Danilovka

57°57′21.23″ N
85°04′35.28″ E

Soddy podzolic 1.8/19.2 700 Native community

27 Shrubby grass-forb meadow Gorny Altay republic, Onguday district,
Seminsky Pass

51°01′45.09″N
85°37′59.13″E

Brown mountain
meadow soil

−
1.1/16.2

550 Native community

28 Shrubby meadow Gorny Altay Repiblic, Shebalinsky district, left
bank of the Sarlyk

51°06′35.78″ N
85°36′07.01″E

Brown mountain
meadow soil

1.2/17.5 490 Native community

29 Forb-grass upland meadow Altaysky Kray Pervomaysky district, about 2
km NE of Tsaplino station

53°33′56.03″N
83°44′10.81″E

Leached
chernozem

0.9/18.9 500 Native community, possibly
some soil disturbance by
people

30 Forb-rich upland meadow Altaysky Kray, Pervomaysky district, about 2
km NE of Tsaplino station

53°33′56.03″N
83°44′10.81″E

Leached
chernozem

0.9/18.9 500 Native community, possibly
some soil disturbance by
people

31 Bromopsis-Dactylis meadow Altaysky Kray, Pervomaysky district, about 2
km NE of Tsaplino station

53°33′55.29″N
83°44′21.47″E

Dark gray forest 0.9/18.9 500 Former birch forest

32 Artemisia-Festuca steppe Altaysky Kray, Mikhailovsky district, 5 kmwest
of vil. Poluyamki

52°11′15.8″N
79°43′32.0″E

Kastanozem 2.1/21.0 240 Evidence of plowing

33 Artemisia-Festuca- Stipa
capillata steppe

Altaysky Kray, Mikhailovsky district, 5 kmwest
of vil. Poluyamki

52°11′29.67″N
79°43′29.60″E

Kastanozem 2.1/21.0 240 Evidence of plowing

34 Medicago-Artemisia-Festuca
steppe

Altaysky Kray, Mikhailovsky district, 5 kmwest
of vil. Poluyamki

52°11′15.8″N
79°43′32.0″E

Dark
kastanozem

2.1/21.0 240 Native community

35 Astragalus-Artemisia-Festuca
steppe

Altaysky Kray, Mikhailovsky district 52°06′28.65″ N
79°29′56.54″ E

Dark
kastanozem

2.1/21.0 240 Pasture about 30 years ago,
successional steppe

36 Aspen forest Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′58.4″ N
79°13′32.3″ E

Meadow
solodized
chernozem

0.1/19.0 350 Native community with some
grazing

37 Birch forest Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′58.8″N
79°13′27.1″E

Southern
solodized

0.1/19.0 330 Native community with some
grazing
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Table 3 (continued)

Sample Community Location Coordinates Soil type Climate Disturbance

MAT
°C/Tjul
°CI

MAP,
mm

chernozem
38 Forb-grass meadow with

steppe elements
Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′39.1″ N
79°07′10.3″ E

Southern
chernozem

0.1/19.0 325 Native community

39 Forb-grass meadow with
steppe elements

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′39.1″ N
79°07′10.3″ E

Southern
chernozem

0.1/19.0 320 Native community

40 Forb-grass forest with
steppe elements

Altaysky Kray, Khabarsky district, 1 km from
Novoilyinka vil., right bank of the Burla

53°32′52.6″ N
79°13′26.6″ E

Southern
solodized
chernozem

0.1/19.0 350 Native community with some
grazing

41 Larch forest Gorny Altay republic, Onguday district,
Seminsky Pass

51°01′45.09″ N
85°37′59.13″ E

Brown mountain
forest

−
1.1/16.2

650 Native community

42 Marsh Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.11″ N
79°12′36.1″ E

Histosol 0.1/18.9 325 Native community

43 Sedge-Festuca-Stipa steppe Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′39.1″ N
79°07′11.96″ E

Meadow
chernozem

0.1/19.0 300 Evidence of plowing

45 Saline meadow Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′41.3″ N
79°07′11.64″ E

Saline meadow
chernozem

0.1/19.0 325 Native community

46 Artemisia-Festuca-Stipa
capillata steppe

Altaysky Kray, Khabarsky district, 8 km from
Novoilyinka vil.

53°19′40.11″ N
79°12′36.1″ E

Meadow
chernozem

0.1/19.0 300 Evidence of plowing

48 Floodplain forb-grass
meadow with Dactylis

Altaysky Kray, Altaysky district, Ust-Uba
village (Lower Kayancha), left bank of the
Katun

51°53′22.15” N
85°48′50.71″ E

Meadow
chernozem

1.1/19.2 450 Degraded meadow after
grazing

49 Floodplain forb-grass
meadow

Altaysky Kray, Pervomaysky district, City of
Barnaul, Zaton settl., right bank of the Ob

53 17′ 52.14″ N
83 47′ 28.33″ E

Soddy alluvial 1.1/19.7 490 Native community
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these are contributed primarily by dicots. We do not have sufficient bo-
tanical information to corroborate that, but in fact this morphotype is
one of only two that is distinctly more common in forests as compared
tomeadows.We suspect that some of these cells are actually contributed
by upland sedges (e.g., Carex pilosa) that are common in Russia's forests.

5. Discussion

5.1. Phytoliths in plants

Identifiable phytoliths were found in all grasses and some other
dominant plants of Altaysky Kray (Table 1). Characteristic phytolith
shapes from Pinus sylvestris were described earlier (Klein and Geis,
1978; Delhon et al., 2003; Carnelli et al., 2004). We mainly found
Fig. 4. Canonical Correspondence ordination of modern soil samples (A, top) based on proportion
rectangular blocky forms with pits, although silicified transfusion tra-
cheids with tapering ends can be occasionally found under pines as
well. Pinus siberica is less silicified, but can also produce phytoliths. An-
other common conifer in the region is Larix sibirica. Larch forms charac-
teristic phytoliths from epidermal cell fragments with unevenly thick
walls (Klein and Geis, 1978; Blinnikov, 2005) that were found in larch
forest sample.

In their classic paper, Twiss et al. (1969) proposed a “three-group”
classification model that divided all grass phytoliths into Panicoids (i.e.,
bilobates and crosses), Chloridoids (i.e., saddles), and Festucoids (i.e., ron-
dels and wavy forms). A thorough evaluation of this system can be found
in Mulholland (1989). Neumann et al. (2017) demonstrated that all 12
subfamilies of Poaceae can in fact be distinguished by their short grass
cells alone in a recent study fromWest Africa. Because virtually no native
s of major phytolith morphotypes (B, bottom). Soil sample numbers correspond to Table 3.



Fig. 5. Phytolith morphotype percentages based on counts of 300 from soil samples collected under six different community types (formations) in the Altay. Boxes comprise the middle
50% of all values, circles with crosses show the mean value, horizontal line in each box shows median value, and asterisks indicate outliers.
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Chloridoid or Panicoid species grow in the study area, we develop amore
detailed system of grass phytolith classification based primarily on com-
mon Pooid forms (subfamily Pooidae, all C3 grasses).

Patterns in Pooid phytolith production in the Altay by genus are sim-
ilar demonstrated earlier for Alberta (Blackman, 1971), Northwestern
North America (Blinnikov, 2005; McCune and Pellatt, 2013) in North
America; Tierra del Fuego in South America (Fernández Pepi et al.,
2012); the European Alps (Carnelli et al., 2004), Northern Caucasus
(Kiseleva, 1992; Blinnikov, 1994) andMongolia (Kiseleva, 1982). In par-
ticular, short lobate trapezoid phytoliths are common in Poa, shortwavy
plate (tabular) phytoliths in Koeleria, long (N5 undulations) wavy or
lobed trapezoid phytoliths in Calamagrostis, keeled and horned rondels
are common in narrow-leaved Festuca, scutiform seed opal, dendritic
long cells, and certain rondels in Agropyron, Elytrigia and othermembers
of Triticae, and diverse wavy and smooth rod phytoliths in Bromopsis
and Elymus. Stipa of the Old World appear to produce pyramidal and
tall rondels more, instead of Stipa-type trapeziform bilobates in Stipa
sensu latu of the New World, where it is now called Achnatherum
(Barkworth, 1981).

Kiseleva (1982) described phytoliths from the arid Mongolian
grasslands, including some from the genera found in our study area.
Some of her matching observations include high abundance (about
80%) of rondels in seven closely related species of Festuca, the presence
of Stipa-type phytoliths in six Stipa species (ca. 20%), presence of
pyramidal rondels in Elymus and short wavy forms in Koeleria, and a
high percentage of long wavy forms in Calamagrostis macrolepis. Thus,
different species of the same genera of Pooids in Mongolia contain phy-
tolith morphotypes similar in appearance and proportion to the
relatively nearby Russian Altay. This conclusion is further corroborated
by Blinnikov (1994), who reported many of the same phytolith
morphotypes in the same genera of Pooid grasses from the Caucasus
(e.g., Calamagrostis, Festuca, Poa).

InWestern Europe, Carnelli et al. (2004) analyzed phytoliths 21 spe-
cies from the Swiss Alps. Their results confirmmany of our findings both
with respect to grass and non-grass forms. While their classification is
considerablymore detailed (e.g., they distinguish 18 types of trichomes,
while we only distinguish two – larger “forest” trichomes and small and
more pointy “meadow” trichomes sensu Golyeva, 2008), ample illustra-
tions make comparisons easy. Their analysis of another Calamagrostis
species (C. villosa) corroborates our findings that this genus tends to
have high incidence of long wavy cells and trichomes (Blinnikov,
1994; this study). Three Festuca species show high incidence of rondels.

5.2. Phytoliths in modern soils

Phytolith assemblages in soils can differentiate common vegetation
types of the Altay, but there is a considerable degree of overlap. Overall,
the most distinctive assemblages come from true steppes. They have a
high proportion of rondels (40–45%) and saddles (5–10%). Conversely,
they have few lobate trapezoids (1–2%) or trichomes (b10%). Meadows
and forests tend to have more of obate trapezoids (8–15%) and, espe-
cially, lanceolate phytoliths (trichomes, 10–30%). In forests, overall
paucity of phytolith production is masked by percentage counts,
however. A typical forest soil sample will have a few times fewer
phytoliths per cubic cm of soil than a meadow or a steppe (Wilding
and Drees, 1971; Table 3). Many forest trichomes probably come
from sedges, rather than grasses. However, conical sedge phytoliths
seem very rare in our samples, even in wetlands, where sedges are
abundant.

Anothermorphotype is the sum of all rondels (mean=22.4% in for-
ests vs. 30% in meadows, p = 0.095). Conifer phytoliths were observed
in four forest samples out of 11 and three meadow samples out of 13.
They were found, as expected, in a fir forest, mixed pine-birch forest,
and cedar pine forest. However, they were not found in birch forests.
When meadows are compared with steppes, rondels and bilobates do
have statistically significant different means (rondels mean = 30.08%
in meadows vs. 37.55% in steppe, p = 0.009; bilobates mean = 4.95%
in meadow vs. 1.34% in steppe, p = 0.010). In comparison, saddles
(mean = 5.12% in meadows vs. 6.64% in steppe, p = 0.164) cannot re-
liably distinguish the two. In North American or African dry grasslands
saddles are largely contributed by dry-and hot-adapted Chloridoids
and usually indicate short-grass hot and dry communities. In our area
they are primarily contributed by Stipa korshinsky and Festuca
pseudovina, both typical of the steppe, but either of which is a
Chloridoid. At the same time, we observed saddles in Agrostis vinealis,
Bromopsis variegata, and Setaria viridis, all of which can all occur in
meadows, thus limiting the usefulness of this morphotype.

Some further comparisons can be made with the modern analog
study of phytolith assemblages from subalpine and alpine communities
in the northwestern Caucasus (Volkova et al., 1995). Although the



Fig. 6. Comparison of Golyeva (2007) data from the European Russia and our study (the Altay) of typical phytolith morphotype frequencies in soils under various vegetation types. We
attempted to match our classification as closely as possible to hers (e.g., oval short cells in Golyeva, 2007 are rondels).

13M. Silantyeva et al. / Review of Palaeobotany and Palynology 250 (2018) 1–15
species there were different from this study, many genera were the
same. For example, phytolith assemblage from Pinus hamata –
Calamagrostis arundinacea forest from Teberda Nature Reserve,
Karachaevo – Cherkessia, Russia, is similar to the Pinus sylvestris – C.
arundinacea forest assemblages from Altaysky Kray. Both assemblages
contain a high proportion of diagnostic Pinus phytoliths and long
wavy phytoliths of Calamagrostis. Among four alpine communities in
Volkova et al. (1995), rondels were most common in the tussocked
Festuca varia grassland (57%), which is an alpine steppoid community.
This is similar to our finding of high proportion of rondels in the steppes
in our region. Trichomes in Teberda were most common in the wettest
communities of snow bed and subalpine meadows (8–9%). This is sim-
ilar to our finding of trichomes most common in the wettest communi-
ties (forests, and, to a lesser extent, meadows) in this study.

5.3. Phytoliths, climate and soil types

Poor understanding of phytolith production and preservation pat-
terns hampers application of the phytolith analysis in direct paleoclimatic
reconstructions (Fredlund and Tieszen, 1997). Phytoliths are commonly
thought to reflect subtle shifts in vegetation composition at the local
scale, because they are primarily deposited in situ (Piperno, 2006). How-
ever, phytoliths can be displaced after deposition both vertically (Fishkis
et al., 2010) and horizontally (Fredlund and Tieszen, 1994; Reyerson,
2004; Blinnikov et al., 2013) as a result of fire, flood, grazing, burrowing,
or another disturbance. Such mixing may blur the vegetation signal of-
fered by phytolith assemblages in modern soils. Indeed, Fredlund
and Tieszen (1994) found that phytoliths from a given geographic lo-
cation appeared to reflect vegetation of a larger area than previously
thought. They concluded that the phytolith assemblages were likely
to reflect regional climate. For example, at the regional scale, grass-
land composition is closely associated with temperature and mois-
ture gradients. Calibration of grass phytolith assemblages in
climatic terms opened a way to the direct paleoclimatic reconstruc-
tions from phytoliths by developing response surfaces and transfer
functions (Fredlund and Tieszen, 1997). The phytolith data could
thus supplement paleoclimatic reconstructions provided by pollen
(Bartlein et al., 1986; Williams et al., 2001).
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In oneof themost comprehensive studies of phytoliths frommodern
soils in Eurasia, Lu et al. (2006) found that MAP is the most important
variable, accounting for 39% of the total variance, withMAT, relative hu-
midity and annual evaporation accounting for b10% each. CCA results
from this study suggest that MAT may be more important, than MAP,
but both clearly are (Figs. 2 and 3). In the Lu et al. (2006) study, MAP
varied from 10 to 1925 mm, in our study a much smaller variation of
220–700mm. A clear distinction can bemade between the assemblages
on dryer sites dominated by rondels and saddles, and wet sites domi-
nated by bi- and polylobates, and trichomes. Our wettest assemblages
come from subalpine forests and are broadly similar to the assemblage
from themiddle of the gradient of Lu et al. (2006). Their wettest assem-
blages are dominated by subtropical and tropical trees and palms with
distinct morphotypes absent from our region. Their driest assemblages
havemany “gobbet” type phytoliths that they describe as “nubby-irreg-
ular” in their study and that are attributed to Chenopodiaceae (fig. 3.B(l)
in Lu et al., 2006). While we observed a handful of such forms in our
samples, we did not attempt to process Chenopodiaceae to confirm
this andmore research on the driest communities of our region is need-
ed. Likewise, further extension of our research deeper into the Altay
Mountains at higher elevations would allow further insights into the
importance of temperature (very low at higher elevations) and
snowpack.

Liu et al. (2016) found that phytolith production even within one
species (Phragmites communis) can vary with respect to climate. In
their study from NE China, increases in MAT resulted in higher produc-
tion of rondels and saddles (or, more likely, saddle-top rondels common
in this species). In contrast, production of bulliforms, long cells and lan-
ceolate (trichome) phytoliths was positively correlated with average
precipitation. We found that indeed warmer and drier communities,
i.e., steppes, have higher values of rondels and saddles, whilewetter for-
ests and (some) meadows have higher values for long cells, lanceolate
(trichome), and bulliform. Despite this, it is primarily the diversity of
species, not differential production under various environmental re-
gimes in a single species, that determines themorphotypes composition
of a given phytolith assemblage in modern soils.

Based on the results from North America reported by Hyland et al.
(2013) fromNorth America, alfisols and spodosols broadly corresponding
to gray forest soils and podzols of Eurasia respectively are subject to a
strong underestimation bias in their phytolith record of the vegetation
biomass and percent cover above ground. Specifically, due to both
lower phytolith production in trees and dicots as opposed to grasses as
well as higher dissolution and physical adsorption of phytoliths in forest
soils, they expect to see systematically lower absolute amounts of
phytoliths in the forest soil recovery and relative over-representation of
short cell grass phytoliths in them relative to what is expected in other
soil types. Therefore, all samples from sites with long histories of temper-
ate forest occupation should have fewer phytoliths recovered as com-
pared with grasslands and grass forms that are recovered from forest
soils will be less representative of the actual vegetation. We did not use
absolute counts of phytoliths in our research, although have crude esti-
mates, and are aware of these limitations of the interpretation of vegeta-
tion based on phytolith morphotypes from forests. One important
conclusion from this is any tree forms recovered from gray forest and
podzol soils are more significant than recovery of comparable amount
of grass morphotypes and may indeed indicate heavy presence of tree
cover even when the percentage values for these are in single digits. For
example, our sample #22 comes from a mixed forest on podzolic soil
and shows 7% conifer morphotypes, which implies a heavy presence of
coniferous trees. At the same time, sample #10 comes from a deciduous
forest that developed, presumably recently, on solodized chernozem
and that has virtually no tree phytoliths, but a high proportion of rondels
(28%) indicative of steppe that probably occupied the site in not too dis-
tant past (b50 years ago).

More extensive and systematic sampling of different vegetation and
climate zones would be required before quantitative paleoclimatic
reconstructions could be made with phytoliths. Our sampling strategy
was to maximize the number of different native communities visited,
which necessitated sampling dissimilar communities near each other
(e.g., a grassland site sampled in proximity to a forested site). In
macroclimatic terms, such sites would have an identical climate,
which would blur the phytolith-derived climate signal, because the
phytolith signatures of the two would be quite different. More even
sampling of sites along a predetermined climate gradient and over a
larger geographical area would strengthen the phytolith-climate
relationships.

6. Conclusions

Analysis of phytoliths in plants and soils under six community types in
the Altay shows the potential of the method to differentiate some taxa
and communities in the soil record. Phytolith assemblages of the region
demonstrate broad similarity to those of similar regions of Europe and
North America. At the same time, there are differences, in particular
with respect to the relative lack of C4 grasses in the region as compared
with North American prairies. The most common morphotype is rondel,
with 5 subtypes that can be reliably distinguished. We only used rondel
sum in this report, and that allows to distinguish steppes fromother com-
munities (meadowsor forests). Steppes can be furthermore distinguished
based on low presence of trichomes, bilobate, and polylobate forms.
Meadow assemblages are characterized by intermediate amounts of ron-
dels and lobate forms, but high presence of trichomes. Forest communi-
ties are similar, however they show high proportion of smooth rods
and, when conifers are present, small proportion of conifer-type
phytoliths. The supposed difference in “meadow” vs. “forest” trichomes
suggested by Golyeva (2007) is not supported by our findings. Some of
our samples come from ecotonal and disturbed sites, where phytoliths
belowground do not well reflect modern vegetation because of inheri-
tance (Fredlund and Tieszen, 1994). More studies are required in wet-
lands and high-elevation communities of the region to produce a more
comprehensive dataset of phytolith assemblages under all major vegeta-
tion types.
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