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Abstract: We present a microhistological key for identification of plant fragments consumed and
partially digested by free-roaming, forest cervids based on collection of 92 plant species represent-
ing forage availability of the Western Carpathian forests. The key represents a determination tool to
facilitate microhistological analyses of faecal and ruminal material. We summarized, integrated, and
developed current knowledge on microstructures of plants consumed by Cervidae using specific di-
agnostic features of plant fragments including type, shape, orientation, and arrangement of cells
and stomata, type of venation, presence, and type of trichomes and crystalline inclusions. Since most
plant species of the same taxa show common patterns in morphology of the different epidermal
traits, we categorized collected material into seven functional botanical groups, i.e., grasses and
sedges, herbs and leaves of broadleaved trees, needles, ferns and mosses, seeds and fruits, and gen-
era Rubus, Rosa, Vaccinium. The key is consistent with classifications used in the majority of studies
on diet of wild cervids and is supported with photographs of the main diagnostics features. The key
has the potential to decrease amount of time needed for processing of the reference material, and to
improve consistency between users studying feeding behaviour of forest cervids in central Europe.

Keywords: microhistological analysis; diet composition; large forest herbivores

1. Introduction

Rapid increase of large herbivores across Europe [1] represents one of the most
alarming issues threatening forest ecosystems [2] affecting their ecological stability [3] and
producing significant economic losses in forestry management [4]. Thus, understanding
the feeding behaviour of wild ungulates is crucial for development of adaptive national
management strategies [5-8]. Microhistological analysis became the gold standard for un-
derstanding diet composition of wild herbivores during the past eight decades [9-11]
worldwide [1,12-14]. The main principle is to identify plant fragments obtained from ei-
ther faecal or stomach content of wild herbivores. Microhistological analysis is widely
applicable to a wide range of wild herbivores such as hare (Lepus europeus) [15,16], rabbit
(Oryctolagus cuniculus) [17-19], roe deer (Capreolus capreolus) [20-22], red deer (Cervus ela-
phus) [23-25], elk (Cervus canadensis) [6]) and chamois (Rupricapra rupricapra) [26,27]. Alt-
hough recent advances in deoxyribonucleic acid (DNA) barcoding have increased options
to assess herbivore diets with high precision [28], microhistology remains a valuable tech-
nique due to its simplicity, especially in long-term monitoring programs [11].

Despite being a low cost and relatively accurate method, microhistology is limited
by processing time, equipment quality and training of a user [29]. However, the most lim-
iting factor for a wider use is the availability of the area-specific reference material [30].
Several region-specific keys have been published worldwide, such as for the region of the
Great plains in the USA [31], (south-eastern USA [32], Yellowstone National Park in the
USA [33], tropical regions of Northern India [34], rangelands of Argentina [35], arctic parts
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of Canada [30], and for the Ladakh, India [36]. Although several microhistological studies
on wild cervids have been published throughout the Europe [22-25,37-39] a microhisto-
logical key is available only for the area of the God6ll6 Hills in Hungary [40], and to our
knowledge, there is no key from the area of the Western Carpathians. In this study, we fill
this gap by creating an identification key for the determination of a botanical association
of partially digested plant fragments by wild cervids from this area. Our goal was to sum-
marize, integrate and extend available data on microscopic characteristics of plant species
consumed by wild cervids in the Western Carpathians and to create a tool for faster iden-
tification of undigested plant fragments. Our key is based on description of the arrange-
ment, type and size of basic plant structures such as epidermal cells, stomata, inclusions
(phytoliths, starch, etc.) and outer structures (trichomes). To minimize concerns about dif-
ferential digestibility and the number of fragments that cannot be identified, we designed
the key at the level of functional botanical groups. We believe that our key has the poten-
tial to greatly decrease the amount of time needed for collection and processing of the
reference plant material, and that it will improve consistency between users studying
feeding behaviour of wild cervids within the Western Carpathians as well as in areas with
similar environmental conditions.

2. Materials and Methods
2.1. Study Area

We collected reference plant material within the main habitat types (deciduous,
mixed and coniferous forests, pastures and agricultural land) and along an altitudinal gra-
dient of the Western Carpathians (lowland, mountainous and alpine forests). Specifically,
we collected samples in the floodplain forests of the Protected Landscape Area Dunajské
luhy (<400 m a.s.l.) located in the western Slovakia, which are dominated by the white
poplar (Populus alba L.), black poplar (Populus nigra L.), willow (Salix spp. L.), oak (Quercus
spp. L.) and narrow-leaved ash (Fraxinus angustifolia Vahl). Dominant herbaceous species
were Urtica dioica L., Galium spp. L., Rubus spp. L., Luzula luzuloides Lam., Carex spp. L.
The second sampling area was located within mountainous forests of the Stiavnica Mts.,
Kremnica Mts. and Javorie Mts. (400-1000 m a.s.l.) within central Slovakia. Forests in
lower elevations are dominated by the European beech (Fagus sylvatica L.), with admixture
of oak (Quercus spp.), European hornbeam (Caprinus betulus L.), maple (Acer spp. L.), ash
(Fraxinus excelsior L.) and silver fir (Abies alba Mill.), while Norway spruce (Picea abies L.)
becomes dominant at high elevations (900 m). Dominant herbaceous species were Urtica
dioica, Oxalis acetosella L., Filipendula ulmaria L., Athyrium filix-femina L., Dryopteris filix-mas
(L.) Schott, Cirsium spp. Mill., Rubus spp., Luzula spp. DC. and Calamagrostis spp. Adans.
The third sampling area was located within the Tatra National Park (900-1500 m a.s.l.) in
northern Slovakia, highly topographically variable area with mostly deciduous forests
dominated by the Norway spruce and admixture of Scots pine (Pinus sylvestris L.), silver
fir and larch (Larix decidua Mill.). Alpine meadows with mosaic occurrence of the Moun-
tain pine (Pinus mugo Turra.) dominate elevations above the continuous forest boundary
(~1250 m a.s.] Dominant herbaceous species were Rubus spp., Rumex spp. L., Vaccinium
spp. L., Avenella flexuosa L., Chamerion angustifolium L., Deschampsia cespitosa (L.) P. Beauv.,
Calamagrostis spp. and Luzula spp.

2.2. Reference Material

We collected reference material primarily from plant species that are known to be
consumed by wild cervids. The preference of plant species by wild cervids was deter-
mined either by using published studies from Central Europe [25,26,41,42] or by direct
observations during foraging and/or by signs of consumption by cervids. We also in-
cluded maize (Zea mays L.) and wheat (Triticum spp. L.); plant species commonly used for
supplementary feeding in winter (Table S1). We collected above-ground parts of each
specimen, including stems and leaves. We excluded flowers because they are usually fully
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digested. For trees, we collected samples of twigs (<3 mm thick) including wood and bark
and buds in winter and leaves during a vegetation season. Fruits of beech, oak, and grains
of maize, wheat (Triticum spp.) and barley (Hordeum vulgare L.) were collected in early
autumn. In total, we collected 92 plant species as a reference material, of which 19 species
were trees (15 deciduous, 4 coniferous), 20 species were monocotyledons, 40 species were
forbs, 9 species were shrubs, 3 species were ferns and 1 species of moss (Table S1).

All collected samples were dried at room temperature for 72 h. To soften plant mate-
rial for the microscopic analysis, we soaked samples in hot water for 6-72 h, depending
on the hardness of a structure. Next, we cut approximately 1 cm? of the material from all
parts of each collected specimen, such as stem, petiole, node, internode, leaf tip, leaf blade,
bud, needle, flower, seed, fruit and grain [30], or the biggest possible fragment in case of
buds and needles. In parts with bilateral surfaces (leaves and needles), we extracted both
abaxial (abx) and adaxial (adx) surfaces. To expose the cutinized epidermis, the plant tis-
sue was scraped away from the inside of the examined surface by a scalpel [43]. In cases
when fragments were very dark or from a hard material, we used bleach to remove addi-
tional pigments and to break down rigid structures inside fragments [44]. Each sample
was then mounted in a drop of glycerine upside down on a slide and was observed and
photographed under a microscope MOTIC BA 210 (Motic Electric, Linz, Austria) with 4 x
10, 10 x 10 and 40 = 10 magnification.

2.3. Morphology Diagnostics and Categorization

Description of the plant microstructures was performed following Metcalfe and
Chalk [45], Metcalfe [46], Cutler [47] Esau [48] and Evert [49]. Our identification criteria
focused on characteristics of structures that remain preserved after digestion (Figure S1).
We considered diagnostic features such as the shape, orientation, and arrangement of
cells, the thickness of cell walls, the type of venation, the type, position and orientation of
stomata, the shape of guard cells of stomata, the presence, type and arrangement of tri-
chomes and inclusions, the presence and form of sclerenchyma, the presence and type of
cork cells, libriform fibres and parts of tracheary elements such as tracheids and vessels.
We categorized the reference material based on similar anatomical features into seven
functional groups (Table 1), consistent with classifications used in the majority of studies
on ungulate diet [25,42,50,51]:

e  Grasses and sedges —monocotyledons of grass-like appearance, such as the Order of
Poales, Family Poaceae, Juncaceae, and Cyperaceae.

e  Herbaceous plants and leaves of deciduous trees—dicotyledons, including herbs
(except for ferns and genera Rubus, Rosa, Vaccinium) and assimilation organs of
deciduous trees and shrubs including buds. We grouped herbs and leaves of trees
together due to their similar micromorphology, including shape and arrangement of
epidermal cells, type and arrangement of stomata, type of venation and presence of
variable types of trichomes.

e  Genera Rubus, Rosa, Vaccinium. We defined this category because of specific
morphological structure regarding amount and type of trichomes, and presence of
crystalic inclusions, making them well distinguishable from other herbaceous, and
because this category has a high nutritional value as a forage source [52], and thus, a
specific importance in evaluating forage of wild cervids [1,25,42].

¢ Needles—needle-like assimilations organs of coniferous trees.

¢  Wood and bark-wood and bark tissue of trees and shrubs.

e  Ferns and mosses—plants from classes Bryopsida and Polypodiopsida.

e  Seeds and fruits—fruits of trees and shrubs, and seeds of agricultural crops.

We excluded anthers and awns from analyses because they spread uncontrollably
through vegetation and they often contaminated samples for analysis. We also excluded
an internal tissue of stems, due to lack of distinguishable characteristics to classify. Fur-
ther, we excluded family Liliaceae and Asparagaceae from the key because they can be easily
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mistaken with grasses or sedges, they have microcharacteristics of monocotyledonous
plants although botanists classify these families into herbs.

Table 1. List of seven functional groups based on similar anatomical features as arrangement, type and size of basic plant
microstructures consistent with classifications used in the majority of studies on ungulate diet with a description of de-
tailed diagnostic features for each botanical category.

Category

Diagnostic Features

Grasses and sedges

Elongated rectangular shape of epidermal cells arranged parallel to veins [53].

Epidermal cells aligned in longitudinal strips [46].

Parallel venation [49].

Present “short” cells (alone or in pairs) and “long” epidermal cells (except family Juncaceae)
[48,49].

Parallel arrangement of stomata [49]

Presence of dumbbell-shaped guard cells of stomata (Gramineous type) exception of the
family Juncaceae, which have kidney-shaped of stomata (Amaryllis type) [47].

Presence of macrohairs, microhairs, prickle hairs, and papillae, except family Juncaceae
which have the sporadic presence of papillae and trichomes [32].

Epidermal cells of variable, mostly irregular-shape (hexagonal, round, elongated) [53], cells
of elongated organs have elongated shape.
Epidermal cells of leaves arranged diffusely, rarely parallel to the veins [53].

Herbaceous plants and Usually, reticulated venation.
leaves of deciduous trees Kidney-shaped guard cells of stomata (Amaryllis type) arranged irregularly or/and

randomly [48].
Great morphological variability of trichomes, which occur in different taxa [45].
Presence of different types of crystalline inclusions found in almost all taxa [45].

Genera Rubus, Rosa,
Vaccinium

Venation, shape, and arrangement of epidermal cells identical to category Herbaceous
plants and leaves of deciduous trees, except Vaccinium spp. that have also polygonal to
rectangular epidermal cells irregularly beaded with straight, thickened, pitted walls [54].
Typical presence of kidney-shaped guard cells of stomata (Amaryllis type) arranged
irregularly or/and randomly [45].

Rubus and Rosa: presence of hollow trichomes (simple-unicellular or stellate) sharply
pointed, conical with smooth surface. Simple trichomes are twisted or convoluted (length to
width ratio min. 10:1), or they are almost straight, narrowed gradually towards to the apex,
bases of trichomes have rectangular shape to hexagonal shape with a rosette of epidermal
cells; stellate trichomes (with a smooth surface, with pointed apexes, filiform and hollow
arms almost equally long) are smaller compared to simple trichomes; sporadic presence of
glandular trichomes with multicellular head or presence of multicellular tongue-shaped
trichomes Numerous presences of randomly arranged crystals as druses or styloids,
especially typical for Rosa [40,45,54-56].

Vaccinium: presence of multicellular, glandular tongue-shaped trichomes bent over parallel
to the midrib when situated to the apex, also presence of glandular trichomes consist of
biseriate or /and multiseriate stalks bearing heads of variable size and small conical with
wart-like surface [45].

Needles

Elongated rectangular shape of epidermal cells.

Epidermal cells arranged in rows [57] parallel to vein.

Leaves generally have simple venation and have only one or two long veins running down
their centre [58].

Stomata arranged in longitudinal rows forming dense stomatal bands [58].

Stomatal guard cells sunken below the surface of the epidermis [49].

Presence of resin canals in the mesophyll [59].
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Wood and bark

Presence of parts of tracheary elements and/or vessels elements, fiber tracheids and cells
with accompanied libriform fibers or parenchymal cells, crystal-containing cells and
sclereids or their combination [49]

Presence of sclereids of various forms such as unbranched (brachysklereids) or sclereids of
irregular shapes with a different number of protrusions, as well as large heterogeneous
assemblage of sclereids (asterosclerides) [49].

Typical presence of soft cork cells (thin-walled cells of variable shapes) and/or hard cork
cells (thick-walled cells in the shape of a square) [60].

Presence of phytoliths; calcium oxalate crystals are common in the secondary phloem of
conifers [49].

Ferns and mosses

Fine structure fragments [61].

Cells of ferns have puzzle-like, and mosses have labyrinth-like pattern.

Mosses single-layered fronds (leaves of mosses) have no developed epidermis [62] and is
not differentiated from inner tissue.

A thick layer of photosynthetic cells on a leaf surface of mosses forms lamellae; cells are like
furrows or ridges that run parallel to each other.

Ferns have open venation and all cells of the lower and upper epidermis contain
chloroplasts [61].

Right (true) vascular tissue contains phloem and xylem absent in mosses [61].
Exclusively presence of Mnium type of stomata [63].

Presence of sporangia on the abaxial side of the fern leaves form clusters, sometimes
covered by sharps [62].

Seeds and fruits

Various type of thick wall cells: sclereids, variable oriented layers or clusters of sclereids,
irregularly arranged parenchymal cells with a strongly thickened cell wall, cells with pitted
walls, parenchymatic cells and/or irregular polyhedrons with internal filling [48], cells
usually arranged diffusely.

Presence of cross cells with thick lignified walls or/and tube cells (lignified cells elongated
parallel with the long axis of the grains).

Sporadic presence of stomata randomly arrangement [49].

Presence of starch, starch grains, trichomes.

3. Results
KEY

(1) The fragment consists of regular-shaped cells arranged in rows resp. parallel
strips (Figures 1a and 2a); venation (if present) is parallel (Figure 1a) ........cccccovvvvrrununce. 2
The fragment consists of irregular-shaped cells (Figures 1f and 2f,j); venation (if pre-
sent) is reticulated (FIgUIe 1€) ... 5
(2) The fragment consists of elongated epidermal cells and/or square and/or rectan-
gular-shaped, mostly angular with arrow-like endings (with sharp or chisel ends); shorter
cell wall is not at the right angle to the long axis of the cell ............cccccceciiiiiiiiiinnnee. 3
The fragment consists of elongated epidermal cells and/or square and/or rectangular-
shaped cells regularly arranged in rows (Figures 1a and 2a); cell walls are smooth or cor-
rugated or sinusoidal or nodular; shorter cell wall approximately at the right angle to the
long axis (Figures 1b and 2b), parallel type of venation (Figures 1a and 2a) .........cccccc.c...... 4
(3) Cells more or less parallel, cells have thickened cell wall and absence of short and
long cells; exclusive presence of kidney shape guard cells of stomata (Amaryllis type);
stomata randomly arranged (Figure 1n right); exclusive presence of hollow trichomes
(simple-unicellular or stellate) sharply pointed, conical with smooth surface, twisted and
convoluted (length to width ratio ~10:1; Figure 1o right), or almost straight narrowed
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gradually towards the apex (Figure 1m), stellate trichomes with equally long arms, spo-
radic presence of glandular trichomes or presence of multicellular, tongue-shaped tri-
chomes (Figure 10 right) ......cccccoiiviiiiiiiiiic, Genera Rubus, Rosa, Vaccinium
(stem or stalk)

Cells more or less parallel, cells have thickened cell wall and absence of short and
long cells; exclusive presence of brachyparacytic stomata randomly arranged (Figure 1n
right), with trichomes of two types: stalked, multicellular, glandular, tongue-shaped (Fig-
ure 1o right) and small conical with wart-like surface ...........ccccceuvuennece. Genera Rubus, Rosa,
Vaccinium (stem or stalk genus Vaccinium)

Cells more or less parallel, thickened or corky cell wall and absence of short and long
cells; exclusive presence of Amaryllis type guard cells; stomata randomly arranged (Fig-
ure 1f); presence of variable trichomes (Figure 1g) not listed above ..........ccccccvvrurinrnnnes Her-
baceous plants and leaves of deciduous trees (stem or stalk)

Cells approximately parallel; very fine structure of the fragment (Figure 21); absence
of short and long cells; exclusive Mnium type of stomata randomly arranged (Figure 2j);
presence of trichomes except types of trichomes listed above..................... Ferns and mosses
(stem or stalk)

(4) Cells of elongated shape, presence of short cells (silica, cork) and long cells, papil-
lae, prickles or trichome bases (Figure 1b); absence of branched trichomes; stomata paral-
lel with long cells (Figure 1c); exclusive dumbbell shape of guard cells of stomata (Gra-
mineous type) levelled with other epidermis cells ..o Grasses
and sedges (family Poaceae and Cyperaceae)

Cells have elongated shape; presence of branched trichomes; stomata arranged in
rows, parallel with long cells; Amaryllis type of guard cells are in the levelled with epi-
dermal cells ........ccccouviviriiiiiiiniiiiiiiie Grasses and sedges (family Juncaceae)

Cells have elongated shape; absence of trichomes; stomata arranged in rows, parallel
with long cells (Figure 2d); guard cells of stomata are deeply sunken below the surface of
epidermis (Figure 2c); stomata sometimes covered by a wax plug .......cccocevvueee. Needles

The fragment consists of libriform fibres and/or elements of vessels and/or tracheids
and/or sieve elements and/or sclerenchyma cells (sclereids; Figure 2e) and might be ac-
companied by parenchymatic cells; presence of cells with variable content (crystals, crys-
talline inclusion, crystalline sand starch, oils, tannins etc.) ........cccccceviuennnes Wood and bark

(5) Fine structure fragment and cells have puzzle-like (Figure 2j) or labyrinth-like
pattern (Figure 21I); open venation; cells of the epidermis may contain chloroplasts; exclu-
sive presence of the Mnium type of stomata (Figure 2j) aligned with leaf veins; long axis
of the guard cells aligned with leaf veins (Figure 2i); presence of sporangia (Figure 2k) or
presence of elongated, narrow cells forming furrows or backs (Figure 21); sporadic pres-
ence Of triChOMES ........ccciviviiiii e Ferns and mosses

Predominant part of the fragment consists of various types of thick wall cells or
sclereids irregularly arranged (clusters or solitaires; Figure 2n); variable oriented layers or
clusters of sclereids, irregularly arranged parenchymal cells with strongly thickened cell
wall; cells with pitted walls; presence of parenchymatic cells and/or irregular polyhedrons
with internal filling (Figure 2m); presence of starch, starch grains and trichomes; presence
of cross cells with thick lignified walls and tube cells (lignified cells elongated parallel
with long axis of the grains); absence of cork cells or libriform fibres .........ccccccoorunnenee.
Seeds and fruits

Epidermal cells arranged irregularly (Figure 1n); usually reticulated venation (Figure
1m); Amaryllis type of guard cells; stomata randomly arranged (Figure 1n); exclusive
presence of hollow trichomes (simple-unicellular or stellate) sharply pointed, conical with
smooth surface, twisted and convoluted (length to width ratio ~10:1; Figure 1o right), or
almost straight narrowed gradually towards the apex (Figure 1m), base of trichomes have
rectangular or hexagonal shape with a rosette of epidermal cells around it; stellate tri-
chomes (smooth surface, pointed apexes, filiform and hollow arms almost equally long)
are smaller compared to simple trichomes; sporadic presence of glandular trichomes with



Forests 2021, 12, 1229

7 of 12

multicellular head or presence of multicellular tongue-shaped trichomes (Figure 1o left);
presence of druses or prisms in large quantities (Figure 1p) .......cccccceeueueuneene. Genera Rubus,
Rosa, Vaccinium (genera Rubus and Rosa)

Epidermal cells irregularly beaded with thickened walls; combinations of randomly
arranged, brachyparacytic stomata; glandular trichomes consist of multiseriate stalks
bearing heads variable size and multicellular tongue-shaped trichomes bent over parallel
to the midrib when situated at the apex of the leaf (Figure 1o left), and small, simple, con-
ical trichomes with wart-like surface ..........ccccccovviiinniiincccce, Genera
Rubus, Rosa, Vaccinium (genus Vaccinium)

Majority of fragment consists of thick-walled and cork cells (Figure 2f left) and/or
partially or completely sclerified cells (Figure 2g) and/or parts of tracheary elements such
as tracheids and/or vessels elements; presence of fibre tracheids and cells with accompa-
nied libriform fibres or parenchymal cells (Figure 2e); presence of crystals as solitaires,
clusters or crystalline sand in large quantities (Figure 2h); presence of cork cells (Figure 2f
TEEE) cueeeeeieie ettt sttt ettt ettt ettt se s neete e seneen Wood and bark

Epidermal cells arranged irregularly (Figure 1f,j); venation usually reticulated (Fig-
ure le,i); Amaryllis type of guard cells; stomata randomly arranged (Figure 1fj); various
types of trichomes (Figure 1g,k) except for the types listed above; presence of crystals
(prisms) in rows over the majority of vascular bundles (Figure 1h) and/or presence of crys-
talline inclusions of variable forms (Figure 11) and/or secretory structures...........c.cccccuvveeunnen.
Herbaceous plants and leaves of deciduous trees

Figure 1. (a) parallel venation on leaf of Agrostis stolonifera L., abx (100x); (b) regular-shaped cells arranged in rows on leaf
of Calamagrostis epigejos L. Roth., abx (100x); (c left) stomata parallel with long cells on leaf of Calamagrostis epigejos, adx
(400x); (c right) dumbbell shape of guard cells of stomata on leaf of Phleum pratense L., abx (100x); (d) prickles on leaf
margin of Deschampsia cespitosa, adx (400x); (e) reticulated venation on leaf of Aegopodium podagraria L., abx, (100x); (f, left),
irregular-shaped cells on leaf of Lathyrus niger (L.) Bernh. , adx (100x); (f right) kidney shape of guard cells of stomata on
leaf of Betonica officinalis L., abx (400x); (g left) glandular trichome on leaf of Saponaria officinalis L., abx (400x); (g right),
trichomes on leaf of Impatiens parviflora D. C., abx (100x); (h) prisms in rows over vascular bundles on leaf of Vicia sepium
L., adx (400%); (i) reticulated venation on leaf of Populus sp. abx (100x); (j) stomata randomly arranged on leaf of Tillia
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cordata Mill., abx (400x); (k) stellate trichome on leaf of Quercus cerris L., abx (400x); (1) needle-like crystal on leaf of Robinia
pseudoacacia L., adx (400x); (m) almost straight trichomes on leaf of Rubus caesius L., abx (400x); (n left) irregular-shaped
cells on leaf of Rubus caesius, abx (400x); (n right) randomly arranged stomata on leaf of Rubus saxatilis L., abx (400%); (o
left) tongue-shaped trichome on leaf of Vaccinium myrtillus L., abx (400x); (o right) twisted and convoluted simple trichomes
on leaf of Rubus idaeus L., abx (400x); (p) druses on leaf of Rosa canina L., abx (400x%).

Figure 2. (a) elongated epidermal cells regularly arranged in rows on fragment of needle of Abies alba (40x); (b) cell wall
more less at right angle to the long axis of the cell on fragment of needle of Picea abies (400x); (c) guard cells of stomata are
deeply sunken below the surface of other epidermis on needle of Pinus nigra J. F. Arnold, (400x); (d) stomata arranged in
rows on needle of Pinus nigra, (100x); (e) fibers of wood from Prunus spinosa L. (400x); (f left) cork cells of bark from Pinus
nigra (400x); (f right) cork cells of bark from Picea abies, abx (400x); (g left, right) branched sclereids of bark from Abies alba
(400%); (h) crystals in large quantities Abies alba, (400x); (i left) fine structure fragment with open venation on leaf of Ath-
yrium filix-femina, adx (100x); (i right) stomata aligned with leaf veins of Dryopteris filix-mas, abx (400x); (j) Mnium type of
stomata on leaf of Dryopteris filix-mas, abx (400x); (k left) sporangia on leaf of Athyrium filix-femina, adx (400x); (k right)
sporangia on leaf of Phegopteris connectilis (Michx.) Watt, abx (100x); (1) fine structure fragment of moss sp., with labyrinth-
like pattern (400x); (m) irregularly arranged cells with a thickened cell wall and internal filling in acorn (400x); (n) clusters
of sclereids in stone of plum (400x); (o) epidermal thick-walled cells on hip (400x); (p) irregularly arranged thick-walled
cells with internal filling in beechmast (400x).

4. Discussion

8 of 12

Our key is a simple and effective tool for identification and categorization of plant
fragments in faeces of wild cervids of the Western Carpathian region. Roots (except Sola-
num tuberosum L.), rhizomes, and inflorescence were not included in the key. Each plant
part (leaves and stem) of a single species usually includes different diagnostic features.
For this reason, microhistological keys cannot be purely dichotomous [30]. Our key allows
identification of plant fragments via several steps. First, the key divides possible choices
into two groups (coded 2 and 5) based on the arrangement of cells (regular vs. irregular),
which narrows possible choices and leads to further categorization based on the shape of
cells (for example, 1 — 2 — 3 or 4 — final category) or thickness of the cell walls (1 -5 —
final category). Further identification is based on additional diagnostic features such as
trichomes, stomata, sclereids etc., and leads to the final choice. This key helps to identify
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fragments, not whole plants or plant species; and not all parts of a species are identifiable
using epidermal features. For example, some species produced fragments that proved dif-
ficult to differentiate using microhistological features, such as Liliaceae and Asparagaceae
from monocotyledons. Genera Rubus, Rosa, Vaccinium can also be mistaken with other
species of the family Rosaceae which are categorized as herbaceous plants and leaves of
deciduous trees. However, based on detailed observation of stomata and type of tri-
chomes can be clearly distinguished. Certain features of some plants that were included
in the key are not apparent on the photos, such as the gloss of epidermis on needles. For
deeper identification, we recommend using the literature from Metcalfe and Chalk [45,46],
resp. the key from the G6dol116 Hills [40] that allow identification at the species level. How-
ever, species level identification requires concominant presence of several specific diag-
nostic features which are often missing and thus should be approached with caution.

On the other hand, certain microscopic features allow to distinguish between some
categories with high certainty. For example, regular brick-like arrangement of cells is typ-
ical for grasses and needles, while irregular-shaped cells arrangement is typical for her-
baceous plants, leaves of deciduous trees, ferns and mosses. Other highly distinctive char-
acteristics is the arrangement of venation, which can be used for distinguishing between
monocotyledons from dicotyledons. Further, majority of monocotyledons and dicotyle-
dons, but also ferns and mosses have thin-walled cells, while cells of stems, tree bark,
cuticle of seeds and fruits have mostly thickened cell wall. Type and arrangement of sto-
mata, shape of guard cells and subsidiary cells is another important diagnostic feature.
For example, the Mnium type of stomata occurs exclusively in the category of mosses and
ferns, the dumbbell shape of guard cells of stoma (type Graminae) is typical for grasses
and sedges and Amaryllis type of guard cells of stomata occur in herbaceous plants and
leaves of deciduous trees, including genera Rubus, Rosa, Vaccinium, and also needles,
fruits, and seeds. Moreover, stomata may be at the same level as other epidermal cells in
plants but deeply sunken below the level of the surrounding cells in needles, and classifi-
cations of stomata according to type of subsidiary cells (anomocytic or brachyparacitic)
and amount and type of trichomes may be used to distinguish genera Rubus, Rosa, Vaccin-
ium from other herbaceous plants and leaves of deciduous trees. Finally, “short cells and
long cells” occur only in grasses and sedges, sporangia occur exclusively in the category
of ferns and mosses, and cross cells and tube cells occur only in the group of seeds and
fruits. Cork cells with tracheary elements, vessel elements and libriform fibres are typical
for wood and bark and very fine structured fragments are typical for mosses and ferns.

5. Conclusions

The purpose of this study is to provide a tool to identify plant fragments in the faecal
remains of forest cervids inhabiting Western Carpathians, in order to improve knowledge
on feeding behaviour of free-roaming cervids. Rapid growth of large herbivore popula-
tions in Slovakia and across Europe increases intra- and inter-specific competition for food
which results in ever increasing damages on forest ecosystems. Since the rough terrain
and dense-canopied mixed forests prevent direct observations of food habits, microhistol-
ogy is a suitable procedure to study feeding behaviour through indirect observations. Us-
ing this key will allow researchers to investigate feeding behaviour of cervids with relative
ease, and it is expected to save time that can be devoted to other management goals.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/f12091229/s1, Table S1: A list of vascular plant species (except for moss) and their parts
(leaf, stem, bud, bark and wood, fruit, grain) collected within Western Carpathians, Slovakia and
used as a reference material for the microhistological key. Figure S1: Comparison of undigested
plant fragments from reference material and digested plant fragments from faecal matter within the
same category.
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