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ABSTRACT

In geoecology, the nature of the effect of tectonic faults on the environment is not well studied. The influence of natural landscape-
geochemical factors on the state and properties of some components of biota of different hierarchical levels is studied at the intersection of
two tectonic faults (Velsko-Ust’yanskiy tectonic knot (TK)) in the Arkhangelsk region. Two species of shrubby lichens (Cladonia stellaris Opiz.
and Usnea subfloridana Stirt.) and woody plants (spruce — Picea abies L. and Scots pine — Pinus sylvestris L.) were chosen as test systems. The
field studies were carried out at nine test sites (in the centre, on the periphery and some distance from TK — the background reference point)
in different types of forest. The ash content of samples of the lichen Cladonia growing in the centre of the TK (1.12-1.22%) is double that in the
control area (0.56-0.58%), and for the lichen Usnea, it is seven times higher (6.82-6.99% at the centre and 0.97-1.09% in the control area). The
ash content of tree bark collected at the centre of TK (1.27-1.29%) is double that at the control site (0.56-0.76%). This indicates a significant
accumulation of metals in the vegetation in the TK zone. The accumulation of heavy metals, the low water content of plants, the influence
of geomagnetic fields and other factors provoke excessive generation of active oxygen radicals and plants have various physiological,
biochemical and morpho-biometric means of combating their adverse effects. The synergism of the cooperative protective action of lichen
matrix components on oxidative stress is expressed in terms of changes in biochemical parameters. At the centre of the TK, the lichens
contains up to 190 pg g-' of ascorbic acid, whereas in the control area it does not exceed 130 pg g~'. The content of usninic acid in the
centre is 1.5-2 times higher for the Usnea subfloridana and is 1.5 times higher for Cladonia stellaris compared to the level in the control area.

Keywords: biochemical activity; lichens; pine; spruce; tectonic knot

Introduction

Natural geological processes, unlike technogenic pro-
cesses, function continuously and result in a global migra-
tion of matter into the environment, which has a negative
effect on biota. Modes and dynamics of interaction of the
lithosphere, biosphere, atmosphere and ionosphere play
a significant role in the development of the Earths crust,
primarily the tectonic faults. The features of the structure
and properties of tectonic zones determine not only deep
degassing and increased relaxation of rocks, but also the
conditions for the formation of sources of electromag-
netic signals and energy exchange between geophysical
fields of different natures, including external and inter-
nal. Currently, there is a significant amount of data, in-
dicating the presence of a strong relationship between
the processes in the Earth’s biosphere, heliogeophysical,
meteorological and lithospheric factors, primarily for
tectonic faults and their intersections, in convective heat
flow. In tectonic fault zones, the geochemical, geophys-
ical and geodynamic fields can jointly affect the biota.

The most interesting are the areas above where tecton-
ic faults intersect (TKs). TKs are complex, three-dimen-
sional bodies that extend to great depths. With the in-
crease in the number of intersecting tectonic faults in an
area the degree of fragmentation, permeability and depth
of the Earth’s crust increases and vertical highly perme-

able areas develop that over long periods of time, result
in an interaction between the crust and the mantle, and
a constant flow of fluids and gas from deep within the
crust (Kutinov et al. 2009; Kutinov and Chistova 2012)
and an inflow of mineralised waters, which contributes
to the concentration of a number of elements, includ-
ing heavy metals. TKs, with a complex conduction field,
can be sources of induced eddy currents that change the
overall picture of the geomagnetic field (a kind of natural
dipole).

The above indicates there are a number of environ-
mental factors associated with tectonic nodes, which can
have a joint effect on biological systems at different hi-
erarchical levels. It is likely that such patterns are char-
acterised by special patterns of accumulation, migration
and physical and chemical transformation of pollutants
(Caine et al. 1996; Evans et al. 1997; Caine and Forster
1999; Rawling et al. 2001; Bense et al. 2013).

Early studies show that the structure of vegetation
growing over TKs in the subarctic is different. In these
areas the soil is also polluted and there are high levels
of heavy metals in the bark of trees, ionisation effects in
the atmosphere and differences in the trees, snow cover,
clouds and rainfall in summer (Gofarov et al. 2006; Kuti-
nov etal. 2009; Kutinov and Chistova 2012). Thus, in these
areas plants are exposed to many physical and chemi-
cal effects, which may act synergistically on the plants.
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Fig. 1 Map showing the location of the sample plots (SP): 1 - in pine forests; 2 - in spruce forests; 3 — isolines of tectonic dislocation density.
1,3,5,7 - SPin the center of KF; 9 — SP at the periphery of KF; 2, 4, 6, 8 — SP outside the TK zone (control).

The primary reaction of a plant cell to a negative
effect is oxidative stress (Beschel 1957; Rydzak 1968;
Magomedova 1996; Markovskaya 2010; Brovko et al.
2016). The most important response of plants to stress
is a physiological and biochemical restructuring of their
metabolic processes. It is known that there are changes
in the activity of components of the antioxidant system
(AOS) in response to adverse environmental factors such
as drought (Zhang and Kirkham 1994), salinity (Melo-
ni et al. 2003), low temperature (Aroca et al. 2001) and
increasing concentrations of pollutants in the environ-
ment (Chapin 1991; Alscher et al. 1997; Prasad et al.
1999; Chirkova 2002; Polesskaya et al. 2004), etc. How-
ever, there are practically no studies on changes in AOS
during the ontogenetic development of lichens growing
when geological structures are violated (in the region of
TKs?).

The goal of this study is to determine how woody
plants and lichens have adapted to living in the region of
a TK in subarctic conditions in North-West Russia.

Material and Methods

Materials

The plants used in this study were two species of
shrubby lichens (Cladina stellaris Opiz. and Usnea sub-
floridana Stirt.) and two conifers (Spruce — Picea abies L.,
pine — Pinus sylvestris L.). Lichens were identified follow-
ing Golubkova et al. (1978). The sample plots (SPs) were

at permanent test sites established in 2014-2017 in the
middle taiga subzone in the district Velsko-Ust'yanskiy
TK in the Arkhangelsk region (Fig. 1).

The underlying rocks at the centre of the TK are sand-
stones, sands and siltstones of the middle Perm, and out-
side of the TK, variegated clays, sands and marls of the
same age. The covering deposits are upper quaternary
sands of lake-glacial and alluvial origin. The soils in the
centre of the TK are podzolic and illuvial-ferruginous
on quartz sands, outside the TK, they are podsolic on a
loamy noncarbonate moraine (Atlas of the Arkhangelsk
region 1976).

In total, there were nine test areas (Fig. 1, Table 1):
four in the centre of the Velsko-Ust'yanskiy TK (SP-C)
and four outside (SP-CL), two in a cowberry pine forest,
a lichen pine forest, a bilberry, pine and spruce forest in
the centre of the TK and in the control area and SP 9 - on
the periphery. SPs were selected to be as similar as possi-
ble in terms of forest characteristics. The characteristics
of forest stands are presented in Table 1.

Table 1 shows that the trees in the SPs have very simi-
lar characteristics and differ only in their location relative
to the TK (centre and outside the node - control).

In addition, in order to determine the age of the trees
30 cores samples were collected using a core sampler
from trees at a height of 1.3 m at each sample plot locat-
ed in the centre of the TK and in the control area. The
age of the forest and any damage to the wood was de-
termined using Lintab 6 and TSAP-Win (version 4.80)
(Rinn 2007).

European Journal of Environmental Sciences, Vol. 9, No. 1



Influence of tectonic faults on the biogeocenosis in a subarcticarea 7

Table 1 Key characteristics: values (means) of the sampled forests.

. . Stand Timber volume,

Sample plot Height (m) Normality composition Age (yr) (m3 ha-1)

SP1-C 17 0.8 7P:3FB 65 150
Bilberry pine forest

SP2-CL 19 0.7 8P:2F 80 180

SP3-C 12 0.6 10P 90 40
Lichen pine forest

SP4-CL 10 04 10P 100 40

SP5-C 18 0.7 8P:2B 80 220
Cowberry pine forest

SP6-CL 18 0.7 8P:2B 70 210

SP7-C 19 0.7 8F:2B:L 70 250
Bilberry spruce forest

SP8-CL 18 0.7 7F:1P:2B 80 240

Note: F - fir-tree, L - larch-tree, B - birch-tree, P - pine-tree

Scanning electron microscopy

The morphology of the samples was investigated us-
ing a ZEISS Sigma VP SEM scanning electron micro-
scope (accelerating voltage, 10 kV; detector, InLens).
A gold-palladium coating (80:20) no more than 5 nm
thick was used. It was obtained usinga QUORUM Q150T
ES magnetron sputterer.

The biochemical parameters

The biochemical parameters of the two species of li-
chens that dominate the area studied but differ in their
distribution were analysed. Of the soil growing (epi-
geous) and epiphytic lichens, Cladonia stellaris and Usnea
subfloridana, respectively, were studied. The material was
collected in the vegetative period (spring-autumn) from
the three SPs (in the centre, at the periphery, outside the
TK, which acted as the control) in pine-bilberry forests of
similar composition. Two SPs measuring 30 x 30 m were
established in each TK zone (centre, periphery) at a dis-
tance of 200 m from each other; at the centre (SP5-C) and
the periphery of the TK (15 km from the centre — SP9),
and outside the TK (50 km from the centre, the control -
SP6-C) (Fig. 1). Five to ten samples of both species of
lichen were collected from each SP. A total of 160 samples
of lichen were analysed. The composition of the vegeta-
tion in pine-bilberry forests is presented in Table 2.

Analysis

The water content in the samples was determined
gravimetrically, the content of mineral substances was
determined gravimetrically after dry ashing (500 °C). El-
emental analysis of the lichens was done using an Euro
EA-3000 element analyser (configuration [CNHS]) (Eu-
roVector, Italy). The content of heavy metals and bio-
genic elements was determined using a XRF-1800 series
waveguide X-ray fluorescence spectrometer (Shimadzu,

Japan).

Estimation of acids

The content of ascorbic acid (AA) in lichens was de-
termined spectrally using a UV-1800 spectrophotometer
(Shimadzu, Japan) and 2.6-dichlorophenolindophenol

(Tilmans paint) according to (Voskresenskaya 2006).
Optical density was measured at 515 nm. The change in
the staining intensity of the control and test sample is
proportional to the amount of AA in the plant extract.

Usnic acid (UA) was extracted using acetone and
quantified using a LCMS-2020 liquid quadrupole LCM-
mass spectrometer (Shimadzu, Japan) according to
(Brovko et al. 2017). Chromatography conditions were:
mobile phase - 0.5% aqueous solution of formic acid and
acetonitrile in a volume ratio of 30:70; column Restek Ul-
tra C18 100 mm (length) x 3 mm (diameter), fixed phase
grain size 3 pm, mobile phase flow rate 0.5 ml min-!,
sample introduction volume 5 pl. Using a standard Sig-
ma-Aldrich UA sample, calibration curves of the peak
area versus the concentration in the range from 1 pg 1!
to 0.1 mg 1! were constructed. The calibration curves

Table 2 Composition of the vegetation in pine-bilberry forests in the
district Velsky-Ust'yanskiy TK in the Arkhangelsk Region.

Location of the trial plot in relation to KF

SP 6-C (control)

SP9

SP 5-C (center)

Pine
(Pinus sylvestris L.)

Pine
(Pinus sylvestris L.)

Pine
(Pinus sylvestris L.)

Spruce Spruce Spruce

(Picea abies L.) (Picea abies L.) (Picea abies L.)

Birch Birch Birch

(Betula pendula Roth) | (Betula pendula Roth) | (Betula pendula Roth)
Cowberry Cowberry Cowberry
(Vaccinium (Vaccinium (Vaccinium
vitis-idaea L.) vitis-idaea L.) vitis-idaea L.)
Blueberry Blueberry Blueberry
(Vaccinium (Vaccinium (Vaccinium

myrtillus L.) myrtillus L.) myrtillus L.)

Green mosses

Green mosses

Green mosses

Lichens Lichens Lichens
Heather Juniper
(Calluna vulgaris L.) (Juniperus
communis L.)
Melampyrum
(Melampyrum

pratense L.)

European Journal of Environmental Sciences, Vol. 9, No. 1
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are linear over the concentration range recorded in this
study with a correlation coeflicient of 0.99.

Statistical analysis

All analytical measurements were performed in trip-
licate. The results of the experiments are presented in
the form of an average of the arithmetic means and their
standard error. To establish the statistical relationships
between the parameters, Student’s t-test was used at a
confidence level of P = 95%. A statistical analysis was
performed in Python (version 2.7.12, 2016) in the SkiPy
package (version 0.18.1, 2016) using the Statistica 10
software package (“StatSoft”, USA).

Results and Discussion

Vegetation is a good indicator of changes in environ-
mental conditions due to terrain features. Lichens (Cla-
donia, Usnea) are widespread throughout the Arkhan-
gelsk region, growing in both dry sandy and very wet
conditions. Due to their long life, they are continuously
subjected to stress over a long period of time and as a
consequence have evolved protective measures. There-

fore, these species are convenient models for studying the
various modes of adaptation of vegetation to growing on
these tectonic structures.

The reactions of the multilevel structural and func-
tional organisation of plants to the influence of tectonics
is mixed. The accumulation of heavy metals, the lack of
moisture and the influence of geomagnetic fields provoke
changes in the biochemical cycles of plant development,
which are manifested both at the macro and micro struc-
tural levels. Visually there is an obvious retardation of
growth, excessive branching and other morphological
abnormalities, which may indicate irreversible chang-
es in the plants due to a restructuring of their meta-
bolism.

In tectonic fault zones there are multi-stemmed trees,
the causes of which have not been fully elucidated. The
indirect evidence of these abnormalities is that they were
induced by the geological heterogeneities in the Earth’s
crust. The high frequency of “witches broom” in these
zones is not due to infections but to mutations (Korovin
et al. 2003). In forests in the Trans-Urals in areas with
tectonic faults, birch trees are highly polymorphic (Ma-
maev 1973; Makhnev 1987). An example of this is Kare-
lian birch, which results from abnormal cambial activity

Fig. 2 Micrographs of chips from core samples; (a) cleavage of the cell wall showing the typical orientation of microfibrils in the S, layer (control); (b)
the area selected in Fig. 2a highly magnified; (c) cleavage of the cell wall with a fibre orientated parallel to the fibre in the microfibril in the S, layer
(centre of the node); (d) the area selected in Fig. 2c highly magnified. Bars: (a), (c) 10 microns; (b) 100 nm; (d) 200 nm.

European Journal of Environmental Sciences, Vol. 9, No. 1
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and a reduction in the distribution of photosynthates by
the phloem to the xylem and increase in the distribution
to the cortex. Structural and functional deviations from
normal growth and development in plants may indicate
an increase in cell growth and differentiation, phenol me-
tabolism and respiration when under stress.

In transverse chips from the core samples, there is
sometimes an atypical orientation of the cellulose rela-
tive to the fibre axis in microfibers in the S, layer of the
cell wall (Fig. 2).

The angle can be up to 0° (this conclusion is not statis-
tically significant).

Increasing the thickness of the cell wall reduces its
permeability to toxic metabolic products and heavy met-
als, and protects the cellular components of the plants.
Woody plants actively adapt to unfavourable environ-
mental conditions by growing more slowly, as is clearly
shown by the width of their annual rings, which are nar-
rower in the centre of the TK than in the control area.

The soil in the different types of forest in the TK zone
contains significantly more of the typical lithogenous
macro- and microelements (mg g!): Si (4.8-36.5), Ca
(2.7-4.0), Al (3.4-4.9), Fe (2.2-4.3), Na (0.9-1.3), Mg
(0.4-1.1), Mn (0.23-0.31), Ti (0.1-0.6), Cu (0.05-0.06)
and Zn (0.04-0.07) than in the control areas: Si (1.8-26.1),
Al (0.8-1.83), Ca (0.7-1.57) and Na (0.7-1.0).

It is known that the elemental composition of plants is
relatively stable. However, the geochemical environment
and ecological conditions in the TK zone can result in
lichens accumulating significantly more of certain ele-
ments. The mineral composition of the lichens is corre-
lated with the mineral composition of the soil covering
the TK. The content of macro- and microelements in the
ash of lichens growing there is greater than in the control
area, which indicates that their mineral composition re-
flects the geochemical features of the landscape. Lichens
growing at the periphery and in the centre of the TK con-
tained a number of typical lithogenic elements: Si > Al >
Ca>K>Mg>Fe>Mn > Cu > Zn. The ash content of the
lichen Cladonia stellaris growing in the centre of the TK
is double (1.12-1.22%) that of the control (0.56-0.58%),

-1

200, Mg g 250 1 H9 g
150 - 200
150 -
100 4
100 -
50 4 .
0-

0
SP5-C SP9 SP6-C

SP5-C
@ Usnea subfloridana
summer

spring

and for the lichen Usnea subfloridana, it is 7 times higher
in the centre of the TK (6.82-6.99%) than in the control
area (0.97-1.09%). That is, lichens growing tectonic fault
zones accumulate significant amounts of various metals.
The ash content of the bark of tress growing in the cen-
tre of the TK (1.27-1.29%) is double that of the control
(0.56-0.76%), which again reflects the lithochemical fea-
tures of the sedimentary rocks in the upper part of the
TK. The chemical elements in the soil are possibly taken
up by the roots of the trees in which it accumulates in the
wood and bark, and in lichens. In addition, the lower av-
erage monthly rainfall in summer at the centre of the TK
affects the increase in the content of mobile forms of met-
als in the upper horizon of the soil (0-20 cm), which cre-
ates extremely unfavourable conditions for plant growth.

Lichens are an integral component of most plant com-
munities. Their diversity and distribution are largely de-
termined by the ecological conditions in a region. The
high sensitivity of lichens to stress, and, accordingly, their
high rate of biochemical reactions, are due to the fact that
the metabolic equilibrium between the photobiont and
the mycobiont is easily disturbed, as evidenced by the in-
dices of biochemical reactions taking place in lichens (the
content of ascorbic acid, phenolic compounds, lichen ac-
ids and so on) (Brovko et al. 2015; Brovko et al. 2016).

It is known that ascorbic acid (AA), due to its ability
to easily donate electrons, is the leading non-enzymatic
antioxidant (Chapin 1991). In the centre and at the pe-
riphery of the TK, the content of AA in lichens is higher
(Fig. 3) than in the control area.

This activation of free radical oxidation is a nonspecif-
ic form of resistance shown by lichens when subjected to
various stressors (Chapin 1991).

Phenolic compounds (PCs) is one of the most com-
mon classes of secondary metabolites, the formation of
which is characteristic of virtually all plant cells. They
take part in a wide variety of physiological processes,
such as photosynthesis, respiration, formation of cell
walls and resistance of plants to the action of heavy met-
als (Brovko et al. 2017). In the literature, there are more
than 1000 PCs characteristic of lichens, the so-called “li-

-1

2004 HG 9

SP9 SP6-C

B Cladonia stellaris

SP5-C  SP9 SP6-C

autumn

Fig. 3 Ascorbic acid contents of the lichens Usnea subfloridana and Cladonia stellaris growing at different locations on the TK.
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Fig. 4 Usnic acid content of lichens, % of a.d.w.

chen substances” (Molnar and Farkas 2010), of which the
most commonly found is tallow and the well-known us-
nic acid (UA) (Brovko et al. 2017).

The changes in the content of acids in lichens growing
in different environments is of particular interest. Our
studies show that the content of UA, a typical secondary
metabolite of lichens (Brovko et al. 2017), in Usnea sub-
floridana and Cladonia stellaris varied depending where
they grew in the TK zone (Fig. 4).

There are seasonal fluctuations in the amount of UA,
which indicate that lichen acids actively participate in
metabolism and sometimes accumulate in the thallus in
significant amounts. An important function of these ac-
ids is regulatory. An increase in their content promotes
photosynthesis of algal cells - lichen symbionts, which
dramatically increases the amount of organic matter
needed for the symbiotic fungus. The increase in UA at
the centre of the TK by 1.5-2 times in the lichen Usnea
subfloridana and 1.5 times in the lichen Cladonia stellar-
is compared to the control, indicates the high adaptive
capacity of lichen symbionts to combat the adverse envi-
ronmental factors that these lichens are exposed to.

An important role of lichen acids is the allelopathic
interaction with other components of phytocenoses, in
particular, tree-destroying fungi. Analysis of samples of
wood to determine the number of trees infected with the
root fungus (Heterobasidion annosum Fr.) in the centre
of the TK revealed that less than half of the spruce and
none of the pines were infected compared with the con-
trol. Apparently, lichens growing on trees make them
more resistant to wood-destroying fungi (Henningsson
and Lundstrom 1970), which is due to the high fungicid-
al effect of lichen acids.

Condlusion

The results of this research show that the adverse
conditions at TK zones induce in plants biochemical
and biophysical reactions that enable them to survive in
these areas. At these sites, the structure of the cell walls

of woody plants differ in a way that reduces their per-
meability to toxic metabolic products and heavy metals.
The growth of some of the trees at the centre of the TK
was abnormal because the conditions experienced there
adversely affected the activity of their cambium. The syn-
ergism between trees and lichens provides ascorbic and
lichen acids that inhibit the oxidation of free radicals.
Thus, there are two ways of adapting to environmental
stress. One is associated with a change in the structure of
the cell walls of plants (barrier) and the other with the ac-
tivation of systems that detoxify reactive oxygen species
and free organic radicals.
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ABSTRACT

Land use planning aims to formulate activities, administer potential changes and prevent incompatible changes. The aim of this study
is to prepare a land use plan for Chabahar County, Iran, based on a quantitative model using GIS. This study involves two main stages.
First, the overlaying of geographical maps and preparing ecological capability maps of different land uses, like forestry, agriculture, range
management, environmental conservation, ecotourism and development of villages, urban areas and industry using GIS. The second stage
involves prioritizing the land uses taking into consideration the ecological and socio-economic characteristics of the study area and using a
quantitative model. The results indicate that the proposed model provides better land use planning than Iran’'s Makhdoom model. The new
model provides clearer and more suitable uses for the land than those used currently. The results also indicated that the maximum area of
proposed uses (52.17%) was related to ecotourism, showing this land use had high potential and socio-economic demands in study area.

Also, minimum area of proposed uses was related to development.

Keywords: Chabahar County; GIS; land use optimatization; land use planning, modified Makhdoom’s model

Introduction

Land use planning is useful for planning the develop-
ment of an area as it aims to formulate activities, adminis-
ter potential changes and prevent incompatible changes,
and so ensure sustainability (FAO 1993; Van Lier 1998;
Makhdoom 2001; Cools et al. 2003; Jozi 2010).

In addition to increasing food production, the loss of
valuable land by degradation and deterioration should be
restricted as much as possible. Due to potentially rapid
degradation rates and slow regeneration, land is a limited
non-renewable natural resource. Degradation results in a
loss of production and a reduction in the capabilities of
land to perform its functions (Ward et al. 1998; NEMA
2004; Abu Hammad and Tumeizi 2010; Barzani and
Khairulmaini 2013; Jafari and Bakhshandehmehr 2013).

Although perfect land use planning is a complex de-
cision making process, modern GIS technologies have
made this task easier in two ways: (i) They allow one
to work simultaneously on a large number of datasets,
(ii) Some of the methods, techniques or models can be
embedded in GIS used for the suitability analysis of areas
of land (Pauleit and Duhme 2000; Swanson 2003; Nou-
ri and Sharifipour 2004; Gad 2015; Atalay 2016). For a
more accurate land use planning a wider range of social,
economic, physical and environmental indicators need to
be included. Inclusion of geographical data in GIS allows
these indicators to be used in a more sophisticated way in
the decision making process of land use planning. How-
ever, for handling the datasets in a GIS environment it
is necessary to include a geographical database manage-
ment system — especially, when the datasets are robust
and complex. To build such a geographical database it
is essential, first to prepare a conceptual model so that
the data requirements and their interrelations are well

defined and that the database can be used to store, mod-
ify and query the security of the data. Then, a number
of Multi-Criteria Decision Making (MCDM) models or
techniques embedded in the GIS can be used for land use
suitability analysis, where the importance of each indica-
tor of land use is determined in a more sophisticated way
based on subjective and or objective judgments. The lit-
erature indicates that Boolean and AHP methods, which
are kinds of MCDM techniques, can be used for land
use planning within a GIS (Bojorquez-Tapia et al. 2001;
Biswas and Baran Pal 2005; Peel and Lloyd 2007; Gan-
dasasmita and Sakamoto 2007; Oyinloye and Kufoniyi
2013; Farashi et al. 2016; Allaouia et al. 2018).

Taking the above into consideration, the aim of this
research is to prepare a quantitative method for the land
use planning of the area studied within a GIS.

Materials and Methods

Chabahar County covers an area of 24,729 km? and
is located in the Sistan and Baluchistan province in the
southeastern part of Iran (Fig. 1). Chabahar city is locat-
ed between longitude 60°37 E and latitude 25°17 "N. This
county is located near the warm waters of the Oman Sea
and has a humid and warm climate. A systematic method
known as the Makhdoom Model (Makhdoom 2001) was
used for the analysis of maps in relation to the ecological
and socio-economic resources of the area studied. This
model is based on an applied and simple Boolean (bina-
ry) model.

Several maps were used to evaluate the ecological re-
sources of the area studied, the Digital Elevation Mod-
el (DEM), slope and aspect, soil data, erosion, geology,
iso-precipitation (iso-hyetal), iso-thermal, iso-evapora-

Jahantigh, H. R., Masoudi, M., Jokar, P.: A quantitative approach to land use planning using GIS — A case study of Chabahar County, Iran

European Journal of Environmental Sciences, Vol. 9, No. 1, pp. 12-20
https://doi.org/10.14712/23361964.2019.2

©2019The Authors. This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



A quantitative approach to land use planning using GIS 13

Pakistan

S Chabahar district

150 Kilometers

0 75
| B |G |

Fig. 1 Map showing the location of Chabahar Province in Iran.

tion, climate, canopy percentage and type and water re-
sources data. These data were gathered from the records
of different departments of the Ministries of Agriculture
and Energy and Meteorology in Iran. The data obtained
consists of two types: 1) attributed data and 2) GIS maps.

Fig. 2 shows the conceptual framework of land use
planning for the proposed model. In fact, different eco-
logical capability models based on the Makhdoom
method were used to evaluate ecological capability of
different land uses including forestry, agriculture, range
management, environmental conservation, ecotourism
and development of villages, urban areas and industry
(Makhdoom 2001). Based on these models, ecological
suitability for forestry, agriculture, range management,
environmental conservation, ecotourism and develop-
ment of villages, urbans and industry were 7, 7, 4, 3, 3 and
3, respectively. The best and worst suitability’s are the first
and the last in each model, respectively. Note that the eco-
logical suitability assessment was based on Boolean alge-
bra. The good and moderate ranges are shown in Table 1.

Based on Fig. 2 and ecological suitability maps, a land
use planning map was prepared, which was done by in-

Land Capability

tersecting capability maps. Then the process of land use
planning was done by evaluating four scenarios includ-
ing: a) present land utilization in the area studied and b)
the economic, ¢) social and d) ecological needs of this
area. All land uses were ranked for each scenario and
then scored from 10 to lower base on their ranks and eco-
logical capability. For example if in one scenario, rank of
forestry was placed in the third rank and its ecological ca-
pability was class two in a land unit; its score in first step
was given 8 and then one score is lowered for its capabili-
ty reduction (class two) that makes its score number 7 for
forestry in the land unit. This means that this one point re-
duction for forestry in three other scenarios was repeated
because of one place of reduction compared to first class
of ecological capability. If ecological capability class was
class three, the reduction in each scenario would be two.

Ranking in the first scenario was done on the basis of
current land use. For other scenarios a questionnaire was
completed by 81 experts who ranked the different land
uses for each scenario based on their knowledge and ex-
perience of the area studied. Averages of the results were
used to rank different land uses in each scenario. Ques-
tionnaire filling is a good method for determining the
socio-economic needs of an area, which depend on many
things: socio-political characteristics, population com-
position, relative earnings, immigration, present land
utilization, agriculture and animal husbandry, hygiene,
health, education and other public services.

To achieve a systematic analytical model, all maps were
layered using a vector format in an ArcGIS software envi-
ronment. These maps were operated using ArcGIS and the
appropriate utilization of each land unit was determined
and prioritized. The appropriate utilizations are those
that have the highest scores in the different scenarios.

Some of the processes were modified such as prepa-
ration of the environmental units and using the current
land use map. In this research, the current systemic anal-
ysis for preparing environmental units was not utilized
for assessing the ecological capability maps and land use
planning by the quantitative model. It may be used only

Evaluation
[ [ |
Conservation| | Forest | | Rangeland | [ Development | [ Agriculture | [ Ecotourism |
[
]
‘ Evaluating 4
Land Capability Overlay Scenarios (Current

Evaluation with Boolean Capability Maps

Land Use; Economic;

Social; Ecological)
|

Preparingland use

planning map with

some modifications
|

Final land use map

Fig. 2 The conceptual framework of the proposed model for land use planning.
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Table 1 Moderate and Good classes for every use.

Good to moderate

Granulations fine to moder-
ate with gravel

Granulating fine to
moderate, no grav-
el, low to moderate
erosion

Moderate erosion

Agriculture and range | Ecotourism
. Forestry . . Development
Indicators Class (class 1-4) management (intensive) (class 1-2)
(class 1-4) (class 1-2)
Good 0-1000 400-1200
. Good to moderate | 0-1000 0-400, 1200-1800
Altitude (m) - -
moderate 0-1400 -
Mostly moderate | 400-1800 -
Good 0-25 0-5 0-5 0-12
Good to moderate | 0-35 5-8 5-15 12-20
Slope (%)
Moderate 0-45 - - -
Mostly moderate | 0-55 8-15 - -
Warm and moderate
Good >800 (Mediterranean to 501-800
humid)
Warm, moderate and
Precipitation | Good to moderate | >800 cold (semi-arid to 51-500, >800
(mm) humid) -
Warm, moderate, cold
Moderate >500 and super cold (arid to -
humid)
Mostly moderate | >500 - -
Good 18-21 21-24* 18.1-24
Temperature | Good to moderate | 18-21 18-21,24-30 24.1-30,<18
0 Moderate <18,18-30 - -
Mostly moderate | <18, 18-30 - -
Good to moderate >15
Sunny days* - - -
Moderate 7-15
Relative hu- | Good to moderate 40.1-70
midity (%) | Moderate <40,70-80
Brown soil and forest semi
Good humid to loam clay texture Clay, loamy clay, humus | Usually moderate Moderate (often)
Clay, loamy clay, humus
il f i lay, | lay, ) .
Good to moderate Brovx{n soil and forest semi clay, sandy loamy clay, Coarse, light, heavy Light (often)
humid to loam clay texture sandy clay loam, clay
loam, loam
Soil Texture v I q
&Type Brown soil to clay with loamy | oY Cam loamy sand,
Moderate loam clay sand, clay - -
texture
loam sandy, sand
Brown rendezina to clay
Mostly moderate with Ioamy t'exture, regosols | Clay, loam clay, clay B ~
brown soil, litosols to sand loam, loam
with loamy texture
Good Moderate to perfect Perfect Good Good
Good to moderate | Moderate to good Good Moderate to poor Moderate
Drainage Moderate Rather incomplete to good Moderate to incomplete | - -
Mostly moderate Rather incomplete to mod- B B B
erate
Good Deep Deep Deep Deep
Depth Good to moderate | Deep Moderate to good Semi deep Semi deep
e
P Moderate Moderate to good Low to moderate - -
Mostly moderate | Moderate to good - - -
Granulations fine to moder- Granulatlon; fine to . Slight erosion with
Good . . moderate with no grav- | Perfect evolution -
ate with a bit of gravel - - granulation moderate
el, with little erosion
Structure

Granulations fine,
coarse and moderate
with moderate erosion

European Journal of Environmental Sciences, Vol. 9, No. 1
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Moderate

Granulations fine to moder-
ate with gravel

Granulations moderate
to coarse with gravel,
moderate erosion

Moderate erosion

Granulations fine,
coarse and moderate
with moderate erosion

Moderate

of eocene, shale, clay stone,
conglomerate and marl type
1, granite, schist and gneiss
and amphibolite, floodplain,
ophiolite of a mixture of
colours

Mostly moderate

Limestone and dolomite, in-
termediate pyroclastic rocks
of eocene, sandstone, shale,
clay stone, conglomerate and
marl type 1, granite, schist
and gneiss and amphibolite,
floodplain, ophiolite of a
mixture of colours, loess

Structure -
Granulations fine to mod-
Mostly moderate | erate with rubble, low to - - -
moderate erosion
Good Perfect Perfect Good to moderate Good
" Good to moderate | Good Good Low Moderate
Fertility
Moderate Moderate to good Moderate - -
Mostly moderate | Low to moderate - - -
Good 580 ~ Forest lands (with 0-25
canopy cover > 50%)
Canopy Good to moderate | 60-80 - Forest lands (with 26-50
Cover (%) canopy cover 5-50%)
Moderate 50-70 - - -
Mostly moderate | 40-60 - - -
Good >6
Annual Good to moderate | To 6
Growth - _ _
(m3) Moderate To5
Mostly moderate | To 4
. Good - 6000-10000** > 40 <225
Quantity
of water Good to moderate | 4000-6000 12-39.9 150-225
foreveryone | Moderate 3000-5000 - -
(i7day) Mostly moderate | To 3000 - -
Pyroclastic rocks, L
hiol
Limestone and dolomite, granite ophiolite of a Z?Z?:\tistnuer’eiﬁ C';:jrs
Good shale, clay stone, Conglo- mixture of colours, sand R .'
. continental shelf sedi-
merate and marl type 1 dunes, continental shelf
X ments
sediments
Limestone and dolomite, in- . L|m§st9ne and df)-
termediate pvroclastic rocks Limestone and Dolo- lomite, intermediate
of eocene sf\);le clav stone mite, sandstone, loess, pyroclastic rocks of
Good to moderate con Iomérate a;1d r:arl ¢ Ie schist and gneiss and eocene, granite, alluvial
1 ﬂgod lain. ohiolite ofy: amphibolite, quartzite, | fans, shale, clay stone,
rr;ixturepof C(’)|0Fl).II'S alluvial fans, flood plain | conglomerate, loess,
alluvial terraces
Limestone and dolomite, in-
Lithology termediate pyroclastic rocks | _

*in spring & summer seasons; ** m3/ha

for assessing small areas with a low diversity (e.g. small
watershed). Hence, for assessing larger areas (e.g. large
watersheds, counties and provinces), preparation of en-
vironmental units involves not using the same amount of
information used in the ecological capability models. So,
in the present study all indicator maps related to different

ecological capability models were overlaid in GIS. Other

modifications of the processes that were done for assess-

ing the land use planning model included:

a) Prioritization of each use based on the highest score
obtained by summing the scenarios’ scores (ecologi-
cal, economic, social, area) (Makhdoom 2001).

European Journal of Environmental Sciences, Vol. 9, No. 1
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b) Because of the socio-economic position of the pop-
ulation, especially in rural areas, the following land
uses were included in the land use planning process:
1) Irrigated land.

2) Settlement lands (urban, rural and industrial area).

3) Dense forests taking into consideration compati-

bility of uses (e.g. conservation).

4) Lakes and river beds.

Finally, land use planning maps for Chabahar Coun-
ty were developed considering the ecological and so-
cio-economic characteristics of the area. The process of
evaluation included the steps presented in Fig. 2.

Results

For each model, the related indicators were overlaid
and then the land capability maps were assessed. The ca-
pability maps are shown in Figs 3 to 8 and the percent-
age of the area suitable for different uses is presented in
Table 2.

After that, land capability maps were overlaid and land
use planning map (Fig. 9) by quantitative approach was
assessed. A comparison of the percentage of the land cur-
rently in different land use categories and that proposed
by the land use maps is presented in Table 3. The main
results of this comparison is that the areas currently as-
signed to forestry and range management are greater than

Table 2 Percentage of area suitable for different uses.

Land Type Class Percent

2 0.03
2.72x 103
0.12

Agriculture
79.90

19.96
447 x 1077

N|o|jlu|bd|w

—_

0.14
79.90
19.96

Range management
& dry farming

447 x 1077
0.89
15.90

Forestry
11.70

71.48
35.79

N oju |~ lw]|N

—_

22.30
41.90
2.83

Conservation

w | N

—_

85.82
11.34
0
100

Ecotourism

Development of urban
and rural areas, industry

wIiN|Ww|N

Table 3 Comparison of the percentage of the land currently under
different types of land use and that proposed by the land use maps.

Land Type Percentage of Percentage of
current land use | proposed land use

Forestry 4.80 0.85
Ecotourism - 52.17
ililrdbjsr:rir;rjle?/ZEpment 0.03 0.03
Irrigated 0.47 0.22
Range management 48.33 2.66

Dry farming 10.30 0.27
consarvation - 354
Saline land - -

Bare land 35.30 1.05

that proposed by the land use model. A lot of barren land
in this area could potentially be used for other purpos-
es, such as ecotourism and environmental conservation.
Fig. 9 and Table 2 also show a maximum percentage area
of 52.17% is suitable for ecotourism. Also, little of area
is currently used and suitable for future development.

Discussion and Conclusions

Arid and semi-arid regions in Iran are undergoing
rapid desertification in response to climate warming and
anthropogenic disturbances. Hence, it should be noted
that the establishment of the best land use is needed for
land improvement. Thus, there is a need to improve land
use planning. Land degradation can be due to natural
hazards, direct and indirect causes. Direct causes include
unsuitable land use and inappropriate land management
practices, for example cultivation of steep slopes (Masou-
di 2010; Masoudi et al. 2018). Some anthropogenic activ-
ities like deforestation, using rangelands for cultivation,
mining and urbanization, destroy the natural vegetation
and degrade the land. All these activities have to be con-
trolled by incorporating the capacity of natural vegetation
to sustain them (Masoudi 2010; Atalay 2016). In regions
such as the eastern part of the Mediterranean, factors af-
fecting changes in land use (e.g. Population and Urban
Expansion) result in the degradation of the land (Abu
Hammad and Tumeizi 2010; Masoudi et al. 2018), which
also applies to Iran and, in particular, the area studied.
Determination of the appropriate use of land and pre-
venting further destruction of resources due to popula-
tion increase should be included in strategies proposed
for stable expansion (Bocco et al. 2001; Prato 2007).

By employing GIS and combining the various vector
layers of the area, which represent its ecological resourc-
es, one can obtain a map showing the most appropriate

European Journal of Environmental Sciences, Vol. 9, No. 1
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dustrial development (class 3 > poor and unsuitable).
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Fig. 9 Land use planning map.

use of the land in an area. However, determination of the
priorities for the most appropriate uses of land in these
maps must take into consideration the socio-economic
conditions in an area or the tendency of residents to uti-
lize the land for certain specific uses.

The capability of areas to sustain particular uses can
be reduced by taking into consideration their ecological
suitability. This is included in the agricultural and for-
estry maps with 7 classes, and urban development and
ecotourism maps with 3 classes. Use for ecotourism was
included because ecotourism is very important in the
area studied. Based on the results, the minimum and
maximum percentages of area that should be used for de-
velopment and ecotourism, respectively, can be defined.

The application of Boolean logic to land use evalua-
tion has been criticized by many authors (Burrough et
al. 1992; Davidson et al. 1994; Baja et al. 2006; Amiri et
al. 2010). In the classic methods like the FAO model for
evaluating land use (FAO 1976) the use of maximum lim-
itation make the classification quite rigorous. Because,
in Boolean logic, only one index with a lower effect is
enough to reduce the suitability of land from highly suit-
able to unsuitable.

Amiri et al. (2013) utilized methods for assessing
the ecological capability of forestry in Dohezar and Se-
hezar (33, 34), a watershed of Tonekabon city in the
Mazandaran Province in Iran. Their findings indicate
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that the Analytical Hierarchy Process (AHP) and the
OWA method was better than other models, even those
based on Boolean logic, which is supported by the results
presented here.

Babaie-Kafaky et al. (2009) show that if the impor-
tance of the multiple-use of Zagros forests is not recog-
nized in the management of this forest it will lose many
of its recreational, natural ecosystem characteristics and
countless other values.

Examining the land planning maps proved that be-
sides being useful for a single purpose, they can be po-
tential used for many purposes. However, in any one
unit, no more than a single type of utilization can ulti-
mately be implemented (Makhdoom 2001). The best use
for each unit should be determined by prioritizing the
socio-economic conditions in an area and the resident’s
way of life and their tendency to use land in a specific
way. To this end, it is best to consider the following points
in prioritizing our findings. In units where there are no
socioeconomic limitations, the priority is the one with
the highest potential (Espejel et al. 1999). The priority
of land use in some of the units is determined based on
political needs, and there is no possibility of changing it
(Pierce et al. 2005). In some units, where one use has no
advantage over another, multiple uses may be proposed
(Makhdoom 2001). Generally, current research imple-
mented reforms in Makhdoom’s model, which is now
more suitable for land use planning. Makhdoom’s model
and the modified Makhdoom’s model have been evalu-
ated in Jahrom and Firuzabad Townships in southern
Iran (Asadifard 2015; Masoudi and Jokar 2016; Razaghi
2016). After validation of the two models, the results
showed that the modified model was more accurate for
land use planning in the areas studied.

Due to the importance of natural hazards, such as
drought and climate change, they should be considered
in future research. To increase the model’s accuracy,
methods such as AHP and ANP for Weighting and Fuzzy
methodology are also recommended.
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ABSTRACT

In many countries worldwide, measures have been taken in floodplains for flood prevention and nature rehabilitation. In the Netherlands,
floodplains are lowered by excavating in order to enlarge the discharge capacity and create opportunities for the development of river
habitats such as forest. As forest can obstruct the flow of water through a floodplain, their development has to be controlled in some cases.
In many floodplains, the growth of the vegetation is controlled by cattle and horses. We carried out an exclosure experiment over a twelve-
year period in a partly excavated and year-round grazed floodplain along a lowland river in the Netherlands. We focussed on hawthorn
(Crataegus monogyna Jacq.) as it plays an important role in the obstruction of water flow and in the wood-pasture cycle. Most hawthorn
shrubs were recorded on the excavated part of the floodplain with a low cover of tall herbaceous plants. The total number of hawthorn
plants was negatively related to inundation on the lower parts of the excavated sites and positively related to inundation on the higher parts
of the excavated sites. The herbivores negatively affected the establishment and growth of hawthorn. Although lowering the floodplain
by excavation will increase the discharge capacity of the floodplain in the short term, it will decrease in the long term as excavation also
increases opportunities for the development floodplain forest. If flood prevention and nature rehabilitation are both goals to be achieved in

a floodplain, hawthorn encroachment can be controlled by a clever design and management of grazing.

Keywords: cattle; Crataegus monogyna; floodplain forest; hawthorn; horses; wood-pasture hypothesis

Introduction

Natural large rivers are important for nature conserva-
tion because of their high biodiversity and their corridor
function (e.g. Dynesius and Nilsson 1994; Naiman and
Décamps 1997; Hughes et al. 2001; Tockner and Stanford
2002). Large rivers and their floodplains also have high
economic value as they are used for shipping, agriculture,
industrial activities, urbanization and recreation (e.g. De
Waal et al. 1995; Naiman et al. 2002; Tockner and Stan-
ford 2002). In the past few centuries, the large natural
rivers and floodplains have dramatically changed due
to the building of embankments, canalizations, dams,
weirs, groynes, and reclamation of floodplains for agri-
culture (e.g. Dynesius and Nilsson 1994; Rosenberg et al.
2000; Tockner and Stanford 2002; Bunting et al. 2013).
As a consequence, natural floodplains have become en-
dangered landscapes, and many types of riverine habitats
such as floodplain forests have become rare (e.g. Dyne-
sius and Nilsson 1994; Brown et al. 1997; Olson and Di-
nerstein 1998; Tockner and Stanford 2002; Bunting et al.
2013). Restoration and conservation of these floodplain
forests has become an important goal of river manage-
ment (e.g. Brown et al. 1997; Leyer et al. 2012; Bunting
etal. 2013).

However, floodplain forest can seriously obstruct wa-
ter flow and reduce the discharge capacity of rivers, re-
sulting in high flood water levels and associated safety

risks (Makaske et al. 2011; Leyer et al. 2012). In order
to achieve the safety goals, control of establishment and
growth of woody species is sometimes needed. Especial-
ly of thorny shrubs such as hawthorn (C. monogyna), as
they have the highest hydraulic roughness of the different
types of floodplain vegetation (Van Velzen et al. 2003).

Hawthorn is a shrub or small tree, up to 10 m, which is
a common woody plant in Western and Central Europe.
Hawthorn flowers (white, hermaphroditic, one style,
5-25 stamens) in April-June (Garcia and Chacoft 2007).
Although the species is partially self-compatible, it relies
on visits from insects to set fruit. It produces many sin-
gle seeded fruits (red berries) in summer, which are ripe
in September-October. The fruits are eaten by birds and
mammals, which excrete the undigested seeds and spread
the seeds (Herrera 1984; Snow and Snow 1988). To ger-
minate, seeds need light and bare mineral soil as they do
not establish in closed vegetation with a litter layer (Watt
1934; Smith 1980; Buttenschgn and Buttenscheon 1985).
Hawthorn establishes on moist to dry sandy to clayey
soils and can endure some inundation (Vreugdenhil et
al. 2006). On its twigs and branches, Hawthorn produc-
es thorns 1-3 cm long to protect itself from browsing by
large herbivores (Gill 2006; Hester et al. 2006).

In many conservation areas in the Dutch floodplains,
year-round grazing with low numbers of cattle and hors-
es (<0.4 per ha; Kuiters et al. 2003) is used as a man-
agement tool to control the growth of vegetation. Some
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shrub and tree species such as Salix spp. or Populus spp.
can easily be suppressed by large herbivores (Van Splun-
der 1998; Baraza et al. 2006; Cornelissen et al. 2014a,
2014b), but others, like hawthorn, are relatively resis-
tant to grazing because of its thorns (Gill 2006; Hester
et al. 2006). Because of their physical defence, hawthorn
and other thorny shrubs also play an important role in
the woodland-grassland cycle of the wood-pasture hy-
pothesis of Vera (2000). According to this hypothesis,
large herbivores are responsible for the development of
park-like landscapes. They contribute to the transition
of woodland to grassland by debarking trees, maintain
short grazed grasslands and create opportunities for the
re-establishment of thorny shrubs in these grazed grass-
lands. Once established in grazed grasslands, hawthorn
can serve as refugium by protecting other, more palatable
tree species (Baraza et al. 2006; Gill 2006) and initiate for-
est development.

In order to optimize both safety and ecological val-
ues, it is important to monitor encroachment by woody
plants after measures taken to restore safety and ecology
are realized and grazing has started. In general, estab-
lishment and growth of shrubs and trees on floodplains
largely depend on flooding, substrate, light and root
competition with grasses and tall herbaceous plants, and
herbivores, especially during the early life stages of the
woody species (Jones et al. 1989; Streng et al. 1989; Siebel
1998; Van Splunder 1998; Hughes et al. 2001; Vreugden-
hil et al. 2006).

In order to understand the effect of grazing, inun-
dation and vegetation on the encroachment by woody
plants, we carried out an exclosure experiment over a
twelve-year period in a restored and year-round grazed
floodplain along the river Waal in the Netherlands. We
focused on hawthorn because of its high flow resistance
and its role in the wood-pasture hypothesis. This shrub
is less flood tolerant than softwood species (Vreugden-
hil et al. 2006). Hawthorn germinates on bare soil and
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in grazed grasslands, but survival of seedlings is low in
shaded environments (Watt 1934). Hawthorn can resist
grazing pressure better than non-thorny softwood spe-
cies (Good et al. 1990; Baraza et al. 2006). We expected
that: (1) in the excavated areas with bare sandy soils and
low cover of tall herbaceous plants, more hawthorn would
become established than in the non-excavated, vegetated
areas with high cover of tall herbaceous plants; (2) estab-
lishment of hawthorn is negatively related to inundation;
(3) cattle and horses affect the establishment and growth
of hawthorn; (4) in the grazed grasslands there will be
more hawthorn than in the ungrazed grasslands.

Material and Methods

Study area

This study was carried out on the floodplain Affer-
dense and Deestse Waarden (51°53°44°'N; 5°37°40'E)
along the river Waal in the Netherlands. The study area
was approximately 46 ha. In 1996, 23 ha of this area, orig-
inally covered with grasslands, were excavated and the
first section of a new side channel was dug within
the lowered floodplain to increase the discharge capacity
and create opportunities for the development of nature
(Fig. 1).

The unexcavated parts of the study area consisted of
nutrient rich clayey soils and the excavated parts of nu-
trient poor sandy soils (Table 1). Water levels of the riv-
er Waal at the study area varied within and among years
(Fig. 2). High levels were recorded during winter and low
levels during summer. Average water levels were high-
er during 1999-2003 and lower during 1996-1998 and
2003-2007.

On nutrient-rich soil the vegetation consisted mainly
of short grasslands (e.g. Lolium perenne L., Poa trivialis L.,
Festuca rubra L., Trifolium repens L., Potentilla reptans L.,
Taraxacum spp., Cirsium arvense (L.) Scop., Urtica di-

Tall herbs, shrubs, or trees

. Ungrazed by cattle, horses, rabbits
Ungrazed by cattle, horses; grazed by rabbits
e — [[] Grazed by cattle, horses, rabbits

Qpoidc monogyna hedges

Fig. 1 Location of the strata grassland high, grassland medium high, excavated medium high, excavated low, and blocks (nr 1-12) in the study
area. The blocks consist of grazed and ungrazed plots indicated by the black, grey and white squares. The dashed lines in the excavated part of the
floodplain indicate the elevation levels of 6.0 m (low) and 7.5 m (medium high) + NAP.
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Table 1 Characteristics strata study area. Inundation characteristics are averages and standard errors of mean (within parentheses) over the period
1996-2007. NAP is the Dutch reference level for elevation, which is about sea level. January-December and March-October indicate the period from

January to December and from March to October.

Strata
Not excavated Excavated
High Medium high Medium high Low

Vegetation 1996 Grassland Grassland Bare soil Bare soil
Soil (% lutum (< 2um)) 26 25 4 3
Ground level (m + NAP) 9.0 7.5 7.5 6.0
Total inundation (days) January-December 7(2) 27 (6) 27 (6) 83 (13)

March-October 3(1) 12 (4) 12 (4) 42 (10)
Inundation frequency (N)

January-December 1(<1) 3(1) 3(1) 7(1)

March-October 1(<1) 1(<1) 1(<1) 4(1)
Average length of inundation events (days)

January-December 5(1) 8(1) 8(1) 14(2)

March-October 3(1) 5(1) 5(1) 12(3)
Average water depth during inundation (cm) | January-December 16 (6) 93(11) 93 (11) 115 (9)

March-October 5(4) 65 (15) 65 (15) 88(12)

Average daily water level river Waal
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Fig. 2 Average daily water level of the river Waal at Afferdense and
Deestse Waarden. The horizontal lines show the surface levels of the
different strata of 6.0, 7.5 and 9.0 m + NAP.

oica L.; 12 ha), and a mosaic of tall herbaceous plants,
tall grasses and willows (e.g. C. arvense, U. dioica, Sym-
phytum officinale L., Phalaris arundiancea, L. Glyceria
maxima (Hartm.) Holmb., Salix spp.; 11 ha). In the exca-
vated areas, vegetation was almost absent during the first
year. In the second year, pioneer species (e.g. Chenopo-
dium album L., Erigeron canadensis (L.) Crongq., Matri-
caria maritima (L.) W.D.].Koch, Rumex maritimus L.)
colonized the area. Within the study area, some old haw-
thorn shrubs and hedges were present. These were rem-
nants of the former agricultural landscape.

Before 1996, the study area was grazed by high num-
bers (1-2 animals/ha) of dairy cattle, and parts of the
grassland that were invaded by tall herbaceous plants
such as C. arvense or U. dioica, were mown. After 1996,
the study area was grazed during summer (April-No-
vember) by privately owned cattle (c. 15 cows) and hors-
es (c. 20 mares). During winter (November-March), the
owner moved the cattle to the farm for supplementary
feeding and shelter, but the horses remained in the area.

The horses did not get supplementary feeding and the
grasslands were not mown anymore.

Exclosure experiment

We carried out an exclosure experiment to determine
the effects of herbivores, vegetation and inundation on
establishment and growth of woody species. The ex-
periment consisted of 12 blocks (i.e. experimental unit;
Hurlbert 1984) to test the effect of herbivores. Each block
consisted of an ungrazed (exclosure) and a grazed plot
(both 15 x 15 m). The grazed plot was randomly placed
at a distance of 10 m from the exclosure. All exclosures
were made to exclude not only cattle and horses but also
small herbivores such as rabbits and hares.

Based on ground level and excavation, we distin-
guished four different strata: (1) excavated low; (2) ex-
cavated medium high; (3) grassland medium high;
(4) grassland high (Fig. 1, Table 1). The strata grassland
low and excavated high were not present in the study
area. Although the strata are not replicated, as replica-
tion was not possible at this scale, we used these strata
in our experiment to determine the effects of inundation
and vegetation, next to herbivores, on the establishment
and growth of woody species on this floodplain. To de-
scribe the effect of excavation and grazing by all her-
bivores on vegetation and hawthorn, we compared the
stratum grassland medium high with excavated medium
high. To determine the effect of inundation and grazing by
all herbivores on vegetation and hawthorn, we compared
the stratum excavated medium high with excavated low.
The stratum grassland high was not used in these tests
as no hawthorn became established on this stratum. To
analyse these effects, in each stratum 3 blocks were ran-
domly placed after the excavation in the summer of 1996.

In the stratum “excavated low”, we expected the estab-
lishment of high numbers of Salix spp. and a rapid in-
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crease in cover and height of these species immediately
after excavation (Van Splunder 1998). To investigate the
effect of small herbivores on these fast colonizing, palat-
able softwood species, we added an extra exclosure to the
blocks in this stratum, excluding only cattle and horses.

For describing the results, we used the following codes
for the strata:

Grassland Excavated
High (9.0 m NAP) GH
Medium low (7.5 m NAP) GM EM
Low (6.0 m NAP) EL

To distinguish between grazed and ungrazed sites
within the strata, we added to these codes the letter -g or
-u, respectively.

Inundation

River water level data were obtained from the Minis-
try of Infrastructure and Water management. We deter-
mined total number of days with inundation, number of
inundation events (frequency), average length of inunda-
tion events and average water depth during inundation as
they explained most of the variation in establishment and
growth in other studies (e.g. Siebel 1998; Van Splunder
1998; Vreugdenbhil et al. 2006). We also distinguished two
periods of inundation: 1) from January to December and
2) from March to October (growing season).

Herbivore numbers and daily energy expenditure

The number of cattle and horses stayed the same over
the years from 1996 to 2007 (see section study area). We
counted the numbers of hares and rabbits during eve-
nings in winter (December-January) using a light. In
1997, 1999 and 2007, eight counts per winter were car-
ried out along a fixed route through the whole of the
area studied. There were no roe deer (Capreolus capreo-
lus L.) or beaver (Castor fiber L.) on this flood plain (pers.
comm. State Forestry Service).

To compare the effect of grazing by large and small
herbivores and to compare our results with that of others
(e.g. Bakker et al. 2004), we transformed herbivore den-
sities into daily energy expenditure (DEE). According
to Bakker et al. (2004), the amount of energy an average
animal spends daily is two times its basal metabolic rate
(BMR): DEE = 2 x 2930 x WO7> K] per day. For cows and
mares of different ages (1-15 years old) we assumed an av-
erage weight of 350 kg based on Cornelissen et al. (1995),
for rabbits we used an average weight of 1.5 kg (Wal-
lage-Drees 1988) and for hares 4 kg (Lange et al. 1994).

Vegetation surveys

In August 1997, 1999, 2001 and 2007, we assessed veg-
etation cover and height of two structural layers: (1) low
grasses and low herbaceous plants; (2) tall herbaceous
plants. We established four permanent quadrats of 2 x

2 m within the ungrazed plot at 2 m distance from the
fence of the exclosure, and in the same way within the
grazed plot. Cover was estimated (vertical projection on
the ground in percentages) and height was measured
with a ruler and a polystyrene disk (radius 50 cm, weight
320 g), which was lowered over a ruler on to the sward.
Average cover and height were calculated for each un-
grazed and grazed plot. These averages were used to cal-
culate averages and standard errors of cover and height of
grazed and ungrazed vegetation for each stratum.

In August 2007, cover and height of all woody species
were assessed in the total area (15 x 15 m) of the un-
grazed and grazed plots. Cover was estimated visually as
a percentage of the area of ground occupied. Heights of
woody plants were measured with a ruler. The measure-
ments per ungrazed and grazed plot were used to calcu-
late averages and standard errors of cover and height of
woody species in grazed and ungrazed plots per stratum.

In November 2007, all hawthorn plants present in the
ungrazed and grazed plots were harvested for age deter-
mination in order to investigate the effect of inundation,
vegetation and grazing on establishment and growth.
Height, crown diameter (mean of maximum and mini-
mum diameter), stem circumference and total number
of twigs (up to 2 m height) were measured before the de-
structive harvest. Circumference was later transformed
into an average stem diameter, as it is an important pa-
rameter for determining the hydraulic roughness of the
shrub.

The nomenclature used for plant species follows that
of Van der Meijden (2005).

Age determinations of hawthorn

Age determination of hawthorn was based on growth
rings and was carried out as described by Decuyper et al.
(2014).

Statistical analysis

We used Generalized Linear Models with a Poisson
distribution and a log-link function to test the effects of
ground level (medium high or low), excavation (yes or
no) and herbivores (yes or no) on total number of haw-
thorn present in 2007; this revealed no over dispersion.
We also nested block within excavation or ground level
to correct for possible random variation among blocks.

To test the effect of grazing by rabbits on the total
number of hawthorn present in 2007, we compared the
ungrazed and grazed plots in the stratum excavated low.
We used Generalized Linear Models with a negative bi-
nomial distribution and a log-link function to test these
effects because of over dispersion. Grazing (yes or no)
was used as predictor. Block was also incorporated to
correct for possible random variation among blocks.

General Linear Model Repeated Measures was used
to test the effects of excavation or ground level, herbi-
vores (between-subjects factors) and year (within-sub-
jects factor) on the dependent variables cover and height
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of low grasses and herbaceous plants and tall herbaceous
plants. We nested block within excavation or ground lev-
el to correct for possible random variation among blocks.
To meet the assumptions of the statistical test, data in
percentages were arcsine transformed (Sokal and Rohlf
1981).

General Linear Model Univariate procedure was used
to test differences between slopes or intercepts of the dif-
ferent relations between inundation and established haw-
thorn or hawthorn growth. Non-linear relations were
transformed in order to obtain linear relationships before
testing differences between slopes or intercepts.

All data were analysed using SPSS for Windows ver-
sion 23 (Norusis 1996). All error bars in graphs are Stan-
dard Errors of Means (SEM).

Results

Herbivore numbers and DEE

Horses grazed the area year-round in the same num-
bers every year: 20 mares. Cattle grazed the area from
April until November in the same numbers every year: 15
cows. During the winters of 1997/1998, 1999/2000 and
2007/2008, average rabbit numbers within the study area
were respectively 35, 25 and 90. Almost nearly no hares
were recorded (average <1).

During summer, DEE per day of the 35 large herbi-
vores was about 1650 MJ for the whole study area, and
during winter DEE was about 950 M]J. DEE of rabbits
varied between 20 and 70 M]J for the whole study area.
During winter, total DEE of mares was about 15-50 times
higher than that of rabbits. As DEE of the large herbi-
vores almost doubled during summer, the difference be-
tween large and small herbivores probably will have been
even greater during that period.

Established woody species

The results of the survey in 2007 (Table 2) reflect the
net effect of establishment and mortality and the net ef-
fect of growth and losses over 12 years. In general, there
were fewer species of woody plants on the grasslands
than on the excavated strata. Within the grasslands, there
were no woody species at all on GH. On the excavated
substrates, there were more thorny shrubs on EM and
more Salix spp. on EL. Heights of woody species varied
among strata and between grazed and ungrazed.

Effects of rabbits

Total number of hawthorn recorded in 2007 in the
plots grazed by rabbits (Fig. 3) was not different from
that in ungrazed plots (P = 0.9882). Growth parame-
ters of hawthorn in the plots grazed by rabbits were not
different from those recorded in ungrazed plots (Fig. 5;

Table 2 Average cover and height of woody species in 2007. SEM is given in parentheses. C = cattle; H = horses; R = rabbits.

Strata
Habitat Grassland Excavated
Ground level High Medium high Medium high Low
ﬁ;:;ie‘::l;:e:grazed Ungrazed G?':;d Ungrazed G?;;d Ungrazed G::;d Ungrazed GEaI.Iz;d GraRz ed
Species Cover (%)
Crataegus monogyna 0 0 5(5) 2( 15 (6) 2(1) 3(2) 0 3(2)
Rosa canina 0 0 0 0 9 (6) 7 (3) 1(<1) 0 1(<1)
Rubus ceasius 0 0 19(18) 0 7(3) 1(1) 4(<1) 0 3(1)
Cornus sanguinea 0 0 0 0 <1(<1) 0 0 0 0
Sorbus aucuparia 0 0 0 0 0 0 <1(<1) 0 0
Fraxinus excelsior 0 0 0 0 0 0 0 0 <1(<1)
Populus nigra 0 0 0 0 0 0 <1(<1) 0 1(1)
Salix spp. 0 0 0 0 10(5) 0 40 (15) 3(N 32(9)
Total woody cover 0 0 21(20) 2(2) 28(9) 9(3) 43 (16) 3(1) 34(11)

Height (cm)

Crataegus monogyna 450 (-) 412 (-) 120 (20) 78 (26) 47 (125) 77(27)
Rosa canina 150 (29) 147 (29) 83(13) 105(18)
Rubus ceasius 85 (5) 37 (13) 20 (-) 53(12) 53(12)
Cornus sanguinea 65 (-)
Sorbus aucuparia 60 (-)
Fraxinus excelsior 20 (-)
Populus nigra 390 (-) 275(-)
Salix spp. 300 (50) 483(17) 12(2) 427(18)
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Table 3 P-values Generalized Linear Model with Poisson distribution and log-link for total number of established hawthorn in 2007. G = grazing (yes
or no); E = elevation (7.5 m or 6.0 m) or excavation (yes or no); G x E = interaction effect; Block was nested within the factor Elevation or Excavation
to correct for possible random variation among blocks. The bold p-values highlight that the effects are significant.

E
G GXxE Block (E)
Ground level Excavation
Grassland 7.5 m vs Excavated 7.5 m 0.0006 0.0001 0.2344 <0.0001
Excavated 7.5 m vs Excavated 6.0 m <0.0001 <0.0001 a <0.0001

a Unable to compute due to absence of hawthorn in grazed excavated 6.0 m.

Table 4 P-values General Linear Model Repeated Measures for the effects of grazing and elevation or excavation on cover and height of low grasses
and herbs and tall herbs. A, B and C show the results of the comparisons between different strata. Grazing = grazed or ungrazed by cattle, horses
and rabbits. Elevation = 9.0 m vs 7.5 m or 7.5 m vs 6.0 m. Excavation = yes or no. Year = 1997, 1999, 2001, 2007. D shows the results of the comparison
between plots grazed by rabbits and ungrazed plots on the stratum excavated low.

Grasses and herbaceous plants Tall herbaceous plants

Cover Height Cover Height

A. Grassland 9.0 m vs Grassland 7.5 m

Test of Between-Subjects Effects

Grazing 0.4770 0.0005 0.0170 0.0225
Ground level 0.9207 0.4264 0.7119 0.2218
Grazing x Ground level 0.8899 0.2662 0.0267 0.4567
Block (within Ground level) 0.7144 0.9951 0.2132 0.3905
Test of Within-Subjects Effect

Year 0.0016 <0.0001 0.0001 <0.0001
Year x Grazing <0.0001 <0.0001 0.3875 0.0105
Year x Ground level 0.9627 0.3046 0.0900 0.7185
Year x Grazing x Ground level 0.8761 0.9555 0.6587 0.2826

B. Grassland 7.5 m vs Excavated 7.5 m

Test of Between-Subjects Effects

Grazing 0.0495 0.0083 0.8015 0.0233
Ground level 0.0065 0.0436 0.0262 0.0489
Grazing x Ground level 0.1543 0.0318 0.5611 0.1062
Block (within Ground level) 0.8496 0.9300 0.3488 0.4961
Test of Within-Subjects Effect

Year <0.0001 0.1676 0.0060 0.0001
Year x Grazing 0.0003 0.0241 0.7302 0.0324
Year x Ground level 0.0002 0.0602 0.0023 0.1371
Year x Grazing x Excavation 0.0022 0.0336 0.7909 0.6087

C. Excavated 7.5 m vs Excavated 6.0 m

Test of Between-Subjects Effects

Grazing 0.0174 0.3408 0.9297 0.0103
Ground level 0.0087 0.0404 0.2063 0.0387
Grazing x Ground level 0.4235 0.5569 0.3179 0.0577
Block (within Ground level) 0.5449 0.9099 0.3378 0.4482
Test of Within-Subjects Effect

Year <0.0001 0.7767 0.1837 0.0086
Year x Grazing 0.1613 0.1971 0.4845 0.0734
Year x Ground level 0.0057 0.8392 0.3483 0.2544
Year x Grazing x Ground level 0.1359 0.4527 0.4091 0.0634

D. Excavated 6.0 m: Grazed by Rabbits vs Ungrazed

Test of Between-Subjects Effects

Grazing 0.3669 0.6077 0.4586 0.0657
Block 0.3889 0.9157 0.6732 0.0626
Test of Within-Subjects Effects

Year 0.1503 0.0832 0.2286 0.1475
Year x Grazing 0.3470 0.4698 0.1414 0.4078
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Table 5 P-values General Linear Model Univariate for testing differences in slopes and intercepts of regression lines between strata and between
grazed and ungrazed (see Fig. 5). CHR = cattle, horses and rabbits. R = rabbits. The bold P-values highlight that the differences are significant.

Excavated medium high vs excavated Ungrazed CHR vs Grazed CHR Ungrazed CHR vs Grazed R
low for ungrazed CHR on excavated medium high on excavated low
Slopes Intercepts Slopes Intercepts Slopes Intercepts
Height 0.4633 <0.0001 0.5355 0.0159 0.8290 0.9007
Crown 0.7795 0.7965 0.1495 0.4985 0.8167 0.2819
Stem 0.1001 0.5687 0.4353 0.1097 0.2806 0.3595
Twigs 0.6137 0.0771 0.2380 0.8725 0.7902 0.9641

Table 5). Cover and height of low grasses and herbaceous
plants and of tall herbaceous plants in plots grazed by
rabbits (Fig. 6) were not different from that recorded in
ungrazed plots (Table 4).

Effects of excavation, inundation and large herbivore grazing

The total number of hawthorn recorded over the peri-
od 1996-2007 was affected by herbivores and ground lev-
el or excavation and was highest on EM-u and absent on
GH and EL-g (Fig. 3, Table 3). The years in which haw-
thorn were recorded differed among strata (Fig. 3). On
GM, hawthorn were only present during the first three
years. On EM, they were present almost throughout the
whole period, but the highest numbers were recorded be-
tween 1998-2002. On EL-u, most were recorded between
2002-2005.

Establishment on the excavated strata was related to
water level. In general, more hawthorn were recorded on
the less inundated EM than on the more inundated EL,
indicating a negative relation with inundation (Fig. 3, Ta-
ble 3). However, if we look at the results in detail, num-
bers on EM was positively related to inundation whereas
on EL it was negatively related (Fig. 4). In the grazed ex-
cavated strata, relationships were the same as in the un-
grazed strata.

Of the growth parameters only height was affect-
ed (Fig. 5). On EM-u, shrubs were 50-100 cm shorter
than on EL-u (comparison of the heights of the same age
classes). On EM-u, shrubs were 25-50 cm taller than on
EM-g.

Cover and height of the grass and herbaceous plant
layers differed between strata, years and between grazed
and ungrazed sites (Fig. 6; Table 4). The cover of low
grasses and herbaceous plants decreased in the grasslands
and increased on the excavated strata. On the grasslands,
the decrease in cover was greater at the ungrazed than at
the grazed sites. On the excavated strata, the increase in
cover was lower at the ungrazed than at the grazed sites.
The height of the low grasses and herbaceous plants was
greater in the grasslands than in the excavated strata and
also greater at ungrazed than at grazed sites.

The cover and height of tall herbaceous plants in-
creased strongly on the grasslands. On the excavated
strata, cover was stable and height increased.

a: Grassland medium high (7.5 m +NAP)

1000 A Total in 2007
ungrazed CHR: 74 (74)
i d CHR: 30 (30
= 800 graze (30)
_§ —e— ungrazed
< 600 - CHR
©
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2 400 CHR
2
— 200 A
0 ,_%—,-u—,-n—,-n—,-n—,-n—,-n—,-n—,-u_
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ey
S —e— ungrazed
600 7 CHR
Ei
S 400 - 0= grazed
= CHR
2
= 200 4
0 4
O IN 00 O © — N o0 < 1n O N
QA OO0 9O 9 9O O 9O
A& O O O O O O S O
— = = — N &N &N &N N N N N
Year of establishment
c: Excavated low (6.0 m +NAP)
1000 1 Total in 2007
ungrazed CHR: 459 (243)
E 800 - grazed CHR: 0 (0) ungrazed
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Fig. 3 Number of hawthorn recorded on different strata in different
years. C = cattle, H = horses, R = rabbits. In the corner of the graphs the
average number of hawthorn recorded over the period 1996-2007, is
given; SEM within parentheses.
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Fig. 4 Relations between inundation and establishment of hawthorn (top and middle) and between inundation frequency and establishment of
hawthorn (bottom) on ungrazed and grazed strata. Establishment of hawthorn during the period 1996-2007. C = cattle, H = horses, R = rabbits. Note

differences in Y- and X-axes.

Discussion

Effects of excavation

This study revealed that in the excavated areas of the
floodplain there was a greater establishment of hawthorn
than in the non-excavated grasslands, which supports
our first expectation. There were also more other woody
species present on the excavated areas than on the grass-
lands. After excavation, bare substrate was exposed over
large areas for a few years, as the fertile soil layer was re-
moved. The development of tall herbaceous vegetation
was much less than in the grasslands, providing more op-
portunities for the establishment of hawthorn and oth-
er woody species. Similar effects of vegetation cover on
the establishment of woody species are reported in other
studies (e.g. Siebel 1998; Bokdam and Gleichman 2000;
Niinemets and Valladares 2006). In the non-excavated
grasslands, the woody seedlings have to compete with
tall herbaceous plants such as C. arvense and U. dioica for
light and nutrients. These fast growing tall herbaceous

plants are stronger competitors than the seedlings of
woody species in highly productive environments, such
as the grasslands on clayey soils. We conclude that the tall
herbaceous vegetation played an important role in the es-
tablishment of hawthorn and the other woody species.
This detailed study of hawthorn revealed that more
shrubs established on EM than on EL. This supports our
second expectation that establishment is negatively af-
fected by inundation. However, when the results are ex-
amined in more detail, the negative relation was true for
the EL sites, but not for the EM sites, where the relation
was positive. We assume that on EL and during periods
of high water level, inundation was sufficiently frequent,
to prevent seeds from germinating and seedlings becom-
ing established as frequent inundation results in the seed-
lings due to drowning or oxygen deprivation (Niinemets
and Valladares 2006; Vreugdenhil et al. 2006). Only dur-
ing periods with relatively low water levels (2003-2007),
hawthorn colonized and survived on EL. The less fre-
quent inundation of EM probably resulted in the high-
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Fig. 5 Height (A-C), crown diameter (D-F), stem diameter (G-1) and number of twigs (J-L) of hawthorn of different ages growing on different strata
and in grazed and ungrazed situations. C = cattle, H = horses, R = rabbits. Within the graphs R2 and P-values are given for the relations. See table A

(below) for results of the tests for differences between relations.

er survival of hawthorn there than on EL, but this does
not explain the positive relation between inundation and
establishment. A potential explanation of this positive
relation could be fruit dispersal by water. During field
observations (pers. obs. P. Cornelissen), fruit were found
in drift line material. As fruit of hawthorn can also be dis-
persed by water, lower water levels can lead to less or no
seed deposition by water on the higher ground. Although
hawthorn fruit can also be dispersed by wind (very short
distances), birds and mammals (short and long distanc-
es; Good et al. 1990; Martinez et al. 2008), only water
can disperse large amounts of fruit over long distances.

On GM, a similar positive relation between inunda-
tion and seed deposition exists. The effect, however, is dif-
ferent from that on EM. The difference may be explained
by the greater increase in cover and height of tall herba-
ceous plants on the grasslands than at the excavated sites.

Inundation also affected the height of hawthorn. Our
results indicate that height was greater on EL than on EM

(comparison of the same age classes of low and medium
height in Fig. 5). This could be explained by shoot elon-
gation to overcome flooding events. This is demonstrated
by Siebel (1998), where partially submerged seedlings of
Q. robur and Fraxinus excelsior L. showed a significant-
ly larger increase in stem length than unflooded ones.
Probably, hawthorn uses the same mechanism to survive
inundation.

Effects of grazing

On EL, rabbits did not affect the establishment and
growth of hawthorn, and the cover and height of grasses
and herbaceous plants. Therefore, we conclude that the
described effects of herbivores on the establishment and
growth of hawthorn were caused by cattle and horses,
supporting the third expectation. Bakker et al. (2004) re-
port that the negative effect of rabbits on woody species
equals that of cattle. However, in their study area, DEE of
rabbits equalled that of cattle, whereas in our study area
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Fig. 6 Development of cover and height of the structural layers “low grasses and herbaceous plants” and “tall herbaceous plants” on different strata

and in grazed and ungrazed situations. C = cattle, H = horses, R = rabbits.

DEE of rabbits was >15 times lower than that of cattle
and horses during winter. Kuiters and Slim (2003) report
significant effects of rabbits on tree regeneration only at
very high densities of 50 rabbits per ha, which is about 25
times higher than recorded in our study area.

On the grasslands, there were too few plants of haw-
thorn to test our fourth expectation. According to the
wood-pasture theory (Vera 2000), large herbivores play a
key role in the development of park-like landscapes with
shrub and tree regeneration in the grazed grasslands.

Vera (2000) and OIff et al. (1999) also mention that the
intensively grazed grasslands in the woodland-grassland
cycle need a temporary reduction in the large herbivore
population densities in order to create a “window of op-
portunity” for the (re-)establishment of shrubs and trees.
In our study area, the change in grazing management in
1996 from intensively to extensively grazed, could have
been the reason why hawthorn successfully colonized
medium high grassland during the first three years of the
research period, when cover and height of tall herbaceous
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plants were still low. In the ungrazed plots after 1998, the
cover of tall herbaceous plants had already increased by
more than 20% with heights exceeding 1 m. Apparent-
ly, this was enough to prevent the establishment of haw-
thorn and other woody shrubs and trees. In the grazed
plots, the cover and height of tall herbaceous plants de-
creased again in 2001, but this did not result in new es-
tablishments of hawthorn, or other woody species, in the
grazed plots. This could be due to the fact that within the
grazed sites, there were locations where tall herbaceous
plant dominated and out competed the hawthorn seed-
lings for light, whereas at the locations where low grasses
and herbaceous plants dominated, local grazing pressure
was too high, indicated by the low height of the grasses
and herbaceous plants, for the hawthorn seedling to sur-
vive. The fact that there were no woody species on GH
was probably due to a faster increase in cover and height
of the tall herbaceous plant layer and absence of a large
input seed carried by water (for example hawthorn) dur-
ing the first years compared with GM.

Implications for management

This study confirmed that excavation, which increases
the discharge capacity of the floodplain, also increased
opportunities for shrub and tree regeneration and flood-
plain forest development. For safety purposes, it is nec-
essary to control the growth of woody species as shrubs
and trees can seriously obstruct water flow and reduce
the discharge capacity of the river. Our research shows
that large herbivores can control the encroachment by
woody plants, but much depends on the management of
the grazing regime. Although there was a strong negative
effect on establishment of hawthorn, the numbers of cat-
tle and horses were insufficient for stopping the develop-
ment or reducing the growth of this shrub. To suppress
hawthorn, more animals and types of herbivores (graz-
ers, intermediate feeders and browsers; large and small
herbivores) are needed (e.g. Good et al. 1990; Williams et
al. 2010; Cornelissen et al. 2014a).

Itis possible to reduce the encroachment of floodplains
by woody plants by minimizing their establishment and
growth. First of all, it is possible to reduce the areas with
ground levels that favour the establishment of shrubs and
trees. Another possible measure is to recover excavated
areas with the top layer of soil that was removed. This
will enhance a rapid recovery of the grass and herbaceous
plant layer, diminish the opportunities for the establish-
ment and growth of woody species. A third option is to
periodically lower large areas of the floodplain or dig side
channels to increase the flow capacity of the floodplain
so that a larger area of forest is acceptable. This meas-
ure is also known as the “cyclic floodplain rejuvenation”
(Baptist et al. 2004). Finally, grazing regimes can be in-
troduced that are more likely to control the development
of woody plants. An assemblage of different kinds of her-
bivores with greater numbers of cattle and horses (>1 an-
imal per ha), more intermediate feeders (e.g. red deer),

browsers (e.g. roe deer) and small herbivores (beavers,
rabbits and hares) will stimulate browsing. Preferential-
ly, these grazing regimes should start immediately after
excavation in order to control establishment for several
years, or at least until vegetation cover has developed to
a sufficient level.

For rehabilitation of natural floodplain forests, low-
ering the floodplain and digging side channels are ide-
al measures for regenerating shrubs and trees in grazed
systems. Our research showed that high numbers of
hawthorn, a key species in the wood-pasture hypothesis
(Vera 2000), can become established and create oppor-
tunities for the establishment of palatable and less pro-
tected hardwood tree species (Barbosa et al. 2009) and
initiate floodplain forest development in these extensive-
ly grazed areas.
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ABSTRACT

To study the effects of mycorrhiza, fulvic acid, seaweed extract and urea on the physiological traits and leaf yield of tobacco, an experiment
was carried out in split plots in a randomized complete block design with three replicates at Marivan during 2015. In this study, the main
factor was two levels of inoculation with mycorrhiza including: control: no inoculation and inoculation with mycorrhiza (Glomus interaradices)
and subplots treated with growth stimulants at 5 kinds: control-distilled water, fulvic acid, seaweed extract, urea, fulvic acid + seaweed
extract + urea. The results indicate that the number of leaves and dry weight of the middle leaves of plants inoculated with mycorrhiza were
increased significantly. In addition, the foliar application of growth stimulants significantly affected the relative water content, fresh and dry
weight of the lower and middle leaves and also the greenness and fresh weight of the upper leaves of tobacco.

Keywords: canopy; dry weight; fertilizer; growth promotion; symbiosis

Introduction

Although the application of chemical fertilizers has
resulted in a huge increase in world food production
(Banerjee et al. 2011; Garai et al. 2014), it has contributed
significantly to the pollution of water, air and soil (Ignaci-
muthu and Vendan 2007). Phosphorus has been applied
regularly for many years and the level of P is now relative-
ly high at some locations (Magarey et al. 2005). Tobacco
is a cash crop and the best quality tobacco comes from
crops cultivated in regions in Iran where it is humid and
the soil is fertile. However, it is important that tobacco
does not contain toxic or heavy metals. To achieve this it
is vital to reduce the use of chemical fertilizers that con-
tain toxic and heavy elements, such as cadmium, because
these fertilizers increase the risk of Cd entering the food
chain, which has an adverse effect on the kidneys, lungs,
cardiovascular and musculoskeletal systems of humans
(Roberts 2014). In order to prevent or decrease the inci-
dence of such problems it is necessary to produce healthy
crops by using environmentally friendly fertilizers such
as organic fertilizers or biofertilizers instead of chemi-
cal fertilizers. Arbuscular mycorrhiza is known to assist
plants in their uptake of phosphorus and certain trace el-
ements such as zinc and copper. The mycorrhiza invades
the root system of its host and utilizes carbon from the
plant and in return effectively increasing the soil volume
from which the plant may draw nutrients. This enables
plants to produce high yields even when growing in soil
with low levels of P (Magarey et al. 2005). Increasing con-
centrations of N, P, K and S in the rhizosphere and dry
weight of onion bulbs and maize shoots by inoculating
these plants with mycorrhizae is reported (Amal et al.
2014). Munda et al. (2016) report better productivity of
soybean when grown in plots treated with biofertilizers

and that the microbes also improve P availability for the
next crop.

Fulvic acid is an organic fertilizer with a non-toxic
mineral chelating additive and water binder that max-
imizes its uptake through leaves and stimulates plant
productivity (Malan 2015). It attracts water molecules,
which helps in keeping soil moist and aids the movement
of nutrients into plant roots. Fulvic acid easily binds or
chelates minerals such as iron, calcium, copper, zinc and
magnesium, and can deliver these elements directly to
plants (Yamauchi et al. 1984). Various studies report that
it increases the fluorescence of chlorophyll a, inhibits
ROS and enhances the antioxidant enzymes that destroy
ROS (Lotfi et al. 2015), decreases water stress or stress
due to hot and dry winds during ear development, in-
creasing grain yield by 7.3-18.0%, enhances root activity,
increases ion uptake and the rate of transport of phos-
phorus to the grains (Xudan 1987), increases the number
and length of root hairs in Arabidopsis plants (Schmidt
et al. 2005), ameliorates the growth of rice and radish
resulting in taller plants (Khang 2011), limits the devel-
opment of some pathogens, e.g. Fusarium spp (Yigit and
Dikilitas 2008) and the availability of phosphorus (Yang
et al. 2013). Seaweed extract, another organic fertilizer,
contains micro and macro nutrients and growth pro-
moters (Prasad et al. 2010). It also contains plant growth
hormones that enhance yield (Latique et al. 2013). Ap-
plication of seaweed extract stimulates growth and yield
and increases the tolerance of plants to environmental
stress (Pramanick et al. 2013), improves germination of
maize seeds by 10-19%, promotes shoot and root growth
by 30-68% (Matysiak et al. 2011), increases the resistance
of herbaceous plants to drought (Zhang and Ervin 2004),
promotes vegetative growth, yield and oil content of pea-
nuts (31.69%, 14.27%) and sunflower (31.69%, 14.27%),
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respectively (Karthikeyan and Shanmugam 2015). In
addition, spraying plants with seaweed extract improves
growth, yield and tuber quality of potatoes in terms of
their nitrogen, total soluble solids and protein contents
(Haider et al. 2012), increases root growth, nutrient ab-
sorption, stem thickness and growth (Jensen 2004), ame-
liorates effect of salt stress on bean seeds because of the
presence of growth hormones, nutrients and other im-
portant phytochemical compounds (Latique et al. 2014).

Therefore, this study compares the effectiveness of or-
ganic and chemical fertilizers in terms of the increase in
yield of leaf tobacco.

Material and Methods

This experiment was carried out in split-plots based
on a randomized complete block design with three repli-
cates in a farmer’s tobacco field at Marivan in the north-
west of Iran (situated at 35°N and 46°E and at 1324 m
above mean sea level), where the annual precipitation
during the 2015 growing season was 750 mm. In this
study, the main factor was the inoculation of the mycor-
rhizal fungus (G. intaradices) and a control (not inoculat-
ed) and the sub-factor application of growth compounds
of 6 kinds: distilled water (control), fulvic acid, seaweed
extract, urea, fulvic acid + seaweed extract + urea). The
fulvic acid was prepared by Fanavari Sabz Shargh Co,
Tehran, Iran. The seaweed extract (Acadian™) was
made from Ascophyllum nodosum obtained from Nova
Scotia, Canada. Sterilized and coated seeds of tobacco
(Nicotiana tabacum cv. Burley 21) were obtained from
the Iranian Tobacco Administration. These seeds were
germinated in a float tray in a greenhouse two months
before planting in a field. At the end of May, seedlings
were transplanted to another field and planted 40 cm
apart in rows that were 1 meter apart. For the inocula-
tion of mycorrhiza, mycorrhiza powder (3.33 g/p) was
placed in rows and then covered with 1 cm of soil prior
to transplanting the seedlings. The growth compound
were sprayed (2/1000 w/v concentration) on the plants
one month before the lower leaves were harvested. The
watering of the plants was achieved using furrows. At
various stages of the growth of the tobacco plants they
were watered and weeds were removed. In this study, the
following characters were recorded after spraying: the
greenness, temperature and relative water content of the
leaves. The greenness was based on the readings from 10
leaves (lower, middle, upper) using a Chlorophyll Meter
SPAD-502 and the temperature of the same leaves using
an Infra-red Thermo meter CEMDT-8810. Relative wa-
ter content was measured using Baslam and Goicoechea
(2012) method.

RWC =100 x (FW — DM) / (TM — DM)

In this formula, FW is fresh weight, DM dry weight
and TW turgid weight.

Fresh weight is that of ten 2 cm diameter pieces of
leaves that were previously kept in an ice box. In order
to calculate TM, the leaf pieces were placed in distilled
water for 24 h, wiped to remove excess water and then
weighed. DM was obtained by drying the leaf pieces in
an oven at 75 °C for 48 h before weighing them. At har-
vest, the lower, middle and upper leaves were collected
from two plants in each plot together with a record of the
number and dry and fresh weight of the leaves. Finally,
data were analyzed according to the experimental design
in SAS, | software package and comparison of the trait
means using Duncans multiple range test at 0.05 prob-
ability.

Results and discussion

Leaf temperature

Leaf temperature was not affected significantly by the
mycorrhiza inoculations (Table 1), but as shown in Table
2, they resulted in a decrease in the temperature of the
middle and upper leaves by improving the water balance
of the plants, possibly by increasing the uptake of water
from the soil. Probably, if the plants had been subject to
water stress then a greater effect of mycorrhiza would
have been recorded as Bakr et al. (2018) report that inoc-
ulation of mycorrhiza decreases canopy temperature sig-
nificantly only in water-limited conditions. Also Chen et
al. (2017) conclude that mycorrhiza enhances the gas ex-
change capacity of plants by improving “stomatal open-
ing, reducing stomatal resistances and increasing tran-
spiration fluxes”. The effects of mycorrhiza in decreasing
the temperature of leaves is due to their increasing water
absorption, improving water use efficiency and effect on
stomatal conductance (Chen et al. 2017; Bakr et al. 2018).
Probably the high rainfall and air humidity in the area
studied accounts for the non-significant effect of mycor-
rhiza on leaf temperature.

Also, the effects of foliar application of growth com-
pounds and interaction between inoculation with my-
corrhiza and foliar application were not significantly
different. As shown in Table 2, despite the no significant
difference between treatments, the foliar application of
growth compounds decreased canopy temperature com-
pared with the control. The minimum temperature of the
middle leaves was recorded when fulvic acid was applied.
Xudan (1987) report that foliar application of fulvic acid
improves resistance to drought in wheat via partial clo-
sure of the stomata, which reduces transpiration and rais-
es the water potential during flowering; it also enhances
root activity. In this study, a significant effect of growth
compound was not recorded as the field was irrigated
and the rainfall and humidity were high.

Greenness
This character was not affected significantly by inocu-
lation with mycorrhiza as it increased slightly in the low-
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er and upper but not in middle leaves. It is concluded
that the increase in availability of nutrients, especially
nitrogen, due to inoculation with mycorrhiza (cf. Amal
et al. 2014) can affect greenness, as nitrogen is needed
for producing chlorophyll. Chen et al. (2017) also reports
that the inoculation with mycorrhiza increases the con-
tents of some nutrients such as nitrogen and therefore of
chlorophyll. Bakr et al. (2018) also report that inocula-
tion with mycorrhiza enhances the relative chlorophyll
index only under drought conditions with no increase
when there is an optimum supply of water.

In this study, the foliar application of growth com-
pounds had a significantly different effect on the green-
ness of the upper leaves (Table 1). As shown in Table 2 it
had a positive effect on the greenness of the lower, middle
and upper leaves compared with the control. However,
for the upper leaves the maximum greenness was record-
ed for those treated with seaweed extract, fulvic acid and
urea. It is possible that the nutrients in the soil, especially
nitrogen, are sufficient to meet the needs of the plants
until the middle of the vegetative season, but after that
when there was a reduced level of nutrients in the soil the
application of growth compounds resulted in an increase
in chlorophyll in the upper leaves. This result may also
be attributed to the location and exposure of the upper
leaves to sunlight along with the translocation of nitro-
gen to the upper parts of the plant, especially the upper
leaves.

These results are in accordance with the findings of
other researchers. Xudan (1987) reports that spraying
with fulvic acid resulted in a higher level of chlorophyll
in the leaves and a greater uptake by the roots in wheat
and Lotfi et al. (2015) report that the application of fulvic
acid improved the maximum quantum efficiency of PSII
(Fv/Fm) and the performance index (PI) of plants un-
der both well-watered and drought conditions. They also
report that application of FA significantly increases the
fluorescence of chlorophyll a, inhibits ROS production
and enhances antioxidant enzymes activity that destroys
ROS.

Relative water content

Relative water content was not affected significantly
by inoculation with mycorrhiza, but there was an in-
crease in relative water content of all the leaves (Table 2).
It is likely that mycorrhiza could increase relative water
content via increasing root growth and the uptake of
phosphorus from soil (Magarey et al. 2005), resulting
in greater water uptake and increase in the RWC of the
leaves. As it was mentioned in the results of leaf tempera-
ture, if this experiment was conducted under limited irri-
gation or rainfed conditions, increasing water absorption
and consequently, enhancing relative water content of the
leaves likely to be done by mycorrhiza.

In this study, the foliar application of growth com-
pounds on the RWC in the lower leaves differed signif-

Table 1 Results of the analysis of variation of the effects of mycorrhiza, fulvic acid, seaweed extract and urea on the physiological traits of tobacco.

Leaf temperature Greenness RWC
sov df
Lower Middle Upper Lower Middle Upper Lower Middle Upper
Block 2 0.99ns 10.59ns 12.85ns 12.42ns 36.75"s 7.460s 52.93ns 442.75%* 19.89ns
Mycorrhiza 1 1.79ns 2910 7.29" 3.52m 24.24ns 10.87ns 102.52"s 15.19ns 145.99ns
Ea 2 5.58 5.99 10.89 5.45 44.60 132 259.94 6.40 378.86
Growth compounds 4 1.87ns 4.04ns 0.88ns 3.68" 17.09ns 16.66" 145.33" 34.37"s 58.52ns
Mx G 4 1.10Ms 2.73ns 1.33ns 2.90M 11.58ns 1.47ns 32.98"s 80.08ns 80.01ns
Eb 16 2.06 5.53 2.77 2.60 9.38 7.24 50.24 61.82 23.93
CV (%) 5.27 8.56 5.64 4.48 9.48 7.30 10.83 10.66 16.06
** * Significant at 1% and 5% level, respectively, " non-significant.
Table 2 Comparison of the average effects of mycorrhiza, fulvic acid, seaweed extract and urea on the physiological traits of tobacco.
Leaf temperature (°C) Greenness RWC (%)
Treatment
Lower Middle Upper Lower Middle Upper Lower Middle Upper
M hi Control 26.9842 27.7812 30.0272 35.9582 33.1892 36.2242 63.5622 72.9872 67.0152
ycorrhiza

Inoculation 27.4732 27.1582 29.0412 36.2802 31.3912 37.4822 67.2592 744102 71.5212

Control 283202 | 28.5652 29.8862 | 35.2282 30.8752 | 34.010° | 63.182b 71.2802 70.3422

Seaweed 27.8502 27.1922 29.2062 36.2512 30.9752 37.8152 64.000P 73.0902 67.8972
Growth Fulvic 27.6652 21.3182 30.0032 37.1862 31.6782 37.7422 65.1472b | 72,0882 67.6982
compounds

Urea 26.6862 | 27.7702 29.1932 | 35.5512 33.0352 | 37.970° 60.950P 74.7222 66.2772

Seaweed+fulvic+urea 26.6212 27.5032 29.3812 35.5252 34.8852 36.593% | 737752 77.3122 74.2252

Averages with the same letter in each column are not significantly different at a 0.05 probability level using Duncan’s multiple range test.
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icantly (Table 1). The maximum RWCs were recorded
in the lower leaves when fulvic acid + seaweed extract
+ urea was applied. It also had a positive effect on the
RW(Cs of the middle and upper leaves, but it was not sig-
nificant. It is concluded that the higher level of RWC in
lower leaves may be due to their proximity to the roots
and receiving a larger amount of growth compound due
to their larger size when the growth compounds were
applied. This is supported by the decrease in the RWC
of the middle and a greater decrease in that of the up-
per leaves of the plant (Table 2). On the other hand, the
middle and upper leaves are more exposed to sunlight
and consequently transpire more water, therefore did not
show a significant response to this compound.

Xudan (1987) reports that the foliar application of
fulvic acid improves the drought tolerance of wheat by
inducing a partial closure of the stomata, which reduc-
es transpiration and increases the water potential during
flowering and enhances root activity, resulting in an in-
crease in ion uptake and high rate of transport of phos-
phorus to the grains.

Numbers of leaves

Inoculation with mycorrhiza significantly affects the
number of middle leaves on tobacco plants (Table 3).
Comparison of the average number of middle leaves
indicates they are more numerous on plants inoculated

with mycorrhiza. Number of leaves is very important, in
term of leaf yield and consequently farmer income. All
tobacco plants produce about 20-50 leaves in a growing
season. In addition, most of the highest quality leaves are
middle leaves, which have lower nicotine content.

As it takes time for the colonization and growth of
fungal mycelium and the onset of symbiosis and as a con-
sequence the positive effect of this symbiosis is only likely
to affect the middle and upper leaves and then increases
in air and soil temperature reduce its effect. As shown by
Augé et al. (2015) mycorrhiza promotes an increase of
about 10% when air temperature is less than 27 °C but
negative increases at higher temperatures. In another
study, it is reported that an increase in air temperatures
of 3 °C reduces colonization by mycorrhiza (Wilson et al.
2016). The decline in the activity of mycorrhiza at high
temperatures is also reported by Mohan et al. (2014).

However, increased leaf numbers, leaf area, shoot
and root biomass and higher chlorophyll a, b in plants
inoculated with mycorrhiza is also reported (Lu and Wu
2017).

There were no significant effects of foliar applications
of growth compounds on the number of leaves (Table 3).
Comparison of the average numbers of leaves reveal that
the highest number of both lower and middle leaves de-
veloped on plants sprayed with seaweed extract and ful-
vic acid + seaweed extract + urea. Latique et al. (2013)

Table 3 Results of the analysis of variance of the effects of mycorrhiza, fulvic acid, seaweed extract and urea on the leaf traits of tobacco.

Numbers of leaves Leaf fresh weight Leaf dry weight
Sov df Lower Middle Upper Lower Middle Upper Lower Middle Upper
Block 2 0.433ns 7.05%* 2.508™ | 0.0001ns 0.003ns 0.0004ns 9.33ns 0.00006" | 0.000008"s
Mycorrhiza 1 0.133ns | 35.20%** 0.008ns 0.0003ns 0.530ns 0.00002ns | 8.53ns 0.0002* 0.00004ns
Ea 2 1.033 0.108 1.108 0.0010 0.378 0.0004 0.00002 0.000009 0.00003
Growth compounds 4 0.395ns 1.80ms 0.32ns 0.0010** 0.063** 0.0068** | 0.00003* | 0.0008** 0.00007ns
Mx G 4 0.112ns 0.18ns 0.195ns 0.0002ns 0.009ns 0.0005" 0.00001"s | 0.00005"s 0.00006"s
Eb 16 0.191 5.55 1.277 0.0002 0.012 0.0013 0.00001 0.0001 0.00008
CV (%) 10.100 14.09 19.880 11.21 15.82 14.35 16.7 7.94 19.11

** * Significant at 1% and 5% levels, respectively, " non-significant.

Table 4 Comparison of the average effects of mycorrhiza, fulvic acid, seaweed extract and urea on the leaf traits of tobacco.

Numbers of leaves Leaf fresh weight (g/p) Leaf dry weight (g/p)
Treatment
Lower Middle Upper Lower Middle Upper Lower Middle Upper
Control 4.2662 15.630P 5.7002 0.1482 0.6772 0.2252 0.0202 0.127 0.0482
Mycorrhiza
Inoculation 4.4002 17.8002 5.6602 0.1542 0.7522 0.2532 0.0212 0.1332 0.0462
Control 4.0002 16.5832 5.9162 0.130P 0.598¢ 0.252abc | 0.0192b 0.1432 0.0522
Seaweed 4.5832 17.2502 5.500? 0.1662 0.8342 0.241b¢ 0.0232 0.1302b 0.0492
Growth Fulvic 4.1662 16.9172 5.9162 0.1582b 0.7622 0.2902 0.0222 0.1402 0.0472
compounds
Urea 4.3332 15.8332 5.6662 0.132P 0.609bc 0.205¢ 0.017° 0.114¢ 0.0452
Seaweed-+fulvic+urea | 4.5832 17.0002 5.416° 0.1632 0.7452b 0.2812b 0.0222 0.124bc 0.0432

Averages with the same letter in each column are not significantly different at a 0.05 probability level using Duncan’s multiple range test.
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report that seaweed contains growth hormones that
enhance yield. The same results are reported for potato
(Sarhan 2011; Haider et al. 2012), peanut and sunflow-
er (Karthikeyan and Shanmungam 2015). Conversely,
when the initial soil organic matter and NO3-N levels are
high seaweed extract has no effect on yield (Wickham
and Davis 2015).

Since, in this experiment the leaves developed before
spraying, the fact they did not increase in number is rea-
sonable, but the size or weight of the leaves were expected
to increase.

Leaf fresh weight

Leaf fresh weight was not affected significantly by in-
oculation with mycorrhiza (Table 4). Like the effects of
mycorrhiza on RWC, this is to be expected, because my-
corrhiza helps plants to obtain water, however, the effect
was not significantly different.

Bakr et al. (2018) report that fresh weight of moder-
ately stressed plants inoculated with mycorrhiza was in-
creased by 73% but for those well supplied with water it
was only 8%.

The effect of foliar applications of growth compounds
on leaf fresh weight were significantly different for all
leaves. The maximum leaf fresh weight was recorded for
the lower leaves of plants sprayed with seaweed extract
and fulvic acid + seaweed extract + urea and for the mid-
dle leaves sprayed with seaweed extract and fulvic acid
and for upper leaves with fulvic acid. It seems that, the
difference in the effect of growth compound is due to the
variation in the needs of tobacco leaves in different po-
sitions, due to their age, size, exposure to solar radiation
and temperature.

Esringu et al. (2015) show that humic and fulvic acids
promote plant growth in terms of the number of buds,
plant height, number of main shoots, number of side
shoots, plant diameter, root length, fresh root weight and
fresh shoot weight.

Leaf dry weight

Inoculation with mycorrhiza had a significant effect
on the dry weight of the middle leaves (Table 4). Probably
this is due to an increase in the absorption of macro and
micronutrients from the soil as is reported by Amal et al.
(2014) and Munda et al. (2016).

Chen et al. (2017) report that the net photosynthetic
rate and stomatal conductance is increased significant-
ly in plants inoculated with mycorrhiza by 58.76 and
95.65%, respectively. However, for other species of myc-
orrhiza, the increase in these traits is reported to be 35.79
and 21.26%. They conclude that the enhancement of
photosynthesis in these treatments is associated with an
increase in ribulose-bisphosphate carboxylase/oxygenase
(RuBisCO) and Calvin cycle enzymes. Finally, they state
that plant height, dry weight of shoot and root, root to
shoot ratio, root activity, chlorophyll content, photosyn-
thetic characteristics and nutrient uptake, including N,

P, K, Ca, Cu, Fe, Mn, Mg, Zn, and S of inoculated plants
are all significantly higher. In another study, the improve-
ment in the growth of plants inoculated with mycorrhiza
is due to improvements in water use efficiency, stomatal
conductance and photosynthetic efficiency (Bakr et al.
2018).

Mycorrhizal symbiosis can greatly improve yield when
the level of P in the soil is low (Magarey et al. 2005), hence
we conclude that if pre-sowing application of chemical
fertilizers had not occurred in this experiment, it is likely
the yield increase would have been higher. The results of
Munda et al. (2016) indicate that the application of bio-
fertilizers can improve the availability of P for the next
crop. However, Hendrix (1993) indicates that the symbi-
osis between mycorrhiza and tobacco reduces the yield
of commercial tobacco and is the cause of a poor growth
condition called “tobacco stunt”.

In this study, the foliar application of growth com-
pounds resulted in significantly different dry weights of
the lower and middle leaves. The maximum weight of
lower leaves was recorded for the plants sprayed with
seaweed extract, fulvic acid and fulvic acid + seaweed
extract + urea. For the middle leaves it was for plants
sprayed with distilled water and fulvic acid.

The lack of an effect of the growth compounds in in-
creasing the dry weight of the middle and upper leaves
can be attributed to two factors. Initially, these growth
stimulants may have increased leaf quality, such as their
colour, size, shape and soluble sugar content, which were
not measured in this experiment. Secondly, since the in-
florescence is cut off when the upper leaf of tobacco ceas-
es growing (known as: Topping), thus removing a strong
drain on photosynthetic products, which enables these
products to be transferred to the growing leaves and
therefore obscuring any effects the growth compounds
may have had. The increase in the photosynthesis of the
leaves may also be similarly determined.

Wickham and Davis (2015) also report that the ap-
plication of seaweed extract does result in an increase
in yield when the soil initially contains high levels of or-
ganic matter and NO3-N. The positive results of growth
compounds are also reported by others such as: grain
yield increase of 7.3-18.0% with application of fulvic
acid (Xudan 1987), promoting effects of fulvic acid on
dry weights of roots and shoots (Esringu et al. 2015),
enhancing of antioxidant enzymes by fulvic acid (Lotfi
et al. 2015), significant increase in plant height, number
branches and the percentage dry matter in shoots of pep-
per after application of seaweed extracts (Marhoon and
Abbas 2015) and increase in root growth, nutrient ele-
ment absorption and stem thickness and growth after ap-
plication of seaweed extracts (Jensen 2004). Sutharsan et
al. (2014) also state that the foliar application of seaweed
extract increases shoot dry weight (80.92%), root dry
weight (81.57%), fruit number (57.87%), fruit yield per
hectare (58.70%), Total Soluble Solids (25.71%) and Total
acidity (76.95%) content of fruit over that in the control.
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Condlusion

Tobacco is a cash crop grown in the northwest of Iran-
Marivan and in order to increase the yield of leaves it is
planted in fertile soil and treated with commercial fertil-
izers. This is likely to result in the entry of chemical and
heavy elements in the human food chain and in damag-
ing the environment. The application of bio-growth pro-
moters was introduced as an environmentally friendly
alternative to chemical fertilizers. In order to increase the
yield of tobacco leaves, in this experiment a mycorrhi-
zal fungus (G. intaradices) and the bio-stimulants fulvic
acid, seaweed extract and chemical stimulant urea were
used.

The results of this study indicate that the inoculation
of mycorrhiza had positive effects on some of the charac-
ters studied, such as an increase in the number and dry
weight of the middle leaves of tobacco. Inoculation with
mycorrhiza increased the number and dry weight of the
leaves by 13.88 and 4.72%, respectively, in comparison
with the control. Since the number and weight of leaves
determines the final yield and income of the farmers, in-
creasing these components is very desirable. There were
positive effects of mycorrhiza on other traits but they
were not significant. It is concluded that due to irrigation
and high rainfall in the area studied, the positive effects of
mycorrhiza was less apparent than expected. In addition,
soil fertility and the application of chemical fertilizers
before planting may have reduced the positive effects of
mycorrhiza. Lower colonization of plants by mycorrhiza
is reported when the levels of potassium and magnesium
in the soil are high (Zare-Maivan et al. 2017).

On the other hand, mycorrhiza has a more positive
effect on plants subject to drought and high salinity.
Fernandez-Lizarazo and Moreno-Fonseca (2016) con-
clude that mycorrhiza can enhance the water potential,
stomatal conductance and nutritional content of plants
and finally result in an increase in plant growth during
periods of drought. Also a higher dry mass and leaf area
and enhancement of chlorophyll content, light energy
absorption, gas exchange and Rubisco activity of plants
inoculated with mycorrhiza growing under salinity stress
is reported by Xu et al. (2018).

Corréaetal. (2006) report that the response of plants to
mycorrhiza depends on “their age (stage of development,
leaf area), their initial nutritional status and the amount
of nitrogen supplied”. They conclude that colonization by
mycorrhiza only increases the net photosynthesis rate in
young plants and the application of high levels nitrogen
inhibits the formation of mycorrhizal symbioses.

In this experiment, probably the effects of the my-
corrhizal fungi was less that of the native strains in the
soil, because the soil in the pots was sterilized, which is
not possible to duplicate under field condition. In other
research, higher dry and fresh weights and chlorophyll
contents are reported in plants with mycorrhiza than in
those grown in sterilized soil (Zare-Maivan et al. 2017).

Gazey et al. (2004) report that indigenous mycor-
rhizal fungi colonized a higher proportion of roots in
two agriculture soils than introduced species. Hepper et
al. (1998) compared three species of mycorrhizal fungus
and confirm the superiority of indigenous over intro-
duced species.

Williams et al. (2012), based on studies on six species
of mycorrhiza, confirms the superiority of indigenous
strains and state that it is better to use indigenous than
commercial strains, both in terms of increased plant
growth and cost, when regenerating forest.

Also based on the results of this study, the highest
numbers of leaves were produced by seaweed and fulvic
acid + seaweed extract + urea in the lower leaves side. In
lower leaves, the maximum leaf dry weight was obtained
from seaweed, fulvic acid and fulvic acid + seaweed ex-
tract + urea.

Fulvic acid and seaweed extract contain different
macro and micronutrients that can enhance the growth
and development of plants resulting in a better quality
and greater yield. Matysiak et al. (2011) report that, the
spraying of plants with seaweed extract and fulvic acid
increased chlorophyll levels by 27-30% and shoot and
root weight by 30-68%.

As most of the leaves used to produce tobacco are
middle leaves, inoculating tobacco plants with mycor-
rhiza and the foliar application of growth compounds,
especially seaweed extract, can be used to significantly
increase the quantity and quality of these leaves.
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ABSTRACT

In natural ecosystems, organisms are usually subject to environmental stress. In order to understand the response to a combination of
three stressors (desiccation, heat stress and starvation), two dipteran insects, Chironomus ramosus (aquatic) and Drosophila melanogaster
(terrestrial) were chosen, the former being more primitive than the latter. The mortality level as a function of the duration of the exposure
to stress revealed that these two evolutionarily distinct and ecologically diverse insects differ in their response. Interestingly, when the
tolerance thresholds of C. ramosus and D. melanogaster to single and multiple stressors was compared, a synergistic effect was recorded
with much higher levels mortality occurring when subjected simultaneously to several stressors. Chironomus larvae were more vulnerable
than Drosophila larvae when subjected to all three stressors simultaneously. The findings of this pilot study indicate the ecological risk for

macro-invertebrate biota posed by adverse environmental conditions.

Keywords: Chironomus; desiccation stress; Drosophila; heat stress; multiple stress; starvation stress

Introduction

In nature, organisms experience changes in envi-
ronmental conditions, such as heat stress, starvation,
desiccation, osmotic imbalance, hypoxia, radiation, etc.
Often, organisms exhibit specific patterns of adaptations
in response to these environmental stresses (Bijlsma and
Loeschcke 2005; Davies et al. 2014). In this context, in-
sects are suitable model systems for determining the
responses to environmental stress (Datkhile et al. 2015;
Thorat et al. 2016, 2017). This is because in spite of be-
ing small and having a high metabolic rate, insects are
among the most widely distributed animals and occur in
almost all of the habitats in the biosphere and as a conse-
quence are adapted to cope with a wide range of environ-
mental stressors.

Effect of a combination of different stressors on or-
ganisms inhabiting diverse environmental conditions is
of prime concern in the context of climate change. There
is currently no in-depth study that address the adap-
tive response of insects to stressors. According to the
‘Stress-Exposure-Response’ (SER) model, abiotic stress-
ors affect different species in variety of ways (Freedman
2015). Organisms have adapted to thrive and cope with
multiple stressors acting simultaneously. The strategies
used by insects to survive multiple stressors warrant
more fundamental level studies, which is the rationale
behind the present study. For this work, two phyloge-
netically distant and ecologically diverse insects, namely
Chironomus ramosus and Drosophila melanogaster, were
chosen. The former is an aquatic and the latter a terres-
trial insect. We investigated the responses of these two
insects to single and multiple stressors. Since survival

depends on the length of exposure to stressors (Schulte
2014), we also looked into the temporal aspect of the re-
sponse to stress. Our study revealed a striking difference
in the responses to the exposure to specific stressors and
several stressors simultaneously.

Methods

Rearing and maintenance of cultures

C. ramosus was mass reared in specially designed net-
ted cages at a temperature of 24 + 2 °C as described ear-
lier (Nath and Godbole 1998). Early fourth instar larvae
were used in all the experiments. An inbreed population
of D. melanogaster (ORK strain) was maintained as de-
scribed earlier by Thorat et al. (2016) in a BOD incubator
setat 24 +2 °C.

Experimental Design

Ten larvae of either D. melanogaster or C. ramosus
were used in each experiment, in which the larvae were
exposed to either desiccation, heat stress or starvation, or
combinations of these stressors for different durations or
until 100% mortality was recorded. Each experiment was
replicated ten times.

Desiccation

Five hundred grams of silica gel was added to the des-
iccating chamber 12 hrs prior to its use in order to ob-
tain a value of <5% relative humidity (RH), which was
monitored using a hygrometer. Larvae of C. ramosus and
D. melanogaster were desiccated in this chamber on dry
tissue paper placed in a glass Petri dish. The time to when
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100% had died was recorded. Larval survival was judged
on the basis of either abdominal contractions (Drosophi-
la) or undulatory movements (Chironomus) when gently
poked with a blunt needle. Untreated larvae were used as
a control. Each experiment was replicated ten times.

Heat stress

Heat stress was administered by transferring larvae
of both D. melanogaster and C. ramosus to incubators at
37 °C and 40 °C, respectively, in order to subject them to
heat stress. Induction of HSP70 as well as responses of
Chironomus (Nath and Lakhotia 1989; Nath and Ghar-
pure 2015) and Drosophila (Lindquist 1980) were the cri-
teria used in the present study for indicating heat stress,
which indicates it occurs at 40 °C in C. ramosus and 37 °C
in D. melanogaster.

Starvation

Larvae of both D. melanogaster and C. ramosus were
removed from the rearing media, carefully cleaned and
then starved to death. Since Chironomid larvae need to
be able to burrow into a substrate they were provided
with a substrate consisting of inert sand particles as de-
scribed by Naik et al. (2006).

Multiple stressors

Both larvae of D. melanogaster and C. ramosus were
exposed to either desiccation (D), heat stress (H) or star-
vation (S) either in a combination of two (D + S; D + H;
H +S) or three stressors (D + H + S) simultaneously. The
time to when all the larvae had died was monitored for
each combination.

Data analysis

Probit analysis of the percentage mortality data was
carried out. The mean mortality = SE values were ana-
lysed statistically followed by ANOVA. Percentage mor-
tality of treated samples were normalized relative to that
of the control (without stress) using Abbott’s formula
(Abbott 1925). The slope of the regression line resulting
from the probit analysis was determined for each exper-
iment and goodness of fit was assessed using Chi-square
tests.

Results and Discussion

We determined the differences in the responses of lar-
vae of both D. melanogaster and C. ramosus in terms of

Table 1 The LT,,, LT, and LTy, values predicted by the Probit analysis of the results of different stress treatments: A) Drosophila melanogaster,

B) Chironomus ramosus.

LTy Fiducial limits LT, Fiducial limits LTy Fiducial limits

+ b 2 fa
Stress (Hrs) of LT,, value (Hrs) of LT, value (Hrs) of LTy, value Slope + SE X df

A. Drosophila melanogaster
Desiccation 8092 | 7.520-8.707 9.494 | 8.823-10016 | 11.391 | 10.889-11.767 | 12.131+0.016 | 0.904 2
Heat stress 10483 | 9.819-11.193 | 12927 | 12.107-13.801 | 17.784 | 16.657-18.987 | 9.334+0.015 | 0.994 9
Starvation 25520 | 24.561-26517 | 30263 | 29.098-31.416 | 39.139 | 37.668-40.668 | 11.505+0.008 | 1.000 | 20
Desiccation 8092 | 7.520-8.707 9494 | 8823-10016 | 11.391 | 10.889-11.767 | 12.131+0.016 | 0.904 2
+ Starvation
Desiccation 3428 | 3.045-3.860 4387 | 3.897-4.940 6388 | 5673-7.193 | 7.931+0026 | 0.775 3
+ Heat stress
Heat stress 8502 | 8064-9385 | 11.004 | 10.198-11.873 | 15733 | 14.580-16.977 | 8.304+0.017 | 1.000 8
+ Starvation
Multiple Stressors
D Has) 3428 | 3.045-3.860 4387 | 3.897-4.940 6388 | 5673-7.193 | 7.931+0.026 | 0775 3
B. Chironomus ramosus

Desiccation 0.837 | 0.794-8.707 0937 | 0888-10016 | 1.049 | 1.008-1.767 |17.534+0016 | 0.884 3
Heat stress 14691 | 13.735-15712 | 22319 | 20.868-23.871 | 42.193 | 39.450-45.127 | 4.679+0015 | 1.000 | 39
Starvation 49778 | 48.229-51378 | 62899 | 60.940-64.922 | 89.820 | 87.022-92.708 | 8323+0.007 | 1.000 | 56
Desiccation 0837 | 0794-8707 | 0937 | 0.888-10016 | 1049 | 1008-1767 |17.534+0016 | 0.884 | 3
+ Starvation
Desiccation 0601 | 0592-0669 | 0705 | 0.663-0749 | 0820 | 0.788-0.890 |17.099+0014 | 0.804 | 2
+ Heat stress
Fleat stress 8332 | 7614-0117 | 12349 | 11.286-13513 | 22484 | 20577-24602 | 4.966+0.020 | 1.000 | 19
+ Starvation
?g”lt":"f ;tressors 0601 | 0592-0669 | 0705 | 0.663-0749 | 0820 | 0.788-0890 |17.099+0014 | 0.804 | 2

a Degrees of freedom; P Standard error; x2 = Chi-square value; LT,, = Length time required to kill 20% of the larvae; LTg, = Length of time required to

kill 50% of the larvae; LTy, = Length of time required to kill 90% of the larvae.
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mortality due to desiccation, heat stress and starvation
when subjected to these stressors separately or in combi-
nation. D. melanogaster showed a steady increase in mo-
rality with increase in the time the larvae were exposed
to stress, irrespective of the type of stress. Its larvae sur-
vived an exposure to desiccation of 11.5 + 0.5 hrs and
22 + 1.5 hrs to heat stress and were even more tolerant
of starvation as they survived for 48 £ 5 hrs. In the mul-
tiple stress treatments, they survived forll.5 + 0.5 hrs
in the D + S treatment, 8 + 0.8 hrs in the D + H and
19 + 1.8 hrs in the H + S treatment. The larvae of D. mel-
anogaster were significantly less tolerant (8 + 0.5hrs) of
simultaneous exposure to several stressors, i.e. D + H+ S,
than a single stressor (Fig. 1). The time required to kill
20% (LT,,), 50% (LT,,) and 90% (LT,,) of the larvae was
determined using Probit analysis (Table 1A).

The mortality of the larvae of C. ramosus also in-
creased with the length of time they were exposed to
the stressors. The larvae survived 1.05 * 0.1 hrs of des-
iccation, 64 + 5 hrs heat stress and 120 + 8 hrs of star-
vation. In the multiple stress treatments, larvae survived
1.05 £ 0.1 hrs exposure to D + S, 0.8 £ 0.03 hrs to D + H
and 30 £ 2.3 hrs to H + S. The larvae were significant-
ly less tolerant of exposure to D + H + S, as they only
survived for 0.8 + 0.03 hrs (Fig. 2). Comparison of the
results of single and multiple stress treatments revealed
that the larvae of C. ramosus were significantly less toler-
ant of simultaneous exposure to several stressors than a
single stressor. The time required to kill 20% (LT,,), 50%
(LT5,) and 90% (LTy,) of the larvae was determined using
Probit analysis (Table 1B).

Of the three stressors used, both C. ramosus and
D. melanogaster were most vulnerable to desiccation fol-
lowed by heat stress. This corroborates an earlier hypoth-
esis that tolerance of desiccation determines the distri-
bution of insects (Kellermann et al. 2009) along with the
way insects cope with heat stress combined with a short-
age of water (Chown et al. 2011). Nevertheless, starvation
affected both the insects tested the least. Therefore, de-
spite the differences in their ecology and evolution these
two insects responded similarly to the stressors.

Interestingly, D. melanogaster was relatively more tol-
erant than C. ramosus when subjected to all three stress-
ors simultaneously. This difference in the tolerance of
terrestrial and aquatic insect of abiotic factors was pre-
viously reported by Chown et al. (2015). Nevertheless,
aquatic insects experience less variation in their thermal
environment than terrestrial insects, therefore, it is not
surprising that aquatic insects are more sensitive to heat
stress. Furthermore, desiccation affects aquatic Chirono-
mid midge larvae more than the terrestrial Drosophilid
larvae as is reported earlier by Thorat et al. (2017).

In the past, although concerns were raised about
two-species comparisons (Garland and Adolph 1994),
they were addressed by choosing model organisms with
markedly different ecologies and using a more rigorous
experimental protocol. Interestingly, although the organ-

isms studied belong to same order they differ markedly
in their ecology and evolutionary history.

According to Jorgensen (2010), organisms exposed
simultaneously to multiple stressors may respond syn-
ergistically, additively or antagonistically. The findings
of present study clearly indicate that the larvae of both
C. ramosus and D. melanogaster show a synergistic re-
sponse to a simultaneous exposure to several stressors, as
such an exposure has a much greater effect than exposure
to a single stressor.

A recently published meta-analysis of the status of
multi-stress research on aquatic organisms indicates a
lack of general consensus on their value in risk assess-
ment and an appropriate scientific framework (Noges et
al. 2016). In this context, our study is the first attempt,
although on a small scale, to determine the effect on two
species of insects of exposure to either a single stressor or
a simultaneous exposure to several stressors.

Conclusions

The present study clearly indicate that the thresholds
of tolerance of C. ramosus and D. melanogaster of des-
iccation, heat stress or starvation either on their own or
combined differed. The effects of starvation, desiccation
and heat stress are similar and future studies may throw
light on the cellular and molecular basis of this com-
monality as well as the uniqueness of stress-signalling
pathways when organisms are exposed simultaneously to
many stressors. The results of this study provide a valu-
able insight into how to carry out ecological risk assess-
ment programmes.
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ABSTRACT

A critical step during the in vitro sexual propagation of Mediterranean orchids is the treatment of seeds with a disinfecting solution that
also serves to scarify the seeds. If the seeds are not properly disinfected, microorganisms grow within the culture vessel, thus reducing
the efficacy of the process in terms of the extra time and materials required. On the other hand, a long period of disinfection may damage
the embryo. The literature is inconclusive with respect to the proper combination of disinfectant strength and duration of the treatment. The
objective of this research is to determine the optimal scarification times for two orchid species with thin and thick seed coats, respectively.
Seeds of Anacamptis laxiflora (Lam.) and Himantoglossum robertianum (Loisel.) were treated with 0.5% NaClO solution for 5, 15, 25, 35, 45,
55,65, 75 and 85 minutes and sown in modified organic Malmgren medium. Logistic regression models were fitted to the results. We found
that the longer the chemical treatment, the lower the percentage infection and higher the percentage germination, within the range of
times tested. A chemical treatment of 85 minutes in 0.5% NaClO results in satisfactory percentage germination for both seeds with relatively
permeable seed coats such as A. laxiflora (Lam.) and those with relatively impermeable seed coats such as H. robertianum (Loisel.).

Keywords: Anacamptis laxiflora (Lam.); Cephalonia; disinfection; Himantoglossum robertianum (Loisel.); in vitro propagation; Orchidaceae

Introduction

There are more than 200 species and subspecies of
terrestrial orchids recorded in Greece (for example, Pe-
trou et al. 2011; Dimopoulos et al. 2013; Antonopoulos
and Tsiftsis 2017; Tsiftsis and Antonopoulos 2017). This
remarkable biodiversity is threatened by diverse envi-
ronmental pressures on their habitats such as cultivation
and grazing (Follner et al. 1999; Gerakis et al. 2016; Hirth
2016), urbanisation and tourism (Kretzschmar et al.
2002), illicit collection (Kreziou et al. 2016) and climate
change (Hutchings et al. 2018). Meanwhile, the horticul-
tural, nutritional and medicinal value of native orchids
remains relatively unexploited. In vitro propagation of
native orchids would yield multiple benefits: protection
and conservation of valuable genetic resources, the de-
velopment of an innovative floricultural product for ex-
port, manufacture of salep and the possibility of restoring
disturbed ecosystems. For this, it is desirable to develop a
protocol for in vitro propagation suitable for Mediterra-
nean native orchids that can be used by plant propagation
laboratories and professionals for the mass production of
seedlings for use in restoration programmes.

The seeds of many wild plants must undergo a process
called scarification in order to break embryo dormancy
and initiate germination. Scarification literally means
“scratching” The first known use of the term is by the
comedic playwright Aristophanes (The Frogs, 405 BCE),
in reference to the writings of his contemporary philos-
ophers who were ostensibly scribbling nonsense. Large
seeds with hard coats often are physically scratched to
facilitate imbibition of water. Orchid seeds are too small
and fragile, so scarification involves a chemical treatment

with a solution that serves two purposes: First, to disin-
fect the seed in preparation for sowing; second, to break
embryo dormancy and initiate germination (Rasmussen
1995). If seeds are not properly disinfected, within a few
days fungi, yeasts and occasionally bacteria grow within
the culture vessels, reducing the efficacy of the process in
terms of the extra time and materials needed. Too short
a treatment may result in unduly high infection rates; too
long a treatment may damage the embryo. The decision
of how long to scarify seeds is further complicated by the
fact that different species have seed coats (testas) of dif-
ferent thickness, necessitating different treatment times
(Malmgren and Nystrom 2018).

Scarification of terrestrial orchid seeds is poorly doc-
umented and the sparse evidence is contradictory. For
instance, Malmgren and Nystréom (2018) recommend
soaking the seeds in 0.3-1% NaClO solution for 5-45
minutes. On the contrary, Rasmussen (1995) suggests a
stronger NaClO solution (5%) and much longer treat-
ment times, up to several hours. Further details of the
scant literature are provided by Katsalirou et al. (2017).
The corollary is that, if mass Mediterranean orchid prop-
agation is ever attempted for commercial or conservation
purposes, optimal scarification times must be empirically
determined for each species.

Having acquired general experience of in vitro culture
of Mediterranean orchids, we initiated a formal exper-
iment to determine optimal seed disinfection times for
two species, one with a relatively permeable seed coat,
Anacamptis laxiflora (Lam.), and one with a relatively
impermeable seed coat, Himantoglossum robertianum
(Loisel.). The objective was to determine treatment times
that minimize infection of culture vessels and maximize

Katsalirou, E., Gerakis, A., Haldas, X.: Optimal scarification times for seeds of two Mediterranean orchids
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seed germination without unduly delaying the in vitro
procedure. The first results were reported in Katsalirou
et al. (2017). Due to the small number of replications
per treatment (n = 8), the predictive ability of regres-
sion models of percentage infection on treatment dura-
tion was no better than the mean percentage infection.
However, regression models of percentage germination
on treatment duration proved statistically significant or
nearly so. Scarification times of only a few minutes in 1%
NaClO seemed optimal for germination of seeds with
relatively permeable seed coats such as those of Anaca-
mptis laxiflora (Lam.). In contrast, scarification times of
as long as 45 minutes in 1% NaClO were not long enough
for seeds with relatively impermeable seed coats such as
those of Himantoglossum robertianum (Loisel.). The les-
sons learned from that study were:

a) Eight replications are too few to obtain statistically
significant results.

b) For seeds with relatively permeable coats, a weaker
NacClO solution is better for controlling the scarifica-
tion process as the treatment is more prolonged.

In this study, we repeat the experiment with more
replications per treatment, weaker NaClO solution and
longer treatment times.

Materials and Methods

Preparation of disinfecting solution

As a stock solution, we used a commercial formulation
of household bleach (Klinex', Unilever) with a nominal
NaClO concentration of 4.8% w/w. To verify the strength
of the formulation, we titrated three different volumes (5,
10, and 20 mL) with AgNO; solution following Mohr’s
method (Harris 2010). The manufacturer’s reported con-
centration was found to be accurate. The stock solution
was diluted with deionised water to a final concentration
0f 0.5%. Four drops of dish detergent per litre were added
to reduce surface tension.

Experimental treatments

Combinations of nine treatment durations (5, 15, 25,
35,45, 55, 65, 75 and 85 minutes) and two orchid species
were tested. The two species were selected based on the
permeability of their seed coats; a species with a relatively
permeable seed coat, Anacamptis laxiflora (Lam.), and a
species with a relatively impermeable seed coat, Himan-
toglossum robertianum (Loisel.).

In a proper factorial experiment, combinations of
treatments are assigned to culture vessels at random.
However, this means we would have to keep track of nine
different treatment durations per experimental run, un-
duly increasing the complexity of the experimental setup
and the possibility of operator error. Instead, we tested
one treatment duration per experimental run, in reverse
order; the longest duration was tested first to minimize
the effect of operator learning. Had we proceeded the

opposite way, we would give undue credit to the longest
duration as a result of the operator improving his or her
technique. Although operator experience can be an im-
portant factor in specialized work, such as in vitro prop-
agation, this factor should best be tested in a separate
experiment.

Each experimental run consisted of 24 culture ves-
sels per species that served as experimental replications
plus eight “blanks’, i.e., culture vessels without seed. The
blanks were subject to the same treatment as the vessels
with seed, including simulated sowing with imaginary
seed. The purpose of the blanks was to reveal possible
shortcomings of our technique that were not due to seed-
borne contaminants.

Field method

The seeds were collected on the island of Cephalonia,
Greece. At flowering, healthy and robust individuals of
Himantoglossum robertianum (Loisel.) and Anacamp-
tis laxiflora (Lam.) were identified in the field, photo-
graphed, labelled and recorded. At senescence, seed was
collected from mature capsules. Both species are abun-
dant enough so that seed collection did not jeopardize
the natural populations. The seeds were sieved to remove
foreign matter such as capsule fragments, dried in a des-
iccator with silica gel, sealed in glass vials and stored at
—20 °C until sowing.

Laboratory method

In nature, germinating orchid seeds develop a symbi-
otic association with fungi that supply them with nutri-
ents. The seeds have almost no nutrient reserves of their
own, so that germination depends on a fungus-orchid as-
sociation called mycorrhiza (Garbaye 2013). It is possible
to reproduce the mycorrhizal association in the laborato-
ry. Although this approach most closely mimics nature,
it is complicated because the operator must manage two
organisms instead of one. Instead, many practitioners opt
for a sterile nutrient solution that supplies the seed with
the nutrients necessary for germination and early devel-
opment.

Preparation of nutrient medium

There exist numerous recipes for nutrient media for
propagating terrestrial orchids (Rasmussen 1995). A few
base ingredients are included in most recipes, which
makes sense, as most terrestrial plants require the same
16 nutrients for growth and development (Marschner
1995). Some recipes add unusual elements such as Al
and I, the benefit of which has not been unequivocal-
ly demonstrated; others add tropical fruit juices or tree
sap, the role of which has yet to be explained. We opt-
ed for a modified version of “SM-organic” (Rasmussen
1995), a time-tested formula used by veteran practitioner
Svante Malmgren. The medium is termed “organic” on
account of its N source, an amino acid mixture sold
under the trade name Vaminolac’. However, in Greece
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Table 1 Formula for modified “SM-organic” nutrient medium.

Ingredient Quantity
Mineral water to make 11
CaHPO, 99 mg?
KH,PO, 75mg
MgSsO, - 7H,0 75mg
Soluvit (water soluble vitamins) 10 ml
Amina-Fe 0.92 mlb
Kinetin 5mg
Saccharose (sucrose) 109
Activated charcoal, powdered 19
Danish agar 129
Pineapple (Ananas comosus) juice 25 ml
NH; or HCl for pH adjustment 1-2 drops
Potato (Solanum tuberosum) tuber 1 cm3 per culture vessel

2 Equivalent to 75 mg Ca;(PO,), in the original formula.
b Equivalent to 0.5 ml Vaminolac® plus 10 mg FeSO, in the original
formula.

Vaminolac is considered a medicine and as such can-
not be sold without physician’s prescription. Therefore,
we substituted Amina-Fe (Humofert), a liquid fertiliser
containing amino acids and chelate Fe. Because the ad-
dition of Amina-Fe more than covers the Fe requirement
in Malmgren’s recipe, we omitted the ferrous salt of the
original formula. Further, we substituted CaHPO, for
Ca,;(PO,),. Mineral water was substituted for tap water,
on account of the high salinity of the municipal water
supply (electrical conductivity at 25 °C > 1 mS cm™!). The
formula is in Table 1.

The ingredients were mixed in a 1 | Erlenmeyer flask
placed on a hot plate with a magnetic stirrer. After the
solution cooled to ambient temperature, pH was adjusted
to 5.5-6.0 with either NH, or HCL

Preparation of materials

The nutrient medium was evenly distributed to 250 ml
Erlenmeyer flasks for autoclaving. Glassware, steel tools,
filter paper, potato cubes and deionized water were also
sterilized in the autoclave, a Tuttnauer 2340 programmed
on a 30 minute cycle (for cold departure) or a 25 minute
cycle (for hot departure) at a temperature of 121 °C and
pressure of 1.2 bar.

The sowings were carried out inside an Esco EQU/04-
EBC-2A laminar flow cabinet. The interior surfaces were
wiped with cotton wool soaked in 70% v/v ethanol. The
culture vessels were 100 mL urine samplers made of
polypropylene, individually wrapped in sterile packag-
ing. All non-autoclavable materials were placed in the
laminar flow cabinet and exposed to a germicidal UV
lamp for 50 minutes. The workspace outside the lami-
nar flow cabinet was also disinfected with a germicidal
UV lamp for 50 minutes. The airflow in the cabinet was

© 2018 Aris Gerakis
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Fig. 1 Photographs of germinated seed: (a) Anacamptis laxiflora (Lam.),
a few weeks after sowing and (b) Himantoglossum robertianum (Loisel.),
a few months after sowing.

turned on for 15 minutes to purge airborne contaminants
as per manufacturer’s instructions.! The sterile seal of the
culture vessels was broken. The Erlenmeyer flasks with
the nutrient medium were transferred from the autoclave
onto a hotplate inside the laminar flow cabinet with the
thermostat set to 50 °C.

Seed Disinfection

The seeds were disinfected in glass test tubes sealed
with a cap. Ninety mg of seed was scooped up with a
spatula and placed in each tube, except those assigned as
blanks. The test tubes were filled nearly to the top with
disinfecting solution, capped and shaken vigorously to
remove any air bubbles in contact with the seed. The
shaking was repeated every 15 minutes thereafter till the
end of the disinfection period.

At the end of the disinfection period, the suspensions
were decanted into Erlenmeyer flasks fitted with a poly-
propylene funnel lined with filter paper to recover the

1 Esco®. Class II Type A/B3 Biohazard Safety Cabinets. User Operation
Manual.
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seed. The filter paper was soaked in the same disinfecting
solution as the seed. After filtering the suspensions, each
filter paper was rinsed five times with approximately 7 ml
of sterile deionized water.

Sowing

Each culture vessel was filled with approximately
17 ml of sterile nutrient medium and a potato cube. Once
the nutrient medium cooled down to about 35 °C, the
seeds were scraped from the filter paper using a spatula
and distributed in the culture vessels. The tips of the steel
tools were heat sterilized between sowing.

The culture vessels were incubated in a dark cabinet
at an ambient temperature of 22 °C. Forty one days after
the final sowing, the vessels were visually examined for
the development of fungus, yeast and bacterial colonies.
The infected vessels were counted and the non-infected
vessels were returned to the cabinet. After 189 days, the
vessels with germinated seeds were counted. Fig. 1 shows
the germinated seeds of the two species.

Statistical methods

Because the response variables are nominal (infect-
ed vs. non-infected, germinated vs. non-germinated),
one way to analyse the responses is by logistic regres-
sion (SAS Institute 2003). The probability of a nominal
response with two levels (e.g., germinated vs. non-ger-
minated) is modelled as a function of a regressor (in this
case, treatment duration):

%P (Y = Ist response) = 1/ [1 + e~ B0+ 1] x 100 (1)
%P (Y = 2nd response) = 100 — % P(Y = Ist response) (2)

where %P is percent probability, Y = nominal response,
X = regressor and f3,, 8, = fitting parameters. The lev-
el of significance for statistical tests was set a priori at
a=0.05.

Results and Discussion

The infection rate for the 72 “blank” vessels was nil,
which proves that our technique was valid and that all
contamination came from the seed. The percentage ger-
mination for the 72 “blank” vessels also was nil, naturally.
As far as the vessels with seed, we noticed that the seed in
any vessel that was not infected, germinated. This greatly
simplified subsequent calculations, because all we had to
model was either the percentage infection or the percent-
age germination for any given treatment, as they summed
up to 100%. Of course, at the end of the day what matters
most is percentage germination, because that determines
how many useable seedlings are produced. Percentages
germination for the two species are compared in Fig. 2.
Logistic regression models were significant for both spe-
cies. The statistical output is in Table 2.

The models of percentage germination in Fig. 2 are
derived from eq. (1) substituting the parameter estimates
from Table 2. To model percentage infection, we reverse
the sign of the parameters, i.e., §, = 2.6647, 3, = —0.0574
for A. laxiflora and f3, = 1.2824, 3, = —0.0344 for H. rober-
tianum.

A notable result is that a weaker NaClO solution
(0.5 as opposed to 1%) affords better control of the scar-
ification process of seeds with a relatively thin testa such
as those of A. laxiflora. Seeds with thin testa imbibe solu-
tion fast. Katsalirou et al. (2017) demonstrate that seeds
of A. laxiflora can only be kept for a few minutes in 1%
NaClO solution before their viability is reduced. Howev-
er, too short a treatment may cause the operator to rush,
increasing the possibility of error. In addition, it raises
the question whether the time it takes to fill up, agitate
and empty the test tubes containing the disinfectant solu-
tion should count toward the time necessary for scarifi-
cation. For the longer treatment times afforded by weaker
solutions, the answer is not critical.

Table 2 Model test and parameter estimates for logistic regression of percentage germination on treatment duration: LL = log likelihood, DF =
degrees of freedom, x? = chi-square, p = probability, R? = ratio of “Difference” to “Reduced” LL, B, and 3, = fitted parameters.

Whole Model Test

Anacamptis laxiflora (Lam.) Himantoglossum robertianum (Loisel.)
Model -LL DF X2 p>x? -LL DF X2 p>x?
Difference 40.04 1 80.08 <.0001 17.91 1 35.83 <.0001
Full 109.60 130.47
Reduced 149.64 148.38
R? 0.27 0.12
Observations 216 216
Parameter Estimates for Log Odds of P(germinated) / P(non-germinated)
Term Estimate SE X2 p> X2 Estimate SE X2 p>x2
Intercept (8,) -2.6647 0.39 45.82 <.0001 -1.2824 0.30 17.75 <.0001
Duration (3;) 0.0574 0.01 54.47 <.0001 0.0344 0.01 30.54 <.0001
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Fig. 2 Effect of treatment duration on percentage germination of (a) Anacamptis laxiflora (Lam.) and (b) Himantoglossum robertianum (Loisel.), 189
days after sowing. Markers are measured points (n = 24) and curves are fitted models. The models are derived from eq. (1) substituting parameter

estimates from Table 2.

From Fig. 2 it follows that the longer the chemical
treatment, the lower the predicted percentage infection
and the higher the predicted percentage germination,
within the range of times tested. A chemical treatment of
85 minutes in 0.5% NaClO results in satisfactory predict-
ed percentage germination for both species, namely 90%
for A. laxiflora and 84% for H. robertianum. Prolonging
the treatment beyond 85 minutes will not necessarily
improve percentage germination and in fact may reduce
seed viability. In this sense, while regression models can
be useful to illustrate the difference in scarification times
among various species, they should not be extrapolated
outside the range of tested times to avoid unwarranted
conclusions.

In light of these results and those of our earlier
study (Katsalirou et al. 2017), the advice of Malmgren
and Nystrom (2018) to soak terrestrial orchid seeds in
0.3-1% NaClO solution for 5-45 minutes is only a gener-
al recommendation. We found that a few minutes more
or less can make the difference between a successful and
an unsuccessful sowing. Rasmussen’s (1995) recommen-
dation of a stronger NaClO solution (5%) and treatment
of up to several hours for Dactylorhiza maculata and Epi-
pactis helleborine would probably harm the seeds of the
two species that we tested. In conclusion, there is no easy
way to predict optimal scarification times for seeds of ter-
restrial orchids, short of testing each species individually.

Artificial propagation of native orchids can be helpful
to conserve populations threatened by extinction, espe-
cially stenoecious taxa, i.e., those confined to a rare habi-
tat. Once the habitat is lost, so is the population. The first
step in a conservation project would be to identify pop-
ulations at risk and collect seed to establish a seed bank.
The second step would be to cultivate plants from seed
with a two-fold purpose: (a) to further multiply the seed
and (b) to re-establish plants at suitable locations. Pos-

sible fields of application include: (a) restoration of dis-
turbed habitats, such as quarries, mines and road banks,
(b) mitigation of environmental effect of public works,
(c) preservation of populations in coastal habitats (e.g.,
sand dunes) threatened by sea level rise, and (d) enrich-
ment of orchid collections of botanical gardens.

Conclusions

Chemical scarification of seeds is a critical step in
the in vitro propagation of Mediterranean orchids. On
the one hand, too short a treatment may result in a high
percentage of infected vessels, which translates into a
waste of labour and material resources. On the other
hand, unduly long treatments slow down the procedure
and may reduce seed viability. Empirically derived regres-
sion models are useful for illustrating the difference in
the scarification requirements of various species. In our
case, a scarification time of 85 minutes in 0.5% NaClO
resulted in a satisfactory predicted percentage germina-
tion for both seeds with relatively permeable seed coats
(Anacamptis laxiflora Lam.) and those with relatively im-
permeable seed coats (Himantoglossum robertianum Loi-
sel.). For statistically significant results, the appropriate
number of replicates need to be determined; 24 replicates
per treatment proved adequate for this study.
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ABSTRACT

By monitoring of 50 aphid colonies in 2017 and another 50 colonies in 2018 twice a week, we looked at how the aphid dynamics was
affected by their natural enemies. This will help us to see, how much the presence of natural enemies shortens the duration of an aphid
colony, which may be one of the causes, why Harmonia axyridis is not very successful in the Mediterranean: the aphid colony may exist for a

period of time too short in the Mediterranean conditions to enable successful development of H. axyridis.

Keywords: Aphids; population dynamics; Harmonia axyridis; colony

Introduction

Invasive alien species belong to the major drivers of
biodiversity loss (Hilton-Taylor 2000). The harlequin la-
dybird (Harmonia axyridis) is an invasive alien species,
which has probably escaped from the glasshouses in the
Netherlands, country of its initial wild occurrence in
Europe, and is now quickly spreading all across Europe
(Brown et al. 2011; Roy et al. 2012). During the last de-
cades, its distribution was reported from some countries
very far from the place of its initial spread: from Ukraine,
Turkey or Georgia (Roy et al. 2016). It is therefore in-
teresting to see, what is the distribution and dynamics
of aphidophagous guilds and aphids in these “distant”
countries.

From the spreading of H. axyridis some practical and
interesting question have arisen: 1) Will Harmonia axy-
ridis suppress the abundance of native species of lady-
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birds? 2) What will be the results of H. axyridis arrival for
aphid biocontrol?

Here we present results of a pilot study performed
in one site in Greece as an example of a destination at
the margin of H. axyridis distribution, where this spe-
cies is still absent or is present only in small numbers.
We looked at the structure and dynamics of aphidopha-
gous guilds and aphids here, with a special focus on the
dynamics and distribution of H. axyridis. We were not
able, however, to measure any functional responses sensu
Pervez et al. (2018) or Pervez and Yadav (2018), as the
data were too scarce for this.

Methods

The data was collected in north-eastern Greece around
Néa Péramos village, which is situated on the coast (Fig. 1).

AAsﬁuvépourroAn
exandroupoli

Fig. 1 Location of the study sites. The red ring shows where Néa Péramos is situated.
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We spent there a total of five months during 2017 and
2018, each year from April to mid of June, when aphid
colonies occurred there.

In the field, we looked for aphid colonies on differ-
ent plants around the village and when we found a suit-
able colony, we marked it by GPS and attached a colour
label to the plant. In every aphid colony, we monitored
the numbers of aphids and ladybirds (larvae, pupae
and adults), other aphid enemies and also any kinds of
changes within the colony. We excluded trees from our
research in 2018, because of possible sampling error and
because in 2017 we observed that aphids stayed on trees
during the whole season, which made considerations of
the colony duration irrelevant.

We visited marked colonies every 3 days and count-
ed the aphids and their enemies on the whole plant. For
making it a bit easier, especially in the case of trees, we
tried to choose only smaller individuals of plants — small-
er trees, single standing raspberry sprouts and so on. In
total, we monitored 50 aphid colonies in 2017 and anoth-
er 50 colonies in 2018. The monitoring was performed
twice a week during the whole season.

To describe aphid population dynamics, we used the
population dynamics models described by Kindlmann et

al. (2004) and Kindlmann and Dixon (1999). The rate of
change of aphid abundance is described as exponential
growth of the aphid population and density dependent fac-
tor, where, instead of carrying capacity used inlogistic equa-
tion, we used aphid cumulative density — the cumulative
number of aphids from the beginning of colony existence:

X(®) =rx(®)[1-a f;x(@)di| (1)

Here x(t) means number of aphids at time ¢, x'(f) means
change of the number of aphids per unit time at time ,
r means instantaneous growth rate of the aphid popula-
tion (in exponential growth), a means intensity of regula-
tion (scaling constant, inversely proportional to carrying
capacity of the plant) and fotx(r)dr means cumulative
number of aphids from the beginning of the colony ex-
istence.

Sometimes we had to estimate the exact arrival date of
aphids in case that there were already more aphids when
we first observed the colony. Then the dynamics was sim-
ulated backwards by an exponential. For the estimation
of parameters, we used Euler method (minimum resid-
ual sum of squares) and module Solver in Excel to get
parameters a and .

Fig. 2 Ladybird species observed during 2017 and 2018. (a) Adalia sp., (b) Coccinella septempunctata, (c) Hippodamia variegata, (d) Thea 22-punctata.
For Harmonia axyridis see Fig. 3.
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Results and Discussion

We observed frequent diversions in aphid population
dynamics from the predictions of model (1): both natural
and human-caused ones. Natural diversions were mainly
caused by aphids being fed by their enemies (ladybirds
in most cases). Diversions due to human influence (often
causing destruction of the whole colony) were a conse-
quence of mowing or animal (mainly goat) grazing. We
were not able to explain the reasons for diversions in
some colonies. Sometimes the reason for diversion might
have been due to sampling error, small numbers of aphid
individuals or even unknown events.

Vast majority of aphid natural enemies consisted of
ladybird larvae or adults, followed by hoverfly larvae and
parasitoid wasps from the subfamily Aphidiinae. During
our observations, we determined the following ladybird
species visiting aphid colonies: Adalia sp., Coccinella sep-
tempunctata, Harmonia axyridis (conspicua, spectabilis
and succinea forms), Hippodamia variegata and Thea
22-punctata (Figs. 2 and 3).

When trees were sampled in 2017 (Fig. 4), ladybirds
(both larvae and adults) were dominated by H. axyridis
(larvae 86.4%; adults 70.6%), followed by some individu-

als of C. septempunctata (larvae 13.6%; adults 27.6%). In
2018 (Fig. 5), however, when we excluded trees from the
sampling, the aphidophagous guilds were dominated by
C. septempunctata (larvae 93.8%; adults 64.7%) followed
by some individuals of Hippodamia variegata (23.5%).
We did not observe any adults of Harmonia axyridis in
2018.

In 2017, H. axyridis larvae were mainly present on
tree species (like apple, peach and Prunus trees) while
C. septempunctata larvae were present also on herbaceous
plants. Regarding adults, the pattern was almost the same
in the case of H. axyridis but we found C. septempunctata
adults on trees, as well as on herbaceous plants at a higher
rate (Fig. 6).

In 2018, the highest abundance of ladybird larvae and
adults was observed on Rumex sp. and partly also on Son-
chus sp. (mainly C. septempunctata); we also found some
adults of Hippodamia variegata, Thea 22-punctata and
Adalia sp. When only herbaceous plants in both years are
considered, ladybirds were present mainly on Rumex and
partly also on Sonchus (Fig. 7).

We also looked at how much the presence of natural
enemies shortens the duration of an aphid colony, using
eq. (1). According to the theory we tested, this may be

Fig. 3 Forms of Harmonia axyridis observed: (a) f. conspicua, (b) f. spectabilis, (c) f. succinea, (d) f. axyridis (not observed during this study).
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Fig. 4 Percentage representation of particular ladybird species in 2017, when trees were sampled: A) larvae, B) adults.
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Fig. 5 Percentage representation of particular ladybird species in 2018, when trees were excluded from the sampling: A) larvae, B) adults.
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Fig. 6 Plants where ladybirds were observed in 2017: A) larvae, B) adults.
one of the reasons, why Harmonia axyridis is not very  Conclusions

successful in the Mediterranean: the aphid colony may
exist for a period of time too short in the Mediterranean
conditions to enable successful development of H. axy-
ridis. The results of this analysis are still under prepara-
tion, however.

When trees were not sampled, majority of ladybird
adults and larvae was of Harmonia axyridis species, but
on the other hand, when trees were excluded from the
sampling, the dominating species was Coccinella septem-
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Fig. 7 Plants where ladybirds were observed in 2018: A) larvae, B) adults.

punctata. It may imply that in the Mediterranean climate,
H. axyridis has a limited time to reproduce and create a
new generation.
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