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Abstract. We present a multi-species model of one plant with two nectivore pollinators. This system has
mutualism between the plant and the pollinators, and competition for food between pollinators. Both
pollinators are different: the large pollinator can consume all the nectar offered by the plant in each visit;
it permits the genetic interchange between plants from different patches, so, it avoids self-fertilization
problems. The small pollinator consumes only a fraction of the flower nectar but the seeds produced by
its pollination are less successful. The model gives different dynamics depending on both the differences
between the pollinators’ growth rates and the inbreeding effect. Stronger oscillations occur when the
growth rates are very different. Paradoxically, a high inbreeding causes an increment in populations. The
three species system is biologically stable and the asymmetry between pollinator species results in
different roles that enhance the global stability and persistence of the system.
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Introduction

Ecological relationships usually involve several interacting species in a complex
network. Notwithstanding this, most studies have focused on two species interactions.
Predation, competition, parasitism, and mutualism are examples of systems extensively
studied and modeled by ecologists as two species interactions. However, none of these
relationships is in actual fact restricted to two species; competition for instance is
clearly a three-element system because it involves at least two competitors and one
resource that typically is another species, an ignored fact in the traditional Lotka-
Volterra approximation [27].

Mutualism, in turn, is considered as a relationship in which both participants
experience some net benefit. Mutualistic interactions occur along the entire range of
biological organization and on all timescales [4, 17]. These two relations, mutualism
and competition, are apparently opposed to each other, although they may be seen as
extremes of an interaction gradient with different benefit:cost ratios [4]. In fact, many
interactions are a mixture of different aspects that involve competitive, antagonistic and
mutualistic interactions [38]. From the benefit:cost perspective, it becomes clear that the
outcomes of mutualism and competition must be extremely variable, and not simply
plus/plus or plus/minus interactions; in fact, outcomes of inter-specific relationships
vary with the abiotic and biotic setting in which the interactions take place, and there
are several factors that influence mutualism [16].
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A common example of mutualism is pollination [3]. The plant-pollinator relationship
happens between free-living species and, as in several mutualistic associations, one
partner performs some action (a service) that benefits its associate receiving some
payoff for doing so. These rewards may be some kind of food, for instance nectar [10,
21], pollen [11], or even seeds or ovules that the pollinator larvae eat [1, 9, 15].
Providing rewards has a cost for the plant. For example, up to 37% of the photosynthate
that the milkweed, Asclepias syriaca, assimilates during flowering is used to produce
nectar [33]. Nectar can contain as much as 5 kJ.ml™ of energy and provide half of the
calories that a hummingbird needs [26].

The evolutionary significance of pollination has long been recognized [7, 23, 26, 29,
31]. These authors pointed out its role in the evolution of species by natural selection
and, specially, its effect on morphological adaptations. A wide range of evidence
suggests that some flower traits are specific adaptations that facilitate or enhance the
pollinator visits [8, 41]. Pollinators have a great influence in gene flux between plant
populations, affecting their genetic structure [8, 40, 41] and changing the seed
production and the number of established seedlings [20, 31].

Despite the obvious two-side benefit in the plant-pollinator relationship, there is
more in this system than one can see at a first glance.

The plant-pollinator relationship is rarely limited to a couple of species. It is more
frequent to find processes, which involve several pollinators that compete between them
for obtaining nectar, pollen or oviposition sites [5, 6, 13, 20] describe 23 species of
pollinator insects for the Kiwi (Actinidia deliciosa) flowers, including 11 species of
Diptera, five of Hymenoptera, and four of Coleoptera. [19] describes 11 species of bees,
12 species of butterflies and six species of flies that work as pollinators for the
Mediterranean shrub Lavandula latifolia. According to [11], Hormathophylla spinosa
(Cruciferae) has at least 70 visiting species of insects, grouped in two guilds:
nectarivores (mainly small flies and ants) and pollinivores (bees and hover flies).
Although insects are the main pollinator animals, many other animals may do so as
well. For example humming-birds, bats, small rodents and marsupials are all well
known pollinators (see for example [11, 25]).

It is then clear that during the process of pollination, several pollinators may interact
among themselves. It is highly probable that different nectarivores or pollinivores
compete for food, introducing a new element in this ecological web. The central
questions then are, why don’t single plant species have a single pollinator, for instance
the most efficient, or the “cheapest” in terms of energy costs? How can a multispecies
system be stable in ecological and evolutionary terms? Or, does a “best” pollinator
exist?

In this paper we use a mathematical model to study the population dynamics of two
pollinators and their resource, and the viability of this system in an attempt to provide
answers to the above questions.

The mathematical model

We considered the simplest multi-species model: one plant and two pollinators.
However, both pollinators differ in terms of home range, pollination efficiency and
energy cost for the plant. In this way, the system represents mutualistic interactions
(pollinator and plant) and competition (pollinators). The mutualism has different
characteristics depending on the pollinator but competition is limited to resource
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exploitation because we assume no interference (never two pollinators visit the same
flower simultaneously)

The model has the following assumptions:

a) There is only one species of plant, which bears one flower per individual per
year. This restriction is unrealistic but necessary to avoid introducing effects of
clumping or repeated visits to the same plant.

b) This flower produces a certain amount of nectar, which is renewed daily.

c) The plant is spatially distributed in patches.

d) There is a large pollinator (e.g.: a hummingbird), which has a wide movement
range (can fly between patches), and consumes the total amount of nectar in each flower
visit.

e) There is a small pollinator (e.g.: an insect), which has a limited movement range,
and cannot fly between patches. This small pollinator consumes only a fraction //f of
the nectar of each flower it visits.

f) The flowers pollinated by the large pollinator produce in the next generation
stronger and more numerous plants, due to a more intense genetic exchange between
flowers from different patches.

g) Pollination is limited to either pollinator. Only the pollinators pollinate the
plants, pollination by wind or any other means is neglected.

h) The plants reproduce annually and have discrete generations.

i) Pollinators reproduce annually but have overlapping generations.

Let A be the density of the small pollinator’s population, P the density of the large
pollinator’s population, N, the total number of flowers, at generation t. We have the
following system of discrete equations representing the competition between
pollinators:

A P

P, =Px|l+rx|l-————* (Eq.1)
fXN, N,
AP

A=A x| 1+sx|1l-——— ¢ (Eq.2)
fXN, N,

Where r and s are the intrinsic grow rates for the large and small pollinators
respectively. We assume that 7, is smaller than s, given the well known relationship
between growth rate and body size [32].

Regarding the flowers, we make a distinction between those pollinated by either the
small or the large pollinator. This is due to the fact that the plants would not persist if
only visited by the small pollinator, because of genetic inbreeding depression. So, if we
represent the number of flowers pollinated by the small and the large pollinator
respectively, n,y and np, we have the following equations

Ny =€ X(@Xn,, +n, )Xc,Xc, , (Eq.3)
Np =€pX (n,, + np, )XCpXCyy s (Eq.4)

Were e4 and ep are the germination ability and survival rate of seedlings. These
parameters are the product of four multiplying factors: flower fecundity, seeds survival,
seeds germination ability, and seedling survival. Implicitly, this term introduces the
assumption of a non-homogenous environment, because a plant being pollinated by the
large pollinator has an advantage when exposed to a fluctuating or heterogeneous
environment. Coefficients ¢4 and cp are the ratio of A and P to the total A+P.
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The term ¢, is a saturation function given by:
A+ P

Coar = 1- exp(_d ) (Eqs)
Where we have used N, the total number of plants
Nr = nA,t + nP,t (Eq6)

The function ¢y, acts in such a way that the number of flowers in each generation
does not depend on the pollinator density except when that density is low compared to
the flower abundance.

The parameter ¢ ranges between 0 and 1, indicating the negative effect of inbreeding
on plants; smaller a represent stronger negative effects.

We ran the model for five thousand generations starting from an initial situation
where the population of the small pollinator is an order of magnitude larger than the one
for the large pollinator. This assumption is coherent with the biological characteristics
of the pollinators and the accepted relationship between body size and population
abundance. Initially, the number of plants pollinated by each pollinator was fixed and
equal (two thousand).

We used several different values for a and for the s/r relation; all the other
parameters were kept constant: eq = 1.2, ep = 1.4, d = 3.0

Results

Both pollinators have an equilibrium point that satisfies A*/f + P* = N.
For plants, the equilibrium depends on several system parameters, in fact:

n.=eqlan, +ny)e e, (Eq.7)

nr=¢r (nj; + n; )CpC,, (Eq.8)

Stars in Eq. 7 and 8 symbolize fixed points (equilibria).

If we neglect ¢y, variations, this is a homogeneous linear system that has a non-
trivial solution only when its determinant is zero. In that case n4* is proportional to np*,
their values depend on A* and P*, and the system reaches a fixed equilibrium point.

Simulations show that there is no case where the actual model can present chaotic
behavior, but it can converge with a monotonous or oscillatory behavior depending on
the relationships among ¢, r and s.

When the s/r relation is 2 (case of light asymmetry between pollinators), the system
converges rapidly for high « (Figs. I and 2) as well as for low « (Figs. 3 and 4), and
populations remain constant after 50 generations. When ¢ has the smaller value,
populations show a slight oscillatory behavior (Fig. 3). This is not surprising because
the use of difference equations introduces an implicit delay [14]. Despite this transient

dynamics, a soft asymmetry between pollinators ensures stability and a fast
convergence.
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Figure 1. Dynamics of the two p

ollinator populations under conditions of slight inbreeding

and low asymmetry: &= 0.5 and s/r = 2. After 50 years, the system remains at stable
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Figure 2. Phase space of plants pollinated by each pollinator for the conditions of slight
inbreeding and low asymmetry. The starting point is [2000, 2000] and there is an attractor at

[331, 163].
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Figure 3. Dynamics of the two pollinator populations under conditions of slight inbreeding
and high asymmetry: &= 0.5 and s/r = 8. The system shows damped oscillations before
reaching the stable equilibrium.
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Figure 4. Phase space of plants pollinated by each pollinator for the conditions of slight
inbreeding and high asymmetry. The starting point is [2000, 2000] and there is an attractor at
[729, 486] that is reached after 100 generations of damped oscillations.

When the ratio s/r = 8, that is, when the growing rate of the small pollinator is
practically one order of magnitude greater than that for the large pollinator (a strong
asymmetry), oscillations became more pronounced. For a large « the system stills
converges towards equilibrium; exponentially after 100 generations or less (Figs. 5 and
6). But for small o (strong effect of inbreeding) the system converges very slowly
towards an exponential growth of populations, through oscillations (Figs. 7 and 8). In
this latter case, we can see that, surprisingly, a high inbreeding causes a population
increment. If this behavior is transient, it is long lasting (i.e.: “supertransient”); at less
5000 years.
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Figure 5. Dynamics of the two pollinator populations under conditions of slight inbreeding
and high asymmetry: o= 0.5 and s/r = 8. The system shows damped oscillations before
reaching the stable equilibrium.
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Figure 6. Phase space of plants pollinated by each pollinator for the conditions of slight
inbreeding and high asymmetry. The starting point is [2000, 2000] and there is an attractor at
[729, 486] which is reached after 100 generations of damped oscillations.
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Figure 7. Dynamics of the two pollinator populations under conditions of strong inbreeding
and high asymmetry: a = 0.35 and s/r = 8. The system shows a long transient oscillatory
behavior that converge to an exponential grow of both populations.
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Figure 8. Phase space of plants pollinated by each pollinator for the conditions of strong
inbreeding and high asymmetry. The starting point is [2000, 2000] and there is a long series of
slightly damped oscillations. The tendency is to an exponential growth for both subpopulations.
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These different behaviors are summarized in Table 1.

Table 1. Model behavior under different parameters sets.

Low s/r ratio (2.7) High s/r ratio (8.0)
High o (0.5)  Asymptotically stable Damped oscillations
Low a (0.35)  Stable with damped oscillations Growing with damped oscillations

Discussion

Traditionally, modeling of mutualism has been reduced to the case of only two
interacting species [24, 28], or has been based on individuals [35] due to the importance
of the individual pollinator behavior. Some mathematical approaches to mutualism have
been recently published [12, 22] but with different objectives than ours.

Our simple model shows a rich spectrum of dynamics. The plant-pollinator system is
unstable with the small pollinators only, except for particular situations in which the
inbreeding effect is canceled (& * e4 > I). On the other hand, large pollinators may
coexist with the plant without the small pollinator but, due to its low growth rate, both
populations would increase their numbers very slowly. It is clear in this context, that the
introduction of a small pollinator benefits the large one because of causes an increase in
the local plant populations. In this sense, our work shows the counterintuitive results in
which pollinators may not compete but benefit form an indirect mutualistic relationship.

Our work shows also that realistic models of mutualisms need to involve the
dynamics of three or more species. Attempts to do this suggest that the presence of a
third species (predator or competitor) may stabilize some mutualistic interactions [3].
The persistence of assemblages of several pollinator species is important in the context
of the conservation of biodiversity [36, 37]. It has been shown that there is a relation
between pollination and the plant reproductive success, as well as a relation between
pollinator’s visits and the flowers’ nectar offer [33, 34]. Most plants have life history
traits that facilitate cross-pollination and ensure that beneficial genes can be transmitted
relatively rapidly to successive generations [2]. Cross-pollination introduces genetic
diversity into the population at a rate that enables the species to cope with a changing
environment. This relationship between the pollination and the reproductive success of
the plants has been broadly documented; for instance [30] have shown that sunflowers
pollinated by bees, produce three times more seeds and four times more fruit by
inflorescence than not pollinated ones. [13] found a similar effect in kiwi, where bees-
pollinated plants bear fruits with weights 60% greater than not pollinated ones. [18]
have shown that seed production was more broadly variable among wind-pollinated
taxa than among animal-pollinated ones.

We cannot state that a “better” pollinator exists; the asymmetry between species
results in different roles that enhance the global stability of the system. The least
efficient pollinator brings a greater growth rate, while the pollinator with the slower rate
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of increase contributes to a better genetic exchange between plants and consequently,
better chances of survival in non-homogeneous habitats.

The system shows a long range of stability for a wide variety of situations. Too
intense inbreeding leads to fluctuations. The fluctuations are also induced by a strong
difference in the growth rates of the two pollinators. When intense inbreeding coincides
with the strong differences in growth rates, the system not only oscillates but also has
growing populations. Therefore, a large population of a not efficient pollinator can
benefit from a small population of a second kind of pollinators that gives the plant
population higher genetic stability. That is, the presence of the second pollinator
promotes the coexistence and beneficiates the first pollinator despite the competition
between both.
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Abstract: Exotic plantations of Eucalyptus are replacing large areas of extensive agroecosystems
throughout the Mediterranean basin. A comparison of the abundance of ground macro-arthropods in some
of major types of traditional land uses in southern Iberia (cork oak woodlands, olive groves, fallow fields,
vineyards, and riparian vegetation) revealed that Eucalyptus plantations held the lowest abundances for
most groups of arthropods. This indicates that the expansion of FEucalyptus plantations in the
Mediterranean is very negative for ground arthropods, and for the many species of vertebrates that depend
on them as prey.
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Introduction

Throughout the Mediterranean basin exotic Eucalyptus plantations are replacing
large areas of native woodland and traditional extensive agroecosystems, such as olive
grove or cork oak woodland [4]. However, since plantation forests tend to be
unfavourable habitat for a wide range of animal taxa, particularly in the case of even-
aged, single-species stands of exotic species, the expansion of these plantations may
pose problems for the preservation of Mediterranean biodiversity [6, 13].

In spite of the generalized use of Eucalyptus in forestry in many parts of the World,
there is little information on its impact on the invertebrate fauna, and most existing
studies focus on the impact of single groups. In addition, the results of different studies
carried out throughout the World do not allow a general conclusion about the influence
of the plantations on the abundance of invertebrates. Although most studies report a
negative influence on invertebrates (e.g. [, 9]), a few found invertebrate communities
in plantations that are similar in abundance or diversity to those of neighbouring natural
or semi-natural habitats (e.g. [1, 10]). This diversity of results suggests that the response
of arthropods to Eucalyptus plantations varies among taxa and depends on the
geographic context and other environmental factors, so specific studies are needed to
understand the impact of plantations in different ecological regions.

Although the high biodiversity value of the Mediterranean basin led to its
classification as a Biodiversity Hotspot, little is known about how the expansion of
Eucalyptus plantations may be affecting the epigeic invertebrate communities in the
region. Such knowledge is important not only because of the intrinsic value of those
communities, but also because of the many species that depend on them as prey. The
objective of this study is to evaluate how the abundance of ground macro-arthropods in
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Eucalyptus plantations in southern Iberia compares with that of some of the main land
uses that they are replacing, namely cork oak woodlands, olive groves, vineyards,
riparian vegetation and fallow farmland.

Methods

The study was conducted from March 1997 to February 1998 near Evora, Portugal (~
8° 8 W, 38° 29" N), a region with a Mediterranean to sub-Mediterranean climate, with
cool and rainy winters and dry hot summers.

Arthropods were sampled in the main land cover types of the area, which are also
common throughout much of Mediterranean Iberia: (i) cork oak woodland, with sparse
trees (Quercus suber) and an undergrowth of sparse shrubs and herbs; (ii) olive grove,
with olive trees (Olea europaea) and herbs; (iii) fallow field, sparsely covered with
grasses; (iv) vineyard, culture of Vitis vinifera on regularly plough and mostly bare
ground; (v) riparian vegetation, well vegetated areas along stream banks; and (vi)
Eucalyptus plantation, stands of Eucalyptus globulus with some Cistus shrubs growing
on mostly bare ground. Although Fucalyptus has been used in the area since 1964, the
trees of the studied plantation were 6 to 7 years old. This age is quite representative of
the Eucalyptus plantations in the region, which are maintained on short rotations,
mostly for the production of pulp for the paper industry.

Three sets of four pitfall traps (10.5 x 17.0 cm, 10 cm deep) were placed 50-100
meters apart in each of the six above listed habitats. Traps were partly filled with
saltwater to preserve captured arthropods, and kept open for 6 days in March, June,
July, September, and November 1997 and in February 1998, so we had a total of 432
trap days for each habitat. Samples were frozen and analyzed in the lab, where
arthropods were identified at least to order. Numbers of individuals in each trap were
counted and averaged for each habitat type.

The comparison of the abundances of arthropods in Eucalyptus plantations with
those in other major land uses is based on the most common groups of typical ground-
dwelling arthropods: Isopoda, Arachnida, Formicidae and Carabidae (Table I).
Arthropods that were not sufficiently represented to justify its own class were included
in either “other coleoptera” or “other arthropods” (mainly Grylloidea, Chilopoda,
Heteroptera, larvae of Lepidoptera, and Diptera). The comparison of the samples of the
Eucalyptus plantation to those of other habitats was done using Scheffé-Test after
significant differences between habitats were proven by the H-Test.

Results and Discussion

Ground macro-arthropods caught in the pitfall traps included Arachnida (Scorpiones,
Solifugae, Araneae, Opiliones, Acari), Myriapoda (Chilopoda, Diplopoda), Crustacea
(Isopoda) and Insecta (Saltatoria, Dermaptera, Blattodea, Hemiptera, Lepidoptera,
Diptera, Hymenoptera, Coleoptera).

Riparian habitats had the highest abundance of all but two groups (Isopoda and
Formicidae; Table 1), which may be explained by the greater moisture available in its
soil. Cork oak woodlands held the next highest overall abundances, and the highest
values for Arachnida, Formicidae, Carabidae and “other arthropods”. This may be due
to the greater relative complexity of this habitat, and to the fact that it is presumably the
most similar to the original natural vegetation of the region. Eucalyptus plantation had
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the lowest abundances of all groups of arthropods (Table 1), with the exception of
Isopoda, which are detritivores and can probably benefit from the high amount of leaf-
litter in them [11]. In most other groups, the abundance in Eucalyptus plantations was
several times lower than that of the best habitats in the region.

Table 1. Abundance of different ground macro-arthropod groups in the studied habitats
(mean number of specimens per trap in each sampling session and standard error). Grey
tones represent the rank from higher (light) to lower (dark) abundance. An * indicates a
significant difference (p<0,05) in tests comparing the abundance between each land use and
the Eucalyptus plantations.

Other Other Large
HABITAT | Isopoda | Formicidae | Arachnida | Carabidae | Coleopt Arthrop | Arthrop

Riparian |, 30 ) 63) IERERORI 13.66 (1.68)% | 1.77 (0.35) | 432 (0.97)* | 9.41 (1.47)* |1.23 (0.26)*

(A0 3.44 (0.17)* | 5.05(0.43)* | 1.35(0.24)* | 0.88 (0.13)

IBNXORIN 3.18 (0.25)% | 4.73 (0.55) [MOERROROM Z7A (LB | 3.63 (0.41) [LHa ()

Fallow field TUZEKCRN 3.08 0.24)« EREIGEIIM 1.15 (0.27)* AR 0.63 (0.12)

T REEEICEDY 288 (0:24)% | 4.66(042)  0.55(0.12) 043 (0.13) 264(0.38) 0.50(0.10)

Eucalyptus
plantation

3.94 (0.81) [0.93(0.17)

2.70 (0.72) pEEIX(RG) 2.01(0.27)  0.17(0.06) 0.37(0.08) 1.94(0.34) 0.45(0,07)

One possible explanation for the low number of arthropods in Eucalyptus plantations
is the usually low density and diversity of herbs and shrubs, which can be attributed to a
variety of factors. Mechanical treatments of the soil prior to planting or at middle
rotation are known to reduce the diversity, ground cover, and biomass of the
undergrowth [3]. The release of phytotoxic substances by Eucalyptus globulus, is likely
to have similar effects on the undergrowth [12]. Nutrient deficiencies may limit plant
growth in older stands that have been used for multiple rotations, due to the export of
nutrients by harvesting [7]. Finally, Eucalyptus are known to be very efficient
competitors for water, which under certain circumstances may limit the development of
undergrowth [8].

Another factor that may contribute to the low abundances of arthropods in the
plantations is the direct effect of Eucalyptus leaves leachates on them, as it has been
demonstrated that the leachates of E. globulus reduce the viability of certain arthropod
species (e.g. [2]).

As many species of Mediterranean vertebrates prey on the larger ground arthropods,
we estimated the abundance of individuals more than lcm long in the six habitats. We
found that these larger individuals are also least abundant in the Eucalyptus plantations
(Table 1), which should negatively influence their potential as foraging habitats for
many vertebrates.

The impact of the reduction of arthropods was less pronounced in the wetter sampled
areas of the Eucalyptus plantations (Fig. I). They had better developed undergrowth,
presumably because of the greater availability of water, and a greater abundance of all
groups of macro-arthropods, with the exception of Carabidae. The difference was
significant in Isopoda and “other arthropods” (p<0,05; Wilcoxon-test). This is coherent
with the results of studies carried out in plantations of E. globulus in northern Iberia,
which has a much higher rainfall; the plantations had well developed undergrowth and a
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fauna of leaf-litter invertebrates similar in composition and density to that of nearby
native forest [1].

Carabidae
H moist

Arachnida Ddry

Formicidae
Isopoda *
Other arthropods *

Other Coleoptera

0 1 2 3 4 5 6 7 8 9
individuals

Figure 1. Abundance of ground macro-arthropods in the moist and the dry sections of the
Eucalyptus globulus plantation. Columns represent mean number of specimens per trap in each
sampling session and lines the standard error. An * indicates a significant difference (p<0,05)

The environmental factors that control the abundance of arthropods in exotic stands
of Eucalyptus are diverse, although poorly understood. In addition to water availability,
the age of the trees seems to be very important, as old plantations can harbour abundant
faunas [10]. Consequently, our results can not be extrapolated to all Eucalyptus
plantations in the Mediterranean, as we only studied young stands. However, they do
suggest that these stands, which are by far the most widespread in the region, under the
dry conditions typical of its climate, harbour small abundances of ground macro-
arthropods. Consequently, the expansion of Eucalyptus plantations, at the expense of
other traditional types of land use, should be seen as a challenge to the preservation of
Mediterranean biodiversity.

Acknowledgements: We are indebted to M. J. Pereira and H. Rebelo and other colleagues who helped us
during fieldwork.

REFERENCES

[1] Bara, S., Rigueiro, A., Gil, M.C., Mansilla, P., Alonso, M. (1985): Efectos ecolégicos del
Eucalyptus globulus en Galicia. Estudio comparativo con Pinus pinaster y Quercus
robur. — Instituto Nacional de Investigaciones Agrarias, Madrid.

[2] Canhoto, C., Laranjeira, C. (2007): Leachates of Eucalyptus globulus in intermittent
streams affect water parameters and invertebrates. — International Review of
Hydrobiology 92: 173-182.

[3] Carneiro, A., Fabido, A., Martins, M.C., Fabido, A., da Silva, M.A., Hilario, L., Lous3,
M., Madeira, M. (2008): Effects of harrowing and fertilisation on understory vegetation

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 297-301.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



[4]

[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

Zahn et al.: Low macro-arthropod abundance in exotic Eucalyptus plantations in the Mediterranean
-301 -

and timber production of a Eucalyptus globulus Labill. plantation in Central Portugal. —
Forest Ecology and Management 255: 591-597.

Carnus, J.M., Parrotta, J., Brockerhoff, E., Arbez, M., Jactel, H., Kremer, A., Lamb, D.,
O'Hara, K., Walters, B. (2006): Planted forests and biodiversity. — Journal of Forestry
104: 65-77.

da Silva, P.M., Aguiar, C.A.S., Niemela, J., Sousa, J.P., Serrano, A.R.M. (2008):
Diversity patterns of ground-beetles (Coleoptera: Carabidae) along a gradient of land-use
disturbance. — Agriculture Ecosystems & Environment 124: 270-274.

Hartley, M.J. (2002): Rationale and methods for conserving biodiversity in plantation
forests. — Forest Ecology and Management 155: 81-95.

Merino, A., Balboa, M.A., Soalleiro, R.R., Gonzalez, J.G.A. (2005): Nutrient exports
under different harvesting regimes in fast-growing forest plantations in southern Europe.
— Forest Ecology and Management 207: 325-339.

Poore, M.E.D., Fries, C. (1985): The ecological effects of eucalyptus. — Food and
Agriculture Organization, Rome.

Ratsirarson, H., Robertson, H.G., Picker, M.D., van Noort, S. (2002): Indigenous forests
versus exotic eucalypt and pine plantations: a comparison of leaf-litter invertebrate
communities. — African Entomology 10: 93-99.

Sax, D.F. (2002): Equal diversity in disparate species assemblages: a comparison of
native and exotic woodlands in California. — Global Ecology and Biogeography 11: 49-
57.

Sousa, J.P., Vingada, J.V., Loureiro, S., da Gama, M.M., Soares, A. (1998): Effects of
introduced exotic tree species on growth, consumption and assimilation rates of the soil
detritivore Porcellio dilatatus (Crustacea : Isopoda). — Applied Soil Ecology 9: 399-403.
Souto, X.C., Bolano, J.C., Gonzalez, L., Reigosa, M.J. (2001): Allelopathic effects of tree
species on some soil microbial populations and herbaceous plants. — Biologia Plantarum
44: 269-275.

Stephens, S.S.,Wagner, M.R. (2007): Forest plantations and biodiversity: A fresh
perspective. — Journal of Forestry 105: 307-313.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 297-301.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



Lalfakawma et al.: Community composition and tree population structure in undisturbed and disturbed tropical semi-evergreen
-303 -

COMMUNITY COMPOSITION AND TREE POPULATION
STRUCTURE IN UNDISTURBED AND DISTURBED TROPICAL
SEMI-EVERGREEN FOREST STANDS OF NORTH-EAST INDIA

LALFAKAWMA' — U.K. SAHOO” - S. ROY” — K. VANLALHRIATPUIA’ — P.C. VANALALHLUNA’
'Department of Botany, Government Lunglei College, Lunglei: 796 701, India

2Department of Forestry, School of Earth Sciences & Natural Resource Management, Mizoram
University, Aizawl: 796 009, India

’Department of Botany, School of Life Sciences, Mizoram University, Aizawl: 796 009, India

*Corresponding author
e-mail: sahoo_formzu@yahoo.co.in

(Received 9™ April 2009 ; accepted 24" November 2009)

Abstract Species composition, density, importance value index, diversity, dominance and tree population
structure were studied in disturbed and undisturbed stands of tropical semi-evergreen forest in Lunglei
District of Mizoram, North-East India. Total number of species in the undisturbed stand was 67 while in
the disturbed stand 63 species were recorded. Number of tree and shrub species in the undisturbed stand
were higher (32 and 18) than the disturbed stand (17 and 16). However, the number of herbaceous species
remained higher in the disturbed stand (30) compared to the undisturbed stand (17). Castanopsis
tribuloides (Smith) was common in both stands, and showed dominance in the undisturbed stand with a
density of 90 individuals’ ha"'. However Schima wallichii (DC.) Korth Choicy was dominant in the
disturbed stand with a density of 125 individuals’ ha"'. In both stands higher dbh classes showed lower
density than that of the lower and intermediate girth classes. In general, the undisturbed forest stand
showed more density of trees in each dbh classes and the intermediate girth class in particular. The study
reveals that the anthropogenic disturbance causes disruption of forest structure and changes community
composition which ultimately leads to disruption of tree population structure.

Key words: Dominance, Species diversity, Floristic composition, Forest structure, Girth class

Introduction

The structure of plant as well as animal communities in many natural ecosystems is
largely influenced by the disturbances, frequently occurring in the system naturally or
due to anthropogenic activities [2, 6, 16, 33]. In many of these systems, disturbances
change overall community structure [54, 60] which in turn can ultimately affect
community and population dynamics. The importance of disturbance for maintaining
community composition [15, 21, 43] and determining population dynamics [37, 49, 50,
58] has been well recognized in the tropical and extra-tropical systems. Disturbances
also have profound effect on the regeneration of non-pioneer under storey trees [33].
[10] viewed disturbance as a negative force that destroys climax assemblages and brings
instability in the system, while [28, 36, 42] considered it as a positive force that might
increase species diversity in the community by preventing competitive exclusion by
dominant species. Species richness has been related to the occurrence of natural
disturbance by several authors [22, 28, 45].

Apart from disturbances, climate, especially precipitation also play significant role in
species composition and structure [4, 11, 19]. The diameter distribution of trees has
been often used to represent the population structure of forests [31, 40, 51].
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Configuration of curves has also been correlated with successional status of forests [20,
51] and degree of tolerance to shade [63]. In this study, we assessed the overall species
composition and tree population structure in an undisturbed and disturbed tropical forest
stands of Mizoram, North-East India.

Materials and methods
Study Site

The study was carried out in two forest stands, one disturbed and the other relatively
undisturbed stands of tropical semi-evergreen forest [9], located in Lunglei District,
Mizoram, North-East India. The disturbed stand is located at Hminlokawn (latitude
22°51°30°N and longitude 92° 470" E) ca. 9 km north of the undisturbed stand
located at Zobawk (latitude 22° 47°30”" N and longitude 92° 47°50"" E) and the sites are
ca. 230 km south of Aizawl, the capital city of Mizoram. The undisturbed stand is about
25 years old natural forest stand (local source) which is preserved by the village
community of Zobawk (ca. 16 km from the Lunglei town) from any type of
anthropogenic interruption in the natural forest growth except negligible non timber
forest products collection by the local community for their sustenance. While the
disturbed stand is situated in the outskirt of Lunglei (ca. 8 km from the town), which is
experiencing high degree of disturbance in terms of various anthropogenic activities
such as fire wood collection, timber logging and grazing etc. Each of the selected forest
stands covers an area of more than about 25 ha of land.

The climate is monsoonic under the direct influence of the south-west monsoon, with
marked seasonal variation in temperature and rainfall. Depending on the variation in
temperature and other climatic conditions, three seasons viz. winter (November-
February), spring (March-May), rainy/summer season (Jun-October) are observed in the
area as is in other parts of the state. The cold or winter season starts from November and
lasts till February with comparatively lower temperature (11-23 °C) and very less
rainfall. The rainy season or summer, the longest season (nearly 6 months) starts in the
second part of May with interrupted showers, and incessant rain begins in June and
continues till September and ends in the last part of October. During this season
temperature remains high (temperature ranged between 22-34 °C). Normally July and
August are the most precipitated months, receiving about 40% of the annual rainfall;
while December and January are the driest months. During 2004 and 2005 the area
received 4,076 mm and 2,773 mm of rainfall respectively [1]. The mean minimum and
maximum temperature were 15.5 and 26.5 °C, respectively, and relative humidity varied
between 41 and 89%.

Methodology

To study the community composition and other phytosociological characteristics of
the vegetation at the selected sites, thorough field surveys were conducted during June
2002- May 2003 for site selection and quadrat study. Phytosociological attributes of
each species were studied by randomly laying 50 quadrats of 10 x 10 m” sizes, for trees
(10 cm dbh.) and 5 x 5 m* quadrats for shrubs, 20 quadrates of 1 x 1 m” for herbaceous
species at each of the selected forest stands. Total 240 quadrats were laid (120 quadrates
at each sites) covering entire study area to minimize sampling error. The size and the
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number of quadrats were determined following [30, 38]. Floristic composition, density,
diversity, dominance, distribution and tree population structure were studied according
to [38, 39, 56]. From the relative values the importance value index (IVI) was calculated
according to [12]. All the plants encountered in the quadrates were identified with the
help of herbaria and different flora viz. Flora of Assam, Flora of British India and Flora
of Arunachal Pradesh etc. The data collected were also used to compute community
indices such as Sorensen’s similarity index [59], Shannon-Wiener’s diversity index
[55], and Pielou’s evenness index [46].

Results

Both stands showed high floristic composition (Tables 1-2). IVI distribution curve
(Figure 1) showed that the disturbed stand had higher dominance or low evenness while
the undisturbed stand had lower dominance or higher evenness among trees and shrubs.
Total number of species in the undisturbed stand was 67 while in the disturbed stand 63
species were recorded. Total density of plants was 2,84,510 individuals ha” and
1,04,030 individuals ha™ in the disturbed and undisturbed stands respectively. Higher
density in the disturbed stand is due to the predominance of herbaceous species with
high densities. Number of tree species in the undisturbed stand was 32 while in the
disturbed stand it was 17. Number of shrub species was higher in the undisturbed stand
(18) than in the disturbed stand (16). Nonetheless, the number of herbaceous species
remained higher in the disturbed stand (30) than in the undisturbed stand (17).
Castanopsis tribuloides was common in both stands, and showed dominance in the
undisturbed stand with a density of 90 individuals’ ha™. Schima wallichii was dominant
in the disturbed stand with a density of 125 individuals’ ha™. The canopy of the forest is
composed of both evergreen and deciduous broad-leaved trees, whose height reached
not more than 25 m. The species were distributed in four strata, viz., canopy layer, sub-
canopy layer, shrub layer and herbaceous layer.

The canopy layer (height>10 m) was dominated by Castanopsis tribuloides in the
undisturbed stand and Schima wallichii in the disturbed stand. Castanopsis tribuloides
is also present in large numbers in the disturbed stand. In the undisturbed stand
Engelhardtia spicata, Cinnamomum obtusifolium, Macaranga indica, Elaeocarpus
robusta and Sapium baccatum were more in number after Castanopsis tribuloides. In
the disturbed stand this layer consists of Schima wallichii, Castanopsis tribuloides and
Macaranga indica. The sub-canopy layer (3-10 m height) was composed mainly of
Cinnamomum glaucescens, Alseodaphne petiolaris, and Helicia robusta besides few
other species in the undisturbed stand whereas in the disturbed stand Wendlandia
grandis, Cinnamomum glaucescens, and Eurya symplocina were the main component
species. The canopy and sub-canopy trees together forms a continuous dense cover in
the undisturbed stand, except for few gaps formed here and there due to natural
disturbances like tree falls etc. In the disturbed stand, the continuity was interrupted by
different sizes of gaps created by tree falls mostly due to anthropogenic activities.

The shrub layer was dominated by Derris wallichii in the disturbed stand, and by
Pinanga gracilis in the undisturbed stand. Rubus birmanicus, Rhynchotechum
ellipticum, Morinda angustifolia, Maesa montana and Milletia pachycarpa were also
present in large number in the disturbed stand. Areca triandra, Acacia pinnata, Smilax
ovalifolia, Derris wallichii, Calamus guruba and Lonicera macaranda are the main

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 303-318.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



Lalfakawma et al.: Community composition and tree population structure in undisturbed and disturbed tropical semi-evergreen
-306 -

component species besides Pinanga gracilis in the shrub layer of the undisturbed stand.
Lianas and other woody climbers and twiners were quite common in both forest stands.

Table 1. Density (plants ha™) and importance value index (IVI) of component species in the two
tropical semi-evergreen forest stands. (Species rating based on IVI shown in parenthesis)

Species Undisturbed Disturbed
Density | TBC | IVI Density | TBC | IVI

Trees
Actinodaphne obovata (Nees) Bl. 15 52.65 3.72 (32) - - -
Alseodaphne petiolaris (Mwiaan.) Hook. 40 232.46 | 10.99 (6) - - -
f.
Callicarpa arborea Roxb. 10 26.39 2.28 (37) - - -
Castanopsis indica Roxb. ex Lindley 10 149.63 | 5.08 (24) - - -
Castanopsis tribuloides Smith 90 688.60 | 27.70 (1) 60 583.19 | 35.13 (20)
Celtis australis L. 15 61.90 3.91 (29) 25 71.96 9.21 (9)
Cinnamomum glaucescens (Nees) Meissn 70 358.04 | 16.83 (3) - - -
Cinnamomum obtusifoluim (Roxb.) Nees. 45 170.33 | 10.42(8) - - -
Cinnamomum zeylanicum Bl. 30 114.73 | 6.63 (19) - - -
Diospyros toposia Buch-Ham. 5 46.43 1.90 (40) - - -
Drimycarpus racemosus Hook. 5 6.06 0.98 (49) 10 33.39 3.87 (23)
Dysoxylum macrocarpum Roxb. 30 86.12 | 7.01 (16) - - -
Dysoxylum procera Hiem. 10 25.88 | 2.27 (39) - -
Elaeocarpus robusta var.grandis F. Muell 40 205.2 10.88 (7) 5 14.33 1.84 (29)
Engelhardtia spicata Bl. 15 109.99 | 5.02 (25) 25 137.33 12.73 (6)
Eriobotrya bengalensis (Roxb.) Hook. f. 10 116.42 | 4.33 (26) - - -
Eugenia cumini (L.) Druce 5 22.99 1.36 (44) - - -
Eurya symplocina Bl. - - - 35 123.81 13.03 (5)
Ficus prostrata Wall. ex. Miquel - - - 10 84.67 5.90 (16)
Garcinia morella (Gaertn.) Desr. 5 21.80 1.34 (45) - - -
Glycosmis pentaphylla (Retz.) Correa - - - 10 38.71 4.08 (21)
Helicia robusta Roxb. 25 66.56 5.21 (22) - - -
llex godajam (Colebr.) Wall. Ex. Hook. f. 20 164.02 | 7.09 (15) - - -
Leea indica (Burm. f.) Merr. 5 4.08 0.93 (50) - - -
Litsea polyantha Juss. 10 1599 | 1.72 (42) 15 40.15 5.41(18)
Litsea semecarpifolia (Wall.) Hook. f. 15 50.04 | 3.15(34) - - -
Macaranga indica Wight. 35 141.22 | 8.07 (13) 45 206.93 18.88 (3)
Mitragyna diversifolia (Hook. f.) - - - 10 33.54 3.87 (22)
Mpyristica linifolia (Roxb.) Warburg. 20 82.29 | 5401 - - -
Olea dioca Roxb. - - - 5 7.36 1.56 (30)
Phoebe attenuata (Nees.) Nees. 10 92.06 | 3.78 (30) - - -
Quercus xylocarpa Kurz. 40 316.26 | 12.37 (4) - - -
Randia wallichii Hook. f. - - - 10 39.08 4.09 (20)
Rhus suceddnea L. - - - 10 28.37 3.66 (25)
Sapium baccatum Roxb. 55 494.47 | 18.43(2) - - -
Schima wallichii (DC.) Korth. Choicy 35 220.91 | 9.88 (10) 125 933.45 60.31 (1)
Styrax polysperma Clarke in Hook. f. 30 173.49 | 8.48(12) - - -
Styrax serrulatum Roxb. 15 16.26 | 2.90 (36) 10 25.29 3.55 (26)
Syzygium sp. - - - 25 68.54 9.07 (11)
Wendlandia grandis (Hook. f.) Cowan. 10 25.98 2.27 (38) - - -
Shrubs
Acacia caesia L. 10 0.25 1.17 (46) 45 0.94 9.14 (10)
Acacia pinnata L. 55 0.09 5.14 (23) - - -
Acmenosperma claviflorum Roxb. Kausal. - - - 5 2.21 1.36 31)
Anodendron paniculatum A. DC. 20 0.26 3.38 (33) - - -
Areca triandra Roxb. Wx Buch. Ham. 70 1.49 7.19 (14) - - -
Arenga pinnata (Wurmb) Merr 20 4.34 2.95 (35) - - -
Bauhinia anguina (Roxb.)H. Ohadhi 25 2.33 3.75 (31) 35 1.62 5.56 (27)
Bauhinia tenuiflora G. Watt ex C. B. - - - 20 0.07 4.31(19)
Clarke (basionym)
Calamus guruba Ham. 80 1.70 9.39 (11) - - -
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Caryota urens L. 15 0.20 1.50 (43) - - -
Derris wallichii Prain 85 13.77 9.99 (9) 15 10.26 17.00 (4)
Entada pursaetha DC. - - - 30 2.02 6.93 (15)
Litsea angustifolia Wall. Ex. Hook. F. 45 1.72 5.56 (20) 15 0.15 3.82 (24)
Lonicera sp. 50 5.09 6.99 (17) - - -
Maesa montana A. DC. - - - 50 1.23 8.88 (12)
Melastoma nepalensis Lodd. - - - 5 0.09 1.27 (32)
Millitia sp. 10 0.18 1.17 (47) 40 0.52 7.86 (13)
Morinda angustifolia Roxb. - - - 40 0.64 7.09 (14)
Phlogacanthus tubiflorum Nees 10 0.01 1.17 (48) - - -
Pinanga gracilis (Rox.) Bl. 105 2.86 11.05 (5) - - -
Rhynchotechum ellipticum (Wall. ex. D. 40 0.22 4.17 (27) 65 0.18 10.32 (8)
Dietr) A. DC.

Rubus birmanicus Hook. f. - - - 85 0.42 12.31 (7)
Sauraria sp. 10 3.45 1.76 (41) - -
Schefflera venulosa (Wight & Arn.) - - - 5 0.09 1.27 (33)
Harms.

Smilax ovalifolia Roxb. 65 0.16 6.83 (18) - - -
Spatholobus roxburghii Benth. 40 0.19 4.17 (28) - - -
Tabernaemontana divaricota (L.) - - - 15 0.29 3.05 (28)
R.Br.ex.Roem &Schdult

- indicates species absence

The number of herbaceous species differed between the two stands. The undisturbed
stand harbors lesser number of herb species as compared to the disturbed stand.
Hedychium coccineum is common in both stands, but it is out-numbered by Selaginella
sp. and Digitaria adscendens in the disturbed stand. The ground vegetation is very less
and sparse under canopy whereas it is dense in the forest floor of gaps.

The density of tree seedlings and saplings also varied between the two stands (Table
3). The saplings of Castanopsis tribuloides were abundant in the undisturbed stand
followed by saplings of Cinnamomum glaucescens. In the disturbed stand, saplings of
Schima wallichii were abundant, followed by saplings of Wendlandia grandis and
Castanopsis tribuloides.

Shannon’s Species Diversity Index shows that the undisturbed stand have higher
diversity (H'=3.1461) as compared to that of the disturbed stand (H' =2.2881). Pielou’s
Evenness Index also reveals that the undisturbed stand has more consistency in species
distribution. Undisturbed stand had higher evenness index (E=0.7565) while the
disturbed stand had lower evenness (E= 0.6488) (Table 4). Sorensen’s similarity indices
between the two stands revealed that these stands have similarities to some extent in
species composition which is more prominent in shrub component than the trees (Table
4).

In both stands higher dbh classes showed lower density (Table 7 and Figure 2) than
that of the lower and intermediate girth classes. A similar trend of straight line
relationship between density and diameter (negative exponential curve) was observed in
the undisturbed and disturbed forest stands. However, intermediate girth class (21-
20cm) showed more density than that of lower dbh (10-20 cm) in the two stands (Figure
2). In both forest stands, trees with intermediate dbh class (21-20 cm) showed highest
density per ha than all other dbh classes. Individuals of the lowest dbh class (10-20 cm)
showed higher tree density per hectare after intermediate dbh class in both undisturbed
and disturbed forest stands followed by other dbh classes in the order of 31-40 cm > 41-
50 cm > 51-60 cm in the two stands. In the disturbed stand high dbh (51-60 cm)
individuals were found to be as much as those of the undisturbed stand. In general, the
undisturbed forest stand showed more density of trees in each dbh classes, particularly
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the intermediate girth class, except the individuals with highest girth class (61-70 cm)
was absent in this stand which were found in the disturbed stand only.

Table 2. Density (plants ha” x 10°) and importance value index (IVI) of herbs component
species in the two (Undisturbed and disturbed) tropical semi-evergreen forest stands.

Species Undisturbed Disturbed
Density | IVI Density IVI

Ageratum conyzoides L. - - 1.70 3.23
Bidens pilosa L. - - 1.50 18.48
Blumea lanceolaria (Roxb.) Druce - - 0.35 7.32
Cissampelos pareira L. 0.05 2.50 0.15 1.97
Commelina benghalensis L. 0.40 10.29 - -
Curculigo capitulate (Lour) Kuntze 0.60 29.78 0.10 2.80
Cynodon dactylon (syn) Panicum dactylon (L) - - 0.75 8.37
pers.
Cyperus rotundus L. - - 0.75 12.97
Dalbergia tamariscifolia Cav. 0.55 19.35 - -
Dioscoria alata L. - - 0.85 9.16
Digitaria adscendens (HBK) Henr. - - 2.95 12.67
Diplazium esculentum (Retz) Sw. 0.30 5.13 - -
Dryopteris sp. - - 0.20 1.99
Eupatorium adenophorum Spreng - - 0.30 4.27
Eupatorium riparium Regel - - 1.10 10.68
Eupatorium odoratum L. - - 0.85 17.56
Gleichenia sp. 0.90 15.39 - -
Hedychium coccineum Buch.-Ham.ex.Sm. 2.40 99.93 1.05 23.82
Hedyotis scandens Roxb. 0.15 5.66 0.20 3.63
Imperata cylindrical (L.) Beauv. - - 2.00 10.85
Ipomea sp. - - 0.30 3.85
Lygodium flexosum (L.) Sw. - - 0.10 2.20
Mikania micrantha HBK - - 0.50 6.94
Oxalis corniculata L. - - 0.10 1.24
Panicum sp. 0.55 11.21 0.70 5.66
Paspalum sp. - - 2.35 15.64
Passiflora nepalensis Wall. - - 0.10 2.95
Phrynium capitatum Willd. 1.55 29.43 - -
Piper longum L. 0.35 10.25 0.65 14.95
Polygonum sp. - - 0.45 7.06
Pteridium sp. 0.40 16.83 - -
Pueraria subspicata (Benth.) Maesen 0.30 9.46 0.05 1.26
Scoparia dulcis L. - - 1.70 12.29
Selaginella sp. 0.30 6.79 4.40 27.27
Themeda arundinacea Roxb. 0.10 2.94 - -
Thysanolaena maxima O.ktze 1.25 21.76 1.45 16.80
Urena lobota L. - - 0.70 13.41

- indicates species absence
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Figure 1. IVI distribution among tress and shrubs in the disturbed (m) and undisturbed
(®) forest stands

Table 3. Density of tree seedlings (plants ha x 10°) and saplings (plants ha-1) during peak
growth period (August- September, 2005) in the undisturbed and disturbed forest stands

Species Undisturbed Disturbed
Seedlings Sapling Seedlings Sapli
ng
A. petilorais - 30 - -
C. tribuloides 1.85 35 1.60 35
C. australis 0.10 10 0.40 30
C. glaucescens 0.25 30 0.85 25
C. obtusifoluim 0.45 15 - 15
C. zeylanicum 1.65 20 0.70 -
D. racemosus - - 0.10 -
D. macrocarpum 0.40 10 - -
E. robusta 0.35 5 - 10
E. spicata 0.25 5 0.30 30
E. cumini 1.10 25 1.05 40
E. symplocina - - 0.15 10
L. indica 0.05 - - 5
L. polyantha - 5 - -
M. indica - - 1.20 15
M. linifolia 0.75 20 -
O. peniculata - - - 5
P. attenuata - - - 5
R. wallichii - - - 30
R. suceddnea - - - 5
S. baccatum - 15 - -
S. wallichii 1.60 10 7.90 95
S. polysperma 0.15 - - -
S. serrulatum - - - 10
S. saligna - - 0.20 -
W. grandis - 5 0.80 50

- indicates species absence
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Table 4. Community indices of trees and shrubs in the two forest stands

Community indices Source of variation Index value

Sorensen’s similarity index Trees 36.73

Shrubs 41.18
Shannon’s diversity index Undisturbed 3.1461

Disturbed 2.2881
Pielou’s evenness index Undisturbed 0.7565

Disturbed 0.6488

Table 5. DBH distribution of tree species in the undisturbed stand
Species Family Dbh class Total
10-20 | 21-30 | 31-40 | 41-50 | 51-60 | 61-70

A. obovata Lauraceae 1 2 - - - - 3
A. petiolaris Lauraceae 3 3 - 2 - - 8
C. arborea Verbenaceae 1 2 - - - - 3
C. indica Fagaceae - - - 2 - - 2
C. tribuloides Fagaceae 3 6 5 3 1 - 18
C. australis Ulmaceae 1 2 - - - - 3
C. glaucescens Lauraceae 7 2 4 - - - 13
C. obtusifoluim Lauraceae 3 5 1 - - - 9
C. zeylanicum Lauraceae 3 2 1 - - - 6
D. toposia Ebenaceae - - 1 - - - 1
D. racemosus Anacardiaceae 1 - - - - - 1
D. macrocarpum Meliaceae 4 2 - - - - 6
D. procera Meliaceae 1 1 - - - - 2
E. robusta Tiliaceae 1 5 2 - - - 8
E. spicata Juglandaceae - 1 2 - - - 3
E. bengalensis Rosaceae - - 1 1 - - 2
E. cumini Mpyrtaceae - 1 - - - - 1
G. morella Guttiferae - 1 - - - - 1
H. robusta Proteaceae 3 2 - - - - 5
1. godajam Ilicineae - 2 1 1 - - 4
L. indica Ampelidaceae 1 - - - - - 1
L. polyantha Lauraceae 2 - - - - - 2
L. semecarpifolia | Lauraceae 1 2 - - - - 3
M. indica Euphorbiaceae 2 4 1 - - - 7
M. linifolia Myristicaceae 1 2 1 - - - 4
P. attenuata Lauraceae - 1 - 1 - - 2
Q. xylocarpa Fagaceae 3 - 3 2 - - 8
S.. baccatum Euphorbiaceae 3 3 2 1 2 - 11
S. wallichii Theaceae 2 3 - 2 - - 7
S. polysperma Styraceae 2 2 1 1 - - 6
S. serrulatum Styraceae 3 - - - - - 3
W. grandis Rubiaceae 1 1 - - - - 2
Total number of trees 53 57 26 16 3 - 155
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Table 6. DBH distribution of tree species in the disturbed stand

Species Family Dbh class Total
10-20 | 21-30 | 31-40 | 41-50 | 51-60 | 61-70
C. tribuloides Fagaceae 4 3 1 2 1 1 12
C. australis Ulmaceae 3 2 - - - - 5
D. racemosus Anacardiaceae 1 1 - - - - 2
E. robusta Tiliaceae 1 - - - - - 1
E. spicata Juglandaceae 1 2 2 - - - 5
E. symplocina Theaceae 3 4 - - - - 7
F. prostrata Moraceae - - 2 - - - 2
G. pentaphylla Rubiaceae 1 1 - - - 2
L. polyantha Lauraceae 2 1 - - - - 3
M. indica Euphorbiaceae 2 5 2 - - - 9
M. diversifolia Rubiaceae 1 1 - - - - 2
0. dioca Oleaceae 1 - - - - - 1
R. wallichi Rubiaceae - 2 - - - - 2
R. sucedanea Anacardiaceae 1 1 - - - - 2
S. wallichii Theaceae 6 11 4 2 2 - 25
S. serrulatum Styraceae 1 1 - - - - 2
S. saligna Myrtaceae 3 2 - - - - 5
Total number of species 31 37 11 4 3 1 87
00 Undisarbed stand 300 Disturbed stand
0 250 1
=
L°3
‘é 200 1 200
g 150 150
g 100 - 107 -
=)
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Figure 2. Density-diameter distribution of trees in the two forest stands.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 303-318.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



Lalfakawma et al.: Community composition and tree population structure in undisturbed and disturbed tropical semi-evergreen

-312-

Table 7. Species wise density diameter distribution of tree species in the two stands

Species Undisturbed Disturbed
Dbh (cm) Dbh (cm)
15 |25 |35 |45 |55 |15 |25 [35 |45 |55 |65

A. obovata 5 10 - - - - - - - _ _
A. petiolaris 15 15 - 10 - - - - B - _
C. arborea 5 10 - - - - - - _ _ _
C. indica - - - 10 - - - - _ _ _
C. tribuloides 10 |30 |25 15 |5 20 15 |5 10 |5 5
C. australis 5 10 | - - - 15 10 | - - - -
C. glaucescens 35 10 - 20 - - - - - _ _
C.obtusifoluim 15 25 5 - - - - - _ _ _
C. zeylanicum 15 10 5 - - - - - - _ _
D. toposia - - 5 - - - - - R - -
D. racemosus 5 - - - - 5 5 - R R -
D.macrocarpum 20 10 |- - - - - - - R -
D. procera 5 5 - - - - - R - -
E. robusta 5 25 10 - - 5 - - - _ _
E. spicata - 5 10 | - - 5 10 |10 |- - N
E. bengalensis - - 5 5 - - - - - R N
E. cumini - 5 - - - - - - _ _
E. symplocina - - - - - 15 20 | - - R N
F. prostrata - - - - - - - 10 R - -
G. morella - 5 - - - - - - - _ _
G. pentaphylla - - - - - 5 35 - - R N
H. robusta 15 10 - - - - - - - _ _
1. godajam - 10 |5 5 - - - - R - N
L. indica - - - - - - - R R N
L. polyantha 10 | - - - - 10 |5 - - R N
L. semecarpifolia 10 | - - - - - - - - -
M. indica 10 {20 |5 - - 10 15 10 | - - -
M. diversifolia - - - - - 5 5 - - R N
M. linifolia 5 10 5 - - - - B - _
0. dioica - - - - - 5 - - - _ _
P. attenuata - 5 - 5 - - - - B - _
Q. xylocarpa 15 15 10 | - - - - R - N
R. wallichii - - - - - - 10 |- R R N
R. sucedanea - - - - - 5 5 - - R N
S. baccatum 15 15 10 10 | - - 10 | - - -
S. wallichii 10 15 |- 10 | - 30 |55 [20 |- 10 | -
S. polysperma 10 10 |5 5 - - - - - - -
S. serrulatum 15 - - - - R N
S. saligna - - - - - 15 10 | - - R -
W. grandis 5 5 - - - - - - _ _ _

- indicates species absence
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Discussion

Disturbance whether of natural or anthropogenic activities, leads to creation of
different niches for the establishment and onward growth of tree seedlings. The results
of the present study are in conformity with the findings of [48], in general, that
community composition changes with disturbance. The importance of disturbance for
maintaining community composition has been studied in a variety of ecosystems [15,
26, 41]. In many of these systems either increasing or decreasing disturbance changes
overall community structure [54, 60]. In both stands species diversity and richness is
very high as compared to other tropical forests [47].

Treefall gaps, created due to lopping and felling of trees for fuel wood, fodder forage
and grazing [32], offer specialized regeneration conditions to prevailing spatial and
microenvironmental heterogeneity [3]. Canopy-gaps, created by disturbances, and
resulting spatial variability in under-storey light conditions have played a prominent
role in expansion of forest diversity [7, 53, 57]. Such heterogeneities have been
considered by many workers to be of fundamental importance in the maintenance and
promotion of high tree diversity in tropical forest communities [2, 14, 28]. Our study,
however, doesn’t have conformity with these views. The undisturbed stand showed
higher species richness and diversity as compared to that of the stand undergoing
disturbance, as far as tree populations are concerned. Density and frequency are also
higher in the undisturbed stand. The findings are, rather, in conformity with the view
held by [10], who viewed disturbance as a negative force that destroys climax
assemblages and brings instability in the system. The results also conforms the findings
of [48], who found that species diversity and abundance markedly declined from
undisturbed to the disturbed stands, in their study on the community composition and
tree population structure of three forest stands of different degree of disturbance in the
sub-tropical broad-leaved forest of Meghalaya, India.

Theoretical analyses often predict a peak in species diversity at intermediate
disturbance intensity or frequency [28], although characteristic of the disturbance and
the system may influence this response [44]. Thus, the disturbed stand of the present
study can be considered as of high disturbance intensity as it contains lower species
diversity and tree density particularly of intermediate girth class. It may be argued that
the characteristics of the system and type of disturbance might be responsible for this
trend [48].

Variation in the density of forest understories across sites is important for the
maintenance of tree diversity as they can compete with the seedlings of trees [25, 65,
67] and could lead to ambiguous evidence for the importance of canopy gaps in
maintaining tree diversity [5, 23]. [2], in their study on changes in species richness and
abundance with experimental disturbance in old field plant communities, observed that
the impact of disturbance on species richness depends largely on the nature of the
dominance and rates of successional or seasonal change of the community. They also
concluded that disturbances have positive impact in maintaining species richness in
herbaceous systems.

Herbaceous species increased in number in the disturbed stand, and outnumbered the
tree and shrub species in the disturbed stand supporting the view of [2]. [62] found that
space created by small canopy gaps and environmental historical factors were of
comparable importance for controlling herb species composition and distribution while
space was of somewhat greater importance for woody plants, and that the past human
land use hand a strong impact on species composition on the Barro Colorado Island of
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Panama. [17] also described that the allocation and growth of herbaceous plants can be
altered by previous land use, in their experiment with 12 herbaceous plant species in
southern Appalachian forest stands of USA. Thus, the higher total species diversity and
lower tree species composition in the disturbed stand may be attributed to the stand
characteristic allowing the light-demanding herbaceous species to increase, and in turn
suppressing the tree seedlings due to competition with the herbaceous species.

The presence of certain pioneer tree species, which are expected to be abundant only
in the disturbed or degraded sites (e.g., Schima wallichii), in the undisturbed stand may
be due to similarity of the stand with the disturbed stand, enhancing the species to
invade and establish in it, in the past though no such record has been found. According
to [24], exotic species tended to invade the biodiversity ‘hot spots’ rich in native
species, at a higher degree due to similarity of two sites in resource availability [61],
propagule supply [34], disturbance in the past [8], or internal heterogeneity [13]. The
presence of pioneer species in undisturbed stand may also be explained by the
abundance-occupancy relationship of [18], who described that species increasing in
abundance tend to increase in occupancy. Schima wallichii have high abundance in the
vicinity of the undisturbed stand, and thus have high chance of occupying the
undisturbed stand. The undisturbed stand shows high trees and shrubs diversity, where
as herbaceous communities are lesser in number as compared to the disturbed stand.
The predominance of herbaceous species in the disturbed stand could be attributed to
the higher penetration of sun light in the forest floor. The diameter distribution of trees
has often been used to represent population structure of forests [31, 40, 51].

Straight line relationship between density and diameter (negative exponential curve)
in both stands is in conformity with that of [48, 52]. However, the lower density of
lower diameter class (10-20 cm dbh) as compared to intermediate girth class (21-30
dbh) give the appearance of a positively skewed distribution curve, in both stands and
can be explained as the result of selective felling of lower as well as higher girth classes
in the disturbed stand, while in the undisturbed stand it can be interpreted as due to low
tree mortality and lower removal rate across the intermediate diameter classes [51, 66]
and lower recruitment of component tree species. The lower density of the higher dbh
classes of trees in the undisturbed stand, as compared to intermediate or lower dbh
classes, can be attributed to the relatively high mortality of large canopy trees [20, 35].
The above characteristics of girth classes also suggests that the forest is still growing
and yet to reach to its climax stage as it is only of about 25 years old forest. The
argument is further supported by the presence of highest girth class trees in the
disturbed forest stand which might have been a climax forest prior to disturbance.

The present study reveals that the anthropogenic disturbance causes disruption of
forest structure and changes species composition which ultimately leads to reduction of
tree species, density and frequency which is a major forest component. The increase in
species number, density and frequency of herbaceous community due to disturbances
causes reduction of tree seed ling establishment growth which ultimately leads to
reduction of trees with lower girth class. Thus, it can be suggested that proper
management strategies can be adopted for judicious utilization of forest resources
including controlled selective felling may reduce the forest degeneration process and
enhance sustainable forest production.
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Abstract. The effect of salt stress on the growth of the Atriplex hortensis was determined by growing
plants in soils receiving a one-time irrigation of nutrient solution containing low, medium, and high levels
of NaCl. Atriplex plants were grown in sand culture under controlled greenhouse conditions. The
experiment was compared to two varieties of A. hortensis. Growth and yield were progressively declined
by increasing NaCl concentrations. Atriplex hortensis, an annual halophyte, exhibits significant reduction
in height and biomass under saline stress conditions. The photosynthetic activity decreases when plants
are grown under saline conditions leading to reduced growth and productivity. Low levels of salinity (5
g/l NaCl) did not cause substantial inhibition of growth but increasing concentrations of salt induced a
progressive decline in length and weight of the plants. Salt stress induced a significant decrease in leaf
area, but it had no significant effect on leaf water content. The results of present study indicate no
differences in salinity tolerance in both Atriplex plants. Another possible conclusion is that improved
tolerance to salt stress may be accomplished by decline in growth and photosynthetic activity. Based on
these findings the tolerant Atriplex can be grown in moderately NaCl-contaminated soils.

Keywords: Atriplex; salt stress; biomass production; chlorophyll concentration; water content; stomatal
conductance.

Introduction

Salinity is one of the most important environmental factors limiting crop production
of marginal agricultural soils in many parts of the world. Salinity effects on plants
include ion toxicity, osmotic stress, mineral deficiencies, physiological and biochemical
perturbations, and combinations of these stresses [31, 67, 68, 74, 102]. Salt ion toxicity
has numerous deleterious effects on plants such as denaturing cytosolic enzymes [68].
Many investigations on quantification of salt tolerance of plant species have been based
on experiments in which NaCl was the predominant salt [18, 42, 44]. Salt stress affects
many aspects of plant metabolism and, as a result, growth and yields are reduced.
Excess salt in the soil solution may adversely affect plant growth either through osmotic
inhibition of water uptake by roots or specific ion effects. High concentrations of salts
have detrimental effects on plant growth [23, 63] and excessive concentrations kill
growing plants [20]. Halophytes are distinguished from glycophytes by their tolerance
of saline conditions. The use of halophytic plants in pasture and fodder production on
saline soils is the only economically feasible solution available [40]. Halophytes are
plants that grow naturally in saline environments, such as salt marshes, salt spans and
salt deserts [36]. Halophytic species differ widely in the extent to which they
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accumulate ions and their overall degree of salt tolerance [25, 26]. Atriplex species
(saltbushes) are dominant in many arid and semi-arid regions of the world, particularly
in habitats that combine relatively high soil salinity with aridity [60, 75, 77]. Several
species belonging to the genus Atriplex are well adapted to harsh environmental
conditions and therefore constitute a useful material for the identification of
physiological mechanisms and genes involved in abiotic stress resistance [14, 90, 100].
Atriplex is a halophyte saltbush species highly resistant to drought [50], salinity [7], and
heavy-metal stress [55]. Atriplex spp. are among a group of halophytes that complete
their life cycle at high salinity levels and have the ability to accumulate high
concentrations of micronutrients much greater than the required minimum [82, 101].
Atriplex spp. has increased biomass production with salt increments in the growth

medium ranging from 5 to 10 g 11 NaCl [41, 72]. A similar promotion of growth has
also been reported for other halophytic species [9, 18].

It is suggested that Atriplex spp. may be more suitable for revegetating very saline
soils and also be a good source of productive feed [33, 76].

These plants could be promising, since Atriplex species have special bladders in the
leaves that act as salt sinks for the removal of the excess of salt [47]. In the arid zones
and other dry lands, halophytic plants often dominate because of their tolerance to
drought and salinity [24]. Atriplex spp. are among the most salt-tolerant higher plants.
They have adapted to salinity by tolerating salts internally and/or by excreting salt [41,
62]. However, the presence of high salt levels does not seem to be required for optimal
growth. It is reported that soil salinity suppresses shoot growth more than the root
growth [57, 81]. [23] reported that salinity causes reduction in leaf area as well as in
rate of photosynthesis, which together result in reduced crop growth and yield. Also,
high concentration of salt tends to slow down or stop root elongation [45] and causes
reduction in root production [23].

In general, low salinity levels do not appear to have a deleterious effect on the
growth of Atriplex spp. and may actually stimulate growth [3, 15, 59, 104]. However,
high salinity levels may cause a reduction in total growth of Atriplex spp., especially in
leaf biomass [6, 28, 66, 80, 85, 95, 97].

In this research, growth parameters such as dry mass, leaf area, plant height and root
elongation of Atriplex plant were determined in order to get a general view of the effects
of salinity on the overall growth of A. hortensis. Chlorophyll concentration, water
content and stomatal conductance of plants were measured in order to understand how
salinity affects the physiology of plants. Among Chenopodiaceae the genus Atriplex is
the most studied, probably because Atriplex species are used for rehabilitation of saline
soils.

Materials and Methods
Plants

Seeds of Atriplex hortensis were taken from a botanic garden: Denmark House,
Pymoor, Ely, Cambridgeshire (CN seeds). Plants were grown in a greenhouse at 28/20
°C (day/night) under a photoperiod of 16 h.

Atriplex seeds were planted in pots of 14 cm diameter and 25 cm depth; each pot
contained 3,5 kg soil. The soil characteristics were as follows: sandy loam in texture,
sand 52.3%; silt 10.5%; clay 12%; pH 8.75 and organic matter 1.5%. Ten seeds per pot
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and six replicates were used for each treatment. Irrigation was applied on a two days
basis to achieve soil water field capacity level. Treatments were as follows:

Control and Salt Treatment:

a- control (0 NaCl) b- 5 g/l NaCl

c- 10 g/l NaCl d- 15 g/l NaCl

Growth parameters of Atriplex

The plant height (cm), root system length (cm) and leaf area (sz) were measured
(after 3 months). Plants were washed with distilled water and separated into shoots and
roots. The dry weight (dw) was obtained after oven drying the plants at 60 °C for 48
hours. The dry weights of the root and shoot systems were also determined.

The effect of salinity on physiology parameters was studied in terms of water
content, chlorophyll concentration and stomatal conductance.

Plant pigments

Chlorophyll a and b were estimated spectrophotometrically [64], after acetone
extraction of the pigments from fresh leaves. Chlorophyll concentration was determined
with four replicate plants. A leaf sample of 0.1 g was ground and extracted with 5 mL of
80% (v/v) acetone in the dark. The slurry was filtered and absorbancies were determined
at 645 and 663 nm.

Statistical Analysis

The pot experiment was set up in randomized complete block design replicated five
times. ANOVA (SAS version 10.0) was employed for statistical analysis of data.
Statistical significance was defined as P < 0.05

Results
Effect of salinity on leaf growth

Increasing NaCl concentrations in the irrigation solution significantly decreased
total leaf area of both Atriplex varieties (Fig. I). The leaf area of both varieties was
nearly equal concentration in green and red, respectively. At 15 g/l NaCl total leaf
area was reduced by 13% (red) and 47% (green) compared with the controls.

7.0 m A. hortensis, green
’ a O A. hortensis, red
6,0

C

501 _a
4,01
3,01
2,0

Total leaf area (cm?)

1,0 1

0,0 -

NaCl (g/l)

Figure 1. The effect of salinity on total leaf area in the two Atriplex varieties green and red.
Different letters represent a significant difference (P<0.05) between treatment

Effect of salinity on dry weight
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Shoot dry weights at all stages of development were reduced progressively with
increasing NaCl concentrations while reversibly.

Increasing concentration of salt in soil significantly retarded (p < 0.05) dry weight of
stems and roots (Table. 1). Dry weight significantly decreased (p < 0.05) for shoots
(leaves + stems), roots and total biomass of plants in response to increasing
concentration of salt (Table. 1). Percentage relative weight of tissues of salinized plants
compared to those of control plants were computed as (salinized tissue dry
weight/control dry weight) x100. Dry weight values of tissues given in Tab. 1 were used
for the calculation of percentage relative weight of tissues. Values of percentage relative
weight varied from 88 to 52 % for shoots, from 80 to 39 % for roots and from 87 to 50
% for total biomass in response to increasing soil salinity from 5 to 15 g/l. In
experiment, dry plant weight decreased dramatically with the increasing NaCl
concentration. The greatest dry plant weight of Atriplex was obtained with the first
treatment in all range of salinity treatments. The general tendency was that increasing
concentrations of salt induced a progressive decline in the length of shoots and in the
weight of roots, stems and leaves.

Table 1. Effect of salinity on root and shoot dry weights of Atriplex hortensis. Different
letters represent a significant difference (P<0.05) between treatments.

Treatment Shoot Root Total weight
(g/plan) | (%) eplany | (%) (e/plant) [ (%)

A hortensis varieties green
0 g NaCl/l 14,545 a 100 2,253 a 100 16,798 a 100
5 g NaCl/l 12,838 b 88 1,758 b 78 14,596 b 87
10 g Nacl/l 9,702 ¢ 67 1,295 ¢ 57 10,997 ¢ 65
15 g NaCl/l 7,538 d 52 0,889 d 39 8,426 d 50
LDSg.05 0,278 - 0,066 - 0,271 -
A hortensis varieties red
0 g NaCl/l 14,355 a 100 2,091 a 100 16,447 a 100
5 g NaCl/l 12,538 b 87 1,680 b 80 14,218 b 86
10 g Nacl/l 10, 139 ¢ 71 1,301 ¢ 62 11,440 ¢ 70
15 g NaCl/l 7,460 d 52 0,936d 45 8,396 d 51
LDSq 05 0,247 - 0,054 - 0,247 -

Mean from five replicate pots are given and different letters in the same column are
significantly different at the level of 0.05.

Effect of salinity on chlorophyll concentration

Salinity stress (5, 10 and 15 g/l NaCl) resulted in significantly progressive decline
the photosynthetic pigments (chlorophyll a and b). Similarly, Chl b concentration
decreased with 20% at NaCl concentrations of 5 g/l. Red variety had significantly
more Chl a and Chl b than green variety at all NaCl concentrations. The strongest
effect of salt occurred with two varieties between 10 and 15 g/l NaCl.
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Figure 2. Effects of increasing NaCl concentration in the irrigation on chlorophyll a (a) and
chlorophyll b (b) in the two Atriplex varieties green and red.

Effect of salinity on growth

Plant height decreased with increasing salinity for the both varieties (Fig. 3a). Plant
height decreased in the plants supplemented with NaCl and their rate of loss was
proportional to the concentration of the NaCl. Stem height decreased rapidly at 100 cm
in 15 g/l NaCl concentration for two varieties. The plant height of both varieties was
nearly equal at all NaCl concentration, suggesting no difference in varietal response to
NaCl.

Increasing concentration of salt in soil significantly retarded (p < 0.05) elongation of
stems and roots (Fig. 3b). Root growth of two Atriplex varieties responded differently to
increasing salinity. As salinity level increased from control (0 g/l) to (15 g/l), green
variety exhibited a trend of increasing in root mass. In contrast, root elongation of red
variety decreased linearly with increasing salinity.
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Figure 3. Effects of increasing NaCl concentration in the irrigation on plant height (a) and root
elongation (b) in the two Atriplex varieties green and red

Effect of salinity on water content
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Figure 4. The effect of salinity on total leaf area in the two Atriplex varieties green and red.
Different letters represent a significant difference (P<0.05) between treatments

The water content of leaves of A. hortensis red variety was highest in plants grown at
10 g/l NaCl, followed by the leaves grown at 5 g/l and the lowest water content was in
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leaves grown at 15 g/l NaCl (Fig. 4). Further increase in salinity caused a reduction in
water content to a very low value at higher salinities.

Effect of salinity on stomatal conductance

W A. hortensis, green
0,18

0,161 & ,
0,147

a O A. hortenisis, red

0 5 10 15
NaCl(g/l)

Figure 5. Effects of increasing NaCl concentration on stomatal conductance of the two Atriplex
hortensis varieties green and red.

Stomatal conductance (Fig. 5) of both varieties decreased by about 50% with
increasing external NaCl concentration. Mean stomatal conductance (gs) measures
ranged from 0,16 molm™ s™' in low salinity treatments up to 0,06 molm™ s~ in high
salinity treatments.

Discussion

Atriplex hortensis is highly tolerant of salinity. Halophytic Atriplex species show
stimulation of growth at NaCl concentrations that are inhibitory to non-halophytes [77].
Saline soils and saline irrigations constitute a serious production problem for vegetable
crops as saline conditions are known to suppress plant growth [87]. Increases in salinity
lead to a reduction and/or delay in growth of both halophyte and glycophyte plants [37,

39, 96]. An important finding was that plants could survive at 15 g 1 salinity and this
might be a suitable concentration to use to select highly salt-tolerant plants. Studies
have shown that Atriplex spp., such as A. nummularia, A. griffithii and A. hortensis,
could survive under highly saline conditions; with optimal growth occurring at 5 to 10

gll NaCl [41, 82, 101]. Other researchers have not observed growth stimulation by
NaCl in S. virginicus [12, 70, 71].

Halophytes such as Atriplex spp. show a stimulation of growth at NaCl
concentrations that are inhibitory to the growth of non-halophytes [77]. [3] showed that
the growth of both Atriplex inflata F. Muell. and A. nummularia Lindl. was greater at
600 mm NaCl than in nutrient controls. Atriplex spp. vary in their degree of salt
tolerance [80]. Atriplex halimus L. had the least decrease in dry mass production (40%)
at 750 mm NaCl, whereas A. calotheca (Rafn.) Rafn. and Fries. (67%) and A. nitens
Schkuhr (80%) had greater decreases but all three species were able to survive in this
salt treatment [80]. [93] determined that A. spongiosa F. Muell. was able to grow in
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medium containing over 600 mm NaCl, with dry mass production decreasing by 50% at
800 mm NaCl. Other chenopod halophytes, such as Halosarcia pergranulata [91],
Suaeda fruticosa [41] and Sarcocornia fruticosa [84], have growth optima at moderate
to high salinities.

In general, low salinity levels do not appear to have a deleterious effect on the
growth of Atriplex spp. and may actually stimulate growth [3, 15, 59]. Many species of
Atriplex are valued as livestock forage when herbage availability is low especially in
arid environments and salt-affected area [34] because they have high content of crude
protein, vitamins (A, C and D) and minerals such as chromium [61, 86].

In this study we show that the presence of medium-high concentrations of NaCl in
the growth solution induced more deleterious effects on growth. These results fit with
those previously reported in Atriplex prostrata [21]. Most species tested had their
maximum biomass production in low salinity treatments. These results broadly match
those obtained by [17, 25, 27, 29, 30, 38] who reported that low NaCl concentrations
stimulate growth of some halophytic species, but an excess of salt decreases growth and
biomass production. [56] reported that in most halophytic species growth decreases
gradually with the increase of salt rate in the culture medium above a critical threshold
specific to each species. Reduction of plant growth under saline conditions is a common
phenomenon [4] but such reduction occurs differently in different plant organs. For
example, in the present experiment, root dry weight was reduced more than shoot dry
weight by salt stress. In contrast, [35] observed that salt stress inhibited the growth of
shoot more than root in Brassica species.

Succulence is anatomical adaptation, which, by increasing the vacuolar volume,
permits the accumulation of large amounts of water and dissolved ions in both shoots
and roots [68]. Exposure to salinity concentrations has been shown to increase the tissue
water content of halophytes [42, 51]. In halophytes, water content and the ability to
make osmotic adjustments have been seen as important determinants of growth
response [9, 10, 46, 58]. In the present study salinity stress resulted in decreased
chlorophyll content. Saline stress led to leaf chlorosis, which ultimately resulted in
significant photoinhibition and photodestruction of chlorophyll pigments. Similar
results have been reported for other legumes [1, 92, 94].

The effect of salt stress on Atriplex leaf growth and shoot development is similar to
its effect on sorghum [11] and lettuce [49]. Measurements of chlorophyll fluorescence
provide quantitative information about photosynthesis through noninvasive means [98].
Salinity responses of chlorophyll a fluorescence have been studied in barley (Hordeum
vulgare L.), [8, 48], rice (Oryza sativa L.), [54] and sorghum [53, 88, 89]. An increase
in chlorophyll content has been thought to be due to the accumulation of NaCl in the
chloroplast [43]. [65] also concluded that salt stress induced an increase in the
chlorophyll content, which could be due to an increase in the number of chloroplasts in
stressed leaves. The decreased in chlorophyll content under salinity stress is a
commonly reported phenomenon and in various studies, because of its adverse effects
on membrane stability [2, 5]. [73] found that the chlorophyll content reduction of leaves
started to occur in plants grown at 100 mM NaCl and higher concentrations. These
reductions could be attributed to the effect of salinity that causes inhibition of synthesis
of chlorophyll or accelerating its degradation [83].

In general, salinity can reduce plant growth or damage the plants through: (i) osmotic
effect (causing water deficit), (ii) toxic effects of ions and (iii) imbalance of the uptake
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of essential nutrients. These modes of action may operate on the cellular as well as on
higher organizational levels and influence all the aspects of plant metabolism [23, 45].

All these results agree with those previously reported for A. griffithii where the
growth of plants cultivated in the absence or in the presence of 90 mM Na" was similar
even after 90 days [41]. Previous studies in Atriplex amnicola also indicated that this
plant increased growth after additions of NaCl to the growth medium up to 25-50 mM
but then growth declined as salt concentration was increased [6].

Results for reduction of shoot growth and leaf area development of A.hortensis with
increasing salt concentration are in conformity with finding of [16], who reported that
growth in Kenaf (Hibiscus cannabinus) under moderate salt stress was affected
primarily through a reduction in elongation of stem and leaf area development.

There were very clear effects of NaCl on stomatal conductance in the present
experiment, across the whole range of salinity similar to results published for S.
pectinata by [32]. In other species, salinity decreases assimilation through reductions in
leaf area [69, 79] and stomatal conductance [13, 78]. Exposure of halophytes to
increasing salinity may result in partial closure of the stomata, in order to limit both
transpiration and the transport of salts to the leaves [99]. Salinity is known to inhibit
photosynthesis in a number of plant species [19, 22, 52, 103].

Conclusion

In summary our results show that A. hortensis is a highly salt tolerant annual
halophyte, this plant has the ability to complete its life cycle under very high saline
media. Their growth may be stimulated by the presence of salts in the growth medium.
In conclusion, results presented here show that salinity reduces leaf growth and
stomatal conductance variables. The remarkable reduction of total plant leaf area is
likely to affect whole plant photosynthesis, contributing to the low biomass
production. Chlorophyll fluorescence appears to be a useful indicator of salt stress
at high NaCl concentrations. Finally, in this study, salinity stress results in a clear
stunting of plant growth, which results in a considerable decrease in the dry weights of
shoots and roots. Increasing salinity is accompanied also by significant reductions in
stomatal conductance, plant height and root length. Increased research on the selection
of halophytic species which have an economic utilization may enable the rehabilitation
and revegetation of salt-affected lands given that the appropriate soil and irrigation
management is applied.
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Abstract. The inhibitory effects of heavy metals on self-purification processes in surface water were
studied. Toxicities of the metals were evaluated on the grounds of the results of the Biochemical Oxygen
Demand (BOD) test in river water. The BOD inhibitions depended on the concentrations of metals and on
the incubation time. After one day’s incubation, a full inhibition was found to be caused by Ag at all
tested concentrations above 0.02 mg.l’1 for Hg, Cd, Pb, and Cu above 1 mg.l’l, for Be above 2 mg.l’l, and
for Co, Ni, and Sn" above 5 mg.I™". A strong inhibitory effect ranging from 50 to 80% was observed for
Cd (from 0.2 to 0.7 mg.1""), Cu (from 0.4 to 1.0 mg.I™"), Be (from 0.5 to 2.0 mg.1™"), Zn (from 1.2 to 5.0
mg.l’l), Sn”! (from 2.2 to 4.2 mg.l’l), and Cr""! (above 4 mg.l’l). As™ AsY, Mn", Se' and Se"! did not
cause any BOD inhibition to 2 mg.l’1 (As) res. 5 mg.l’1 (other metals). The inhibitory effect of metals
decreased significantly or disappeared with increasing incubation time. Being observed with all metals
with toxic effects except for Be, Sn', and Cr'™, the decrease was more intense at the beginning of the
incubation period.

Keywords: self-purification, biochemical oxygen demand, heavy metals, toxicity

Introduction

Heavy metals are toxic to the mixed culture of microorganisms responsible for the
decomposition of organic compounds in surface waters. As aerobic biological processes
are an essential part of the self-purification process occurring in surface water, heavy
metals diminish the ability of such waters to purify themselves.

Our investigation focused on the evaluation of the toxic effect of heavy metals on the
Biochemical Oxygen Demand (BOD) in surface water under the conditions of analytical
BOD determination. The course of the BOD was evaluated during several days. The
pollution with organic compounds made it possible to carry out the tests without a
typical dilution of tested water with dilution water and without seeding or enrichment
by other compounds except salts of metals.

Review of Literature

The toxic effects of heavy metals have been studied mostly with respect to the
activated sludge [2, 10, 11].

The influence of metals on wastewater treatment evaluated by BOD or COD is, in
comparison with the effect on BOD in surface water, considerably lower with respect to
a higher concentration of biomass in the environment of a biological reactor. For
example, concentrations not exerting any depression on the wastewater treatment

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 333-340.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



Mala — Maly: Effect of heavy metals on self-purification processes in rivers
-334 -

efficiency are 0.1 mg.l’1 for Hg, 1 mg.l’1 for Cu, 2 mg.l’1 for Cd, Ni, Crm, and Crw, 5
mg.l’1 for Pb, and 10 mg.l’1 for Zn and Sn [5].

Since the 1970s, several authors have investigated the inhibitory effect of metals on
the BOD under diverse conditions and with the use of various substrates.

[7] chose incubation periods of 5 and 14 days, [9] measured the BOD course for 10
days, and [1, 6, 8] did so for 5 days. The first two investigators used sewage as the
substrate, while [8] used a peptone solution, [6] a milk waste, and [1] a river water. [4]
tested the influence of Cd on the BOD in solutions of glucose/glutamic acid and
glucose/phenol. Sewage was usually used for seeding; only [8] used a culture of A.
hydrophila strain and [1] tested unseeded samples. The results presented by various
authors are often very different (Table 1), a fact that can be explained by different test
conditions.

Table 1. Inhibitory effects of selected heavy metals on BODs (concentrations in mg.[”")

Stones

Metal Mowat (1976) (1991)

Schubert (1980) Mittal et al. (2000) Berkun (2005)

BOD inhibition, %
20 50 80 50 20 50 80 20 50 80 20 50 80
Ag [0.025| 0.18 | >10 |>0.25| 0.01 | 0.05 1

Cd 1.2 4.5 >20 | >5 1.0 8 >10

Co | 12 | 50 | >20 0.5 15

™| 16 | 6.0 14 | 25 04 | 0.6 |09
cr! 0.08 | 0.14 | 0.2
Cu | 02 | 30 | 185] 25 | 1.0 3 >10 | 2.0 03 | 07 |13

Hg | 0.07 | 04 06 |[>0.5| 0.1 1 0.1 | 005 0.15 |03
Ni 0.9 7 >20 | >5 1.4 2.6 5 0.5 1.0 10 0.3 05 |08

9}

Pb 5 >10 5.0

sn" | 12 24 | >40

7Zn 6 >40 >25 2.6 5 10 5 0.3 0.8 2.8
Materials and Methods

The evaluation of the metal influence was based on the results of the BOD test [3].

The measurements were carried out in river water taken from the Svratka River about
1 km downstream from the Brno (Czech Republic) water reservoir. Suspended
impurities were separated by filtration through gauze. The average water composition is
given in Table 2.

Table 2. Average composition of river water

Basic components Heavy metals
pH 7.9 Al mg1” 0.06
Total residue, mg.l’l 246 As, mg.l’l 0.00
Loss on ignition, mg.I"! 89 Cd, mg.l™! 0.00
COD¢,, mg.I"" 5.4 Cr, mg.I™ <0.03
N-NH,, mg.1I™! 0.47 Cu, mg.1”' <0.01
N-NO,, mg.I™ 0.05 Fe, mg.I™ 0.06
N-NO;, mg.1I™! 3.25 Mn, mg.I”! 0.06
N, mg.1™! 3.77 Ni, mg.1™! <0.02
BODs, mg.I™' 3.29 + 1.00 Pb, mg.1™! <0.05
0,, mg.I"" 8.0%0.7 Zn, mg.I™" 0.06
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The BOD tests were conducted immediately after the collection of samples and the
temperature adjustment. Oxygen bottles with volumes of about 300 ml were filled with
the samples and incubated at a temperature of 20 £ 1 °C in the thermostat. The
concentration of dissolved oxygen was measured at the beginning and then after 1, 2, 3,
4, and 7 days of incubation by means of a WTW Oxi3000 microprocessor oximeter.
The sensitivity of the oxygen determination was 0.01 mg.l — 1. Curves showing the
dependence of the BOD on the incubation time and the inhibition of the BOD on the
incubation time were plotted.

Three to four parallel blank tests (water without addition of metals) were carried out
for each metal or group of metals. The standard deviations of the average BOD values
after several representative incubation times are presented in Table 3.

Table 3. Standard deviations of the average BOD values

Incubation time, days | Average BOD, mg.l'1 Std. deviation, % Std. deviation, mg.l'1
1 0.99 10£8 0.10 £ 0.08
4 2.76 5£3 0.14+0.11
7 3.90 4£3 0.16+£0.12

Metallic compounds were fed into river water as aqueous solutions prepared from
chemicals specified in Table 4 and distilled water. The accurate concentrations of
metals in the stock solutions and in river water were determined by AAS. Three parallel
tests with one to three different compounds of each metal were usually carried out. The
average results are presented in this paper.

Table 4. Overview of chemicals used to prepare the test solutions

Metal Compound
Ag AgNO;
As™ NaAsO,
AsY Na,HAsO,.7H,0
Be BeSO44H20
cd CdClL,.H,0, Cd(NO3),.4H,0, CdSO,.H,0
Co CoCl,.6H,0
cr Cr(NO3);.9H,0, KCr(SO,),.12H,0
cr! K,Cr,0,
Cu Cuclz.ZHzo, CU(NO3)2.3H20, CUSO45H20
Hg HgCl,
Ni NiCl,.6H,0, Ni(NO5),.6H,0, NiSO,.6H,0
Pb PbCl,, Pb(NO;),
Se™ Na,SeO;
SeV! Na,Se0,.10H,0
Sn" SnCl,.2H,0
Zn ZnCl,, ZnS0,.7H,0
Ag AgNO;

Results

The results obtained after one day’s incubation, representing a stage of a shock charge,
are presented in Table 5. The interpolated results obtained after five days’ incubation,
representing a stage of bacterial adaptation, are summarised in the same table.
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Table 5. Inhibition effects of metals on the BOD

inhibition effect

strong inhibition effect
total inhibition — toxicity

x;‘l‘ﬂ’ 0.02 0.1 0.2 0.4 1.0 2.0 5.0
BOD inhibition, %
Incubation time of 1 day

Ag

As

As"

Be 41

cd 37

Co 13

CrIII —8

Ccr” 0

Cu 27 100
Hg" -5 3 100 100
MIIH

Ni -7

Pb

Se™ -17

Se" -16

Sn" -5 5 1 25 45
Zn 0 17 32 48

Incubation time of 5 days

Ag 15 82

AsT -14 -4

As’ -6 -3

Be 24 35 39

cd 2 3 14

Co 8 15 5

cr™ -6 0 16

Sk 4 7 9

Cu i) 18 35

Hg" -5 6 4 44
Mn i) -5

Ni 0 4 17

Pb 0 0 19

Se!v -5 -5 -2

SeV! -7 -3 -5

Sn" 3 9 5

Zn 11 —1 5

no effect

Dependences of the BOD and of the BOD inhibition related to the blank samples on
the incubation time are similar for all tested metals. Typical curves relating to Ni are
exemplified in Fig. I and Fig. 2.
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Figure 2. Dependence of the BOD inhibition on the incubation time for Ni

Discussion

The concentration of ammonia-nitrogen in river water was low: 0.47 mg.l’1 on average
(Table 2). 1t was proved that the growth of nitrification bacteria was not significant and
that the BOD in the tested samples was caused by the decomposition of organic matter

by microorganisms.

The inhibition effects of metals on BOD values depended on their concentrations and
on the incubation time. They decreased significantly or disappeared with the increasing
incubation time (Figs. I and 2). The decrease was more intense at the beginning of the
incubation time. It was observed with all metals with toxic effects except Be, SnH, and
Cr™. This phenomenon can be primarily explained by a partial adaptation of the mixed
culture of microorganisms and by the fact that the more resistant organisms overgrew

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 333-340.

http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary




Mala — Maly: Effect of heavy metals on self-purification processes in rivers
-338 -

the sensitive ones. Physical and chemical processes (precipitation, complex formation,
sorption, etc.) also cannot be excluded.

In the case of some heavy metals, after exceeding a certain concentration in the
tested medium, the inhibition effect ranged between 80 and 100%, where the
decomposition of organic matter is supposed to be fully inhibited (Table 5).

After one day’s incubation, the full inhibition was found for Ag at concentrations
above 0.02 mg.l_l, for Hg, Cd, and Pb above 1 mg.l_l, for Cu above 2 mg.l_l, and for
Co, Ni, and Sn" above 5 mg.I"". A strong inhibition effect ranging between 50 and 80%
was reported for Cd (from 0.2 to 0.7 mg.l_l), Cu (from 0.4 to 1.0 mg.l_l), Be (from 0.5
to 2.0 mg.l_l), Zn (from 1.2 t0 5.0 mg.l_l), Sn" (from 2.2 to 4.2 mg.l_l), and Cr"! (above
4 mg.l_l). ASHI, AsV, MnH, Sew, and Se"! did not cause BOD inhibition in the
concentrations up to 2 mg.I”" (for As) and 5 mg.I"" (for other metals).

After five days’ incubation, a full inhibition occurred with the additions of Ag (above
0.1 mg.I™), Be (above 1.5 mgl™), and Sn" and Cu (above 5.0 mg.l™). A strong
inhibition was observed with the additions of Hg at about 1.0-2.0 mg.l_l and with
additions of Pb and Ni at 2.5-5.0 mg.I"".

Differences were found between Cr'"' and Cr"'. The inhibition effect of Cr"' on the
BOD after one day’s incubation was greater than that of Cr'", while after a prolonged
period of incubation the converse was true (Table 5). The compounds of As™ - AsY and
Se' - Se"! were not inhibiting in the tested concentration range and therefore their
potentially variant influence could not be determined.

Negative values of inhibition observed in some tests mean a stimulation effect (7able
5). As these values did not exceed 20%, they were supposed to lie in the range of
measurement deviations. The stimulating effect of zinc at concentrations of about 0.05
mg.lf1 (about 10%) is in agreement with the statements made by [6].

They reported a stimulating effect of zinc typically less than 20% for concentrations
from 0.1 to 1.0 mg.l’l. The data are not yet sufficient to unambiguously prove the
stimulating effect of Zn.

The increase in the inhibition effect with the increase in the concentration of a metal
is not identical for all metals at a given incubation time. It implies that the row of metals
sequenced according to their decreasing inhibition effect changes in some cases with the
concentration of the particular metals and with the incubation time. The sequence of
metals according to the concentration at which the inhibition effect exceeded 50% after
one day’s incubation was, for example, Ag — Cd — Cu—-Be — Hg—Pb - Zn — Co — Ni —
sn' — Cr"', while for the 80% inhibition effect it was Ag — Cd — Hg — Pb — Cu — Ni —
Sn' — Co. The sequence of metals according to the rising concentration at which a 50%
inhibition was reached after five day’s incubation was Ag — Be — Hg — Cu— Sn" — Pb —
Ni. Metals not included in the sequences did not cause 50% or 80% inhibition in the
tested concentration range.

The BOD course of the blank samples suited the kinetics of the first order. The
addition of a metallic salt caused a deformation of the BOD-curve. Lag-phases could be
observed for the following heavy metals: one day for Ag (at 0.01 mg.l™), Pb (at 0.6
mg.1™), and Ni (at 2 mg.I™"), and two days for Ag (at 0.4 mg.I™"), Cd (at 2 mg.I™"), and
Sn" (at 5 mg.l_l). After the lag period, oxidation started rapidly but then decreased again
so that the resulting oxidation curve had a sigmoidal shape (Fig. I).

The inhibition effects of the different salts (sulphates, chlorides, nitrates; Table 4) of
the tested metals were evaluated. Standard deviations of the data relating to a certain
metal, concentration, and incubation time were calculated. The standard deviations
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decreased slightly with increasing metal concentrations and incubation time. However,
the standard deviation was small: 3.2% on average and 10.7% maximum. Thus, it can
be stated that in the cases of Cd, Cr'", Cu, Ni, Pb, and Zn the use of different salts of the
tested metals did not develop different BOD inhibitions.

In some cases, a comparison of our results with those found by other authors showed
a good agreement for certain concentrations of metals but not for the whole
concentration range. In exceptional cases, considerable differences were found in the
whole concentration range.

Our results for five-day incubation time are comparable with those reported by [7].
The inhibitions by a great number of metals (Ag, Cd, Cu, Ni, Co, Crm) were very
similar. Our experiments documented a somewhat lower toxicity of mercury, while
greater differences were found for zinc and tin. While [7] reported 20% inhibition at
concentrations of 6 mg.l™ Zn or 12 mg.I™" Sn", our experiments reported the same
inhibition already at a concentration of about 1 mg.1™".

[4] reported a considerably smaller effect of cadmium in comparison with our and
Mowat’s results. For example, at the concentration of 6.1 mg.l_1 Cd determined for two
different substrates, the BOD inhibitions were only 14.9 and 26.5%. The differences can
be explained by the use of easily degradable substrates by [4].

In comparison with our experiments, [6] reported inhibition effects that were similar
for nickel and cobalt but higher for mercury after incubation for five days. These
authors reported a quite anomalous behaviour for copper. They found a BOD inhibition
ranging from 20 to 50% for concentrations of copper between 2 and 10 mg.l’l. Above
this concentration, the inhibitory effect decreased. In our experiments, the inhibitory
effect of copper was determined at concentrations from 0.4 to 1.0 mg.l’1 Cu. These
results indicate among others also the influence of the substrate quality, which affects
the composition of the mixed bacterial population.

Berkun’s experimental conditions [1] were similar to ours. After five days’
incubation, he reported similar concentrations causing 20% BOD inhibitions for Cu and
Ni. However, in the cases of other metals, Berkun found greater inhibitory effects and
less steep dependance of the BOD inhibition effect on metal concentration. He also
found a greater inhibition effect of Cr"' than of Cr'" after five days’ incubation. The
BOD of river water used in Berkun’s experiments was higher than in ours (5.0 to 14.1
mg.lfl). Other data on the river water composition (N-NH4, metals, other toxic
compounds, etc.) were not available.

In comparison with concentrations of metals in surface waters, the concentrations of
metals that have an inhibitory effect on the BOD are considerably higher. This indicates
that heavy metals in natural waters with no extreme pollution do not influence the rate
of microbial decomposition of organic matter, thus having no impact on self-
purification processes. But the accumulation of metals in biomass and the hazards for
the end element of the food chain (humans) cannot be omitted.

Conclusions

¢ [t was found that the inhibitory effects of heavy metals on the self-purification
process started at much higher concentrations of metals than those typically
found in surface water.

¢ The inhibitory effect of BOD depends on the concentration of metals and on
the incubation time.
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e The toxic effects of heavy metals typically decreased with the increasing
incubation time. This effect was not observed with Be, SnH, or Cr',

e Metals that showed high toxicity (above 50% inhibition at concentrations
below 1.0 mg.l_l) after incubation for one day included Ag, Be, Cd, Cu, Hg,
and Pb, while Co, Ni, and Zn caused an inhibition of about 40-50% at this
concentration, and inhibitions by Sn", Cr'", and Cr"" were low.

¢ Ag and Be showed high inhibition effects even after five days’ incubation. The
effects of Hg and Cu were also considerable.

° As, Sle, and Mn did not show any inhibitory effect up to concentrations of 5.0
mg.l".

e A lag-phase appeared in the BOD-curves affected by Ag, Cd, Ni, Pb, and Sn".

¢ None of the tested heavy metals had an evidently stimulating effect.

e [t was found that the inhibition effect depended considerably on the quality of
the medium in which the test was performed. The toxicity measured in river
water is mostly higher than that measured in wastewater. Thus, the study would
seem to propose the use of surface water for the evaluation of the effects of
toxic compounds on the self-purification processes.
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Abstract. Irish and UK uplands and peatlands are of international importance but are under threat from
several factors, including heavy grazing pressure. Sheep preferentially graze patches of acid grassland
with short dense swards, sometimes referred to as ‘grazing lawns’, and have been implicated in damage to
uplands. The aim of this study was to increase our understanding of resource selection by grazers to
further inform the design and implementation of conservation strategies. Grazing lawn frequency and
habitat condition were mapped and GPS collars were used to track Scottish Blackface sheep on a hill farm
in Ireland. Weighted compositional analysis (multivariate analysis of variance) was used to test for
random use of different categories of grazing lawn frequency and habitat condition. Grazing lawn
frequency was spatially uneven and habitat condition ranged from undamaged to very severely damaged
areas. Typically, selection of differing categories of habitat condition was not significant (P>0.05),
although the highest selection rank was consistently for the ‘moderate-undamaged’ category. Sheep most
selected 1 ha grid squares containing numerous/extensive grazing lawns (P<0.05) day, night and year-
round. As a simple, efficient indicator of hill use by sheep, which would be a valuable input in models
predicting grazing impact on hill vegetation, the mapping of grazing lawn frequency is suggested.
Keywords: agriculture; ecology; environment; resource management; resource selection

Introduction

Irish and UK uplands and peatlands are of international importance due to the
limited global distribution of the habitats, plant communities and fauna they support [9,
56]. Many of these habitats and associated species are protected under the EC Habitats
(92/43/EEC) and Birds (79/409/EEC) Directives [21], and are included in biodiversity
action plans [16, 37] and agri-environment scheme measures [14, 49]. Despite this, the
quality of remaining upland and peatland continues to be under threat from heavy
grazing pressure, burning, afforestation, peat extraction, undergrazing and/or land
abandonment [22, 48, 56, 57].

Damage in this study refers to habitat conditions which fail to meet biological
conservation objectives. While habitats are affected by natural phenomena such as
topography [24] and wind-driven rain [11], management practices including grazing
[55] play a key role in habitat condition and can be altered. Therefore, the focus of this
study is on grazer behaviour as grazing is the predominant management practice on
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Irish hills where heavy grazing pressure is a main threat [50]. This is also the case in
other countries, particularly the UK [22, 48].

Damage assessment classifications have been devised for upland areas and include
indicators of grazing-related damage [18, 44]. It is widely known that different grazing
animals have different effects on vegetation and that different plant communities and
associated soils have different carrying capacities [6, 29, 52]. Numerous researchers
have studied the impacts of livestock grazing on upland systems (e.g. [8, 15, 23]) but it
is believed that grazer selection of areas with differing condition status has yet to be
quantified. It is known that sheep choose to use a small proportion of the total area
available to them [61] and exhibit habitat and vegetation selection with a preference for
acid grassland patches [12, 35, 61]. Acid grassland can have short, dense swards and
often has abundant Nardus stricta (L.), [25] (characteristic plant species described). [45]
referred to these conspicuous grassland patches as ‘grazing lawns’, probably because
they are a product of grazing and resemble well maintained lawns.

Plant biomass and herbage intake rates are important factors in foraging efficiency
and patch selection by grazers [12]. Damaged areas support a higher percentage cover
of exposed soil and, consequently, a lower percentage cover of vegetation [18].
Conversely, grazing lawns have a dense canopy which promotes greater forage yields
per bite compared with lightly grazed vegetation [45].

Surprisingly, very little published quantitative information is available on resource
selection by sheep grazing heterogeneous hill vegetation [2]. Since then, valuable
information on patch selection by sheep has been obtained using plot-based trials with
artificial patches and field observations (e.g. [19, 28]), which complements previous
trials by [12] for example. GPS tracking devices have recently been used to investigate
habitat selection rankings in a complex hill farm environment by collecting a large
amount of data round-the-clock with high location accuracy [61]. As management
prescriptions on complex hill habitat assemblages probably need to vary between sites
[35], GPS tracking, although useful for detailed studies on a number of sites, is unlikely
to be carried out on a farm-to-farm basis. Therefore an alternative, more rapid method
(that could be carried out at farm level) for estimating grazer distribution, to identify
areas under greatest grazing pressure, would be a useful tool in conservation
management. [61] investigated habitat selection rankings but acid grassland was
considered to be under-represented and no account was taken of habitat condition.
Therefore the objectives of this study are to investigate spatio-temporal use of grazing
lawns (frequency classified for 1 ha grid squares) and patches with differing habitat
condition status.

Methods
Study area

The study area comprised of 216.9 ha of upland and peatland at the Teagasc Hill
Sheep Farm in Co. Mayo in the west of Ireland (53°37° N, 09°41” W). The dominant
habitats were blanket bog and wet heath, with fragmented patches of acid grassland.
Habitat distribution and sheep selection rankings of habitats are described in full by
[61]. The study area, which was within the catchment area of the Erriff River, was part
of the Mweelrea/Sheeffry/Erriff Complex candidate Special Area for Conservation and
proposed Natural Heritage Area. The study area was on the south-southeasterly slopes
of Ben Gorm and ranged in altitude from 15-275 m OD, with the highest, steepest
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slopes in the northwest corner. The site was Class 5 for agricultural land use [26]. Soils
were mainly organic, consisting of peats, lithosols, humic/peaty podzols and gleys. Peat
depths ranged between 30 and 525 cm [58]. Pegs marked a 100x100 m grid.

A maritime temperate climate prevailed with the nearest synoptic meteorological
station located in Belmullet, Co. Mayo, approximately 70 km distant. Based on the most
recent 30-year averages (1961-1990) recorded at Belmullet, the mean daily temperature
was 14.0 °C in July and 5.7 °C in January, and the annual mean daily duration of bright
sunshine was 3.5 h [46] undated. The mean annual rainfall 1993-2005 recorded on-site
was 2086.4 mm (L. O’Malley pers. comm.). The minimum and maximum hours of
daylight at the study area were calculated as 7 h 27 min and 17 h 4 min, respectively.

Scottish Blackface sheep grazed the study area at stocking rates of 0.4 ewes/ha in
spring (March-May), 0.9 ewes/ha in summer (June-August) and autumn (September-
November) and 0.8 ewes/ha in winter (December-February). These calculations were
based on 2004-2005 averages, omitted lambs and included hoggets at a ratio of 3
hoggets:2 ewes. The land was grazed for 348 days in 2004 and 351 days in 2005 and
supplementary feed was not given in the study area. Ewes lambed in early April with a
productivity of 1.0 lamb/ewe (based on mean data 2004-2006). Approximately 80
females were retained annually as replacements. (L. O’Malley pers. comm.).

Tracking ewes

Four Scottish Blackface ewes (‘core ewes’) plus seven substitutes, all two years old,
were selected at random at the start of the study. This age group was selected because it
had experience of the study area and was likely to survive for the duration of the study.
Substitute ewes were tracked only when core ewes were unavailable pre-lambing either
because they were of low body condition or twin-bearing. Four ewes were tracked in
each of nine season-based tracking periods between February 2004 and April 2006
producing 36 ranges in total. A ‘range’ is the collection of location data for an
individual in any one tracking period. Simultaneous flock observations for 58% of
ranges/64% of individuals [61] indicated no unusual social behaviour by collared ewes.
However, one core ewe was a member of a social group that chose to occupy a fenced
exclosure which was under a different grazing regime to that of the study area (removed
from analyses as explained below).

GPS collars (GPS_2200R, Lotek Wireless, Ontario, Canada) weighing 720 g were
used to track ewes. Collars were programmed to record locations at 10-min intervals
using scheduling software (GPSHOST, Lotek Engineering, Ontario, Canada) and
current satellite almanac files from Lotek. Locations were stored onboard the collar and
retrieved after 5 weeks. This was the maximum time taken for recordings to cease,
either through battery pack expiry or data storage capacity (5028 differential locations)
being reached [43].

Location data were downloaded to a PC and corrected to increase accuracy using
post-differential correction software (N4, V.1.2138, Lotek Engineering, Ontario,
Canada) and files from the nearest active base station 54 km distant (NUI Galway Base
Station, Ordnance Survey Ireland, www.osi.ie). Post-differentially corrected GPS data
have an accuracy of approximately 7 m radius [41]. Locations with a position dilution
of precision value of more than 10 were excluded to further increase accuracy without
excessive loss of GPS data [13, 42].
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Habitat condition and grazing lawn frequency surveys

Habitat condition of the study area was originally mapped in 1999 [5] and ground-
truthed for change in 2005. Assessment was made following the method described by
[18] (now the National Parks and Wildlife Service) which uses six condition categories;
undamaged, moderate-undamaged, moderately damaged, moderately-severely damaged,
severely damaged and very severely damaged. These six categories are combined into
three groups; undamaged, moderately damaged and severely damaged. Habitat
condition indicators include but are not exclusive to grazing-related damage and are
defined for each habitat type. Indicators include vegetation cover and growth,
particularly the cover and condition of Calluna vulgaris (L.) Huds and the cover of
Nardus stricta (L.), species richness, sward height, exposed soil and evidence of
burning.

Grazing lawn frequencies were allocated for each complete or part 100x100 m grid
square in 2005. Categories of grazing lawn patches (~4-7 m’ or the equivalent area)
were; (i) none, (ii) few (1-5 patches), (iii) several (6-10) and (iv) numerous/extensive
(>10). In the instance of a part grid square, on the boundary of the study area, it was
classified as numerous/extensive if acid grassland occupied >0.3 of its area.

The habitat condition and grazing lawn frequency maps were digitised using
geographical information system software (ArcGIS Desktop, V.9.1, ESRI Inc,
Redlands, CA, USA).

Data analysis
Data handling

Typically in wildlife tracking studies, animals are caught, tagged and released within
their home range. However in this study, the flock was brought in from the study area,
collars were fitted to selected ewes in an adjacent yard and then sheep were released
from the yard and left to make their own way back to their chosen areas. To explore
habitats selected by sheep and filter out data directly influenced by handling, the first 3
days after release were excluded. This 3-day period was chosen objectively by
identifying core areas as 95% cores from inflections on cluster polygon incremental
analysis plots [40] and scrutinising location data against 95% polygons to identify the
time taken for sheep to leave the yard, reach a 95% polygon and stay there for longer
than an overnight stop en route (taken as 11 h 51 min, the annual mean non-daylight
hours). The longest time taken by an individual was 2 days 23 h, rounded to 3 days.

Spatial and temporal autocorrelation of GPS data

Locations from the same individual are not independent data, therefore tests for
resource selection were based on summary statistics of resource use from the individual
[38, 39] using compositional analysis. This allows comparison of both multiple
individuals and resource categories in the same test [1]. Of the 36 ranges from nine
tracking periods, 11 individuals were tracked and consequently 11 ranges (one per
individual) were potentially suitable for compositional analysis. Range selection was
made objectively, regardless of season, based on Minimum Convex Polygon (MCP)
incremental analysis which is indicative of range stability [39], i.e. ranges where ewes
were most settled were selected. Two individuals were omitted because; (a) dynamic
interaction analyses [39] showed only two of 11 ranges were non-independent (Jacob’s
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index was (0.769 based on geometric mean distances between same-time locations) so
only one range (the most stable) of the pair was used and (b) one individual chose to
occupy a fenced exclosure outside the study area that was under a different management
regime, affecting resource classification. The final sample size was nine because (a)
data that breach analysis assumptions of data independence or misrepresent typical
habitat availability to the flock were rigorously omitted and (b) the cost of the tracking
collars and replacement battery packs for each sampling period was a limiting factor.
Sample sizes for seasonal tests differ and are explained below.

Ranges of individuals tracked in more than one season were suitable for separate
seasonal tests. However, ranges were also included in seasonal analyses where the same
individual was tracked for the same season for more than one sampling year. This may
breach test assumptions of data independence but these ranges are included to minimise
omission of data as independence could not be tested. Six of the original 36 ranges were
omitted because the same individual repeatedly occupied an area outside the study area,
and two further ranges were omitted as dynamic interaction analyses indicated that data
(from three pairs of ranges consisting of three individuals and three ranges) were not
independent (Jacob’s index >0.5). Therefore, 28 ranges were suitable for seasonal tests.

Datasets

Seven datasets were produced in this study (Table I). The ‘Complete’ dataset
contained all post-processed data for the nine independent ewes. This dataset was then
subdivided to form two additional datasets, ‘Diurnal’ and ‘Nocturnal’, based on mean
sunrise and sunset times for each range. Seasonal datasets were produced that contained
all post-processed data, excluding three days post-release, for 28 ranges divided
between the four seasons.

Table 1. Composition of datasets

Dataset No. of No. of No. of years Total no. of
ranges individuals sampled locations
Complete 9 9 3 21 250
Diurnal 9 9 3 11073
Nocturnal 9 9 3 10 177
Spring 9 8 3 14 353
Summer 7 4 2 20 967
Autumn 6 3 2 17 359
Winter 6 3 2 15070

Range and resource analysis

The tracked ewe location data, habitat condition map and grazing lawn frequency
map were imported into range analysis software (Ranges7, Anatrack Ltd, Dorset, UK).
MCPs were produced which link the outermost locations and are widely used as a broad
estimate of animal ranges (e.g. [1]). The boundary of the study area, i.e. the area
available to animals, was determined by a stockproof fence in this instance. Habitat
condition and grazing lawn frequency analyses were performed using Ranges7 to
estimate (i) the resource content of the study area, (ii) resource content of ranges (i.e.
MCPs) and (iii) resource use at location.
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Statistical analysis

Selection of habitat condition and grazing lawn frequency categories was examined
using weighted compositional analysis (Compos Analysis V.6.2+, Smith Ecology Ltd,
Abergavenny, UK). Proportions of resource use were compared with those available,
using Wilks’ lambda (A) test (MANOVA). Analyses were carried out at two selection
levels based on selection levels identified by [36]:

(1) broad, comparing proportions of resources present within ewe ranges
with those available in the study area accessible to sheep, and
(i1) detailed, comparing proportions of resources used at location with

those available within individual ewe ranges.
It is unlikely that resource use and available percentage data follow a multivariate
normal distribution, hence randomisation tests were used to evaluate the significance of
A and t values [1].

Results
Ewe locations

Most occupation during day, night and year-round was in the northwest quarter of
the study area (Figs I, 2). Nocturnal locations were distinctly more clustered than
diurnal locations (Fig. 1b, c¢). While seasonal distribution patterns could not be
compared in this instance because the individuals tracked and number of individuals
and ranges differ (Table 1), Figure 2 indicates a tendency towards seasonal variation.
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a) Complete dataset with diurnal and nocturnal locations combined

b) Diurnal dataset

1 km

Figure 1. Location data of nine ewes tracked between February
2004 and April 2006 using GPS collars.
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b) Summer W

¢) Autumn e

d) Winter =
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Figure 2. Seasonal location data of ewes tracked between February
2004 and April 2006 using GPS collars.
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Grazing lawn frequency

The dominant categories of grazing lawn frequency available across the study area
were few (36.8%) and numerous/extensive (34.3%), (Table 2a). Distribution of grazing
lawns was clearly uneven with the most numerous/extensive occurring in the northwest
corner (Fig. 3). Use was significantly non-random (P<0.05) with numerous/extensive
patches consistently selected most at broad and detailed selection levels, day and night,
and across all four seasons (Table 3). There was slight variation in sequences of the
subsequent three ranks between broad and detailed selection levels (Table 3), day and
night (Table 3a, b), summer and the other three seasons at the broad level (Table 3c¢),
and between autumn and the other three seasons at the detailed level (Table 3d). ‘None’
was consistently selected least at the broad level for all seven datasets (Table 3a, c) but
mostly this was not the case at the detailed level (Table 3b, d).

Table 2. Availability of grazing lawns and habitat conditions in the 216.9 ha study area.

Category | % available | Group

a) Grazing lawn frequency
None 11.4 n/a
Few (0-5) 36.8 n/a
Several (6-10) 17.4 n/a
Numerous (>10)/extensive 34.3 n/a

b) Habitat conditions
Undamaged (U) 29.5 Undamaged (U)
Moderate-undamaged (MU) 22.3 Moderately damaged (M)
Moderately damaged (M) 21.0 Moderately damaged (M)
Moderate-severely damaged (MS) 5.5 Moderately damaged (M)
Severely damaged (S) 2.0 Severely damaged (S)
Very severely damaged (VS) 19.8 Severely damaged (S)

[] None
[ Few (1-5)

I Several (6-10)

600 metres Bl Numerous (>10)/extensive
— Study area boundary

Figure 3. Distribution of grazing lawns by grid square.
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Table 3. Tests for random use, by Scottish Blackface hill sheep, of grid squares consisting of
varying grazing lawn frequencies. The grazing lawn frequency ranking is shown in
parentheses when A is not significant and ‘>>>" denotes a significant difference between
two consecutively ranked frequency categories.

Dataset Randomness test Grazing lawn frequency rankings % of
A P (most>least selected) total
locations
a) Nine individuals, broad selection level (MCP® vs. study area)
Complete 0.293 0.015 * Numerous >>> several > few >>> none 100.0
Diurnal 0.270 0.005 ** | Numerous >>> several > few >>> none 100.0
Nocturnal 0.280 0.003 ** | Numerous >>> few > several > none 100.0
b) Nine individuals, detailed selection level (locations vs. MCP)
Complete 0.111 0.005 ** | Numerous > none > several > few 100.0
Diurnal 0.138 0.027 * Numerous > none > several > few 100.0
Nocturnal 0.187 0.006 ** | Numerous >>> several > none > few 100.0
c¢) Seasonal use, broad selection level (MCP vs. study area)
Spring 0.237 0.006 ** | Numerous >>> few > several >>> none 100.0
Summer 0.021 0.042 * Numerous >>> several > few >>> none 100.0
Autumn 0.189 0.127 (Numerous > few > several >>> none) 100.0
Winter 0.362 0.285 (Numerous > few > several >>> none) 100.0
d) Seasonal use, detailed selection level (locations vs. MCP)
Spring 0.149 0.036 * Numerous > none > several > few 100.0
Summer 0.185 0.116 (Numerous > none > several > few) 100.0
Autumn 0.059 0.026 * Numerous > several > few > none 100.0
Winter 0.151 0.185 (Numerous > none > several > few) 100.0
Habitat condition

Highest
altitude

U Undamaged
MU Moderate-undamaged
M  Moderately damaged

Lowest
alti\;vude B MS Moderate-severely damaged
\ EE S Severely damaged
0 600 metres I VS Very severely damaged
I — Study area boundary

~> Former internal fencelines

Figure 4. Habitat condition map of the study area.
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All six categories of habitat condition, from undamaged to very severely damaged,
occurred across the study area (Table 2b, Fig. 4). The most severe damage was
associated mainly with blanket bog on the mountain ridge (northern boundary) and also,
in places, at low altitude (Fig. 4). Two former internal fencelines were evident on the
habitat condition map. An initial visual comparison between the sheep occupation and
habitat condition figures suggested that the most abundant habitat condition in the
northwest quarter of the study area, where sheep occupation tended to be concentrated,
was moderately damaged.

Use of habitat condition categories was random for 20 of 28 tests which suggests that
selection by ewes was not significant (P>0.05), (Table 4, 5). Nevertheless, rank
sequences are still thought to be meaningful [61]. The moderate-undamaged category
was consistently selected most at the broad and detailed levels, day and night, and
across all seasons with the exception of autumn at the detailed level where it was the
second-most selected category (Table 4a, b; Table 5a, b). Very severely damaged areas
were second-most selected with nine ewes at the broad level and in summer at both
levels (Table 4a; Table 5a, b), selected least for the remaining three seasons at the
detailed level (Table 5b), of intermediate ranks at the detailed level with nine ewes
(Table 4b) and of various ranks for seasons at the broad level (Table 5a). Undamaged
areas were selected considerably more within ewe ranges by day than at night when
they were selected least (Table 4b).

Table 4. Tests for random use of habitat condition categories by nine individual Scottish
Blackface hill sheep based on three datasets. The habitat condition ranking is shown in
parentheses when A is not significant and “>>>’ denotes a significant difference between
two consecutively ranked condition categories.

Dataset Randomness test Habitat condition rankings % of total
A P (most>least selected)” locations
a) Broad selection level (MCP" vs. study area) with all six categories
Complete 0.266 0.172 MU>VS>M>MS>U>YS) 100.0
Diurnal 0.156 0.033 * MU>VS>M>MS>U>S 100.0
Nocturnal 0.217 0.120 MU>VS>M>MS>S>U) 100.0
b) Detailed selection level (locations vs. MCP) with all six categories
Complete 0.000 0.065 MU>M>VS>U>MS>S) 100.0
Diurnal 0.005 0.023 * MU>U>M>VS>MS>S 100.0
Nocturnal 0.000 0.032 * MU>M>VS>MS>U>S 100.0
¢) Broad selection level (MCP® vs. study area) with three condition groups
Complete 0.535 0.104 M>S>>>U) 100.0
Diurnal 0.547 0.114 (M>S>>>U) 100.0
Nocturnal 0.391 0.045 * M>S>>>U 100.0
d) Detailed selection level (locations vs. MCP) with three condition groups
Complete 0.312 0.030 * M>S>U 100.0
Diurnal 0.456 0.105 (M>U>S) 100.0
Nocturnal 0.650 0.672 (M>U>S) 100.0

*U = Undamaged area, MU = Moderate-Undamaged area, M = Moderately damaged area, MS =
Moderate-Severely damaged area, S = Severely damaged area, VS = Very Severely damaged area.
"MCP = Minimum Convex Polygon, used to estimate ewe ranges.

Severely damaged and moderate-severely damaged categories were omitted from
seasonal analyses at the detailed level (Table 5b) because low use prohibited analyses
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from running, hence tests were repeated with data for all six categories combined into
three condition groups (Table 2). Consistent with findings using six categories where
moderate-undamaged was generally most selected, the moderately damaged group was
selected most at both selection levels, day, night and year-round except in summer at
the broad selection level when severely damaged areas were most selected (Table 4c, d;
Table 5S¢, d).

Table 5. Seasonal tests for random use of habitat condition categories by Scottish Blackface
hill sheep. The habitat condition ranking is shown in parentheses when A is not significant
and ‘>>>’ denotes a significant difference between two consecutively ranked condition
categories.

Dataset Randomness test Habitat condition rankings % of total
A P (most>least selected)® locations

a) Broad selection level (MCP" vs. study area) with all six categories

Spring 0.105 0.066 MU>M>VS>U>MS>S) 100.0

Summer 0.004 0.067 MU > VS >>>U>M>S >MS) 100.0

Autumn 0.000 0.031 * MU >>>U>M > VS > S >>> MS 100.0

Winter 0.047 0.318 MU>M>>>U>MS >VS>YS) 100.0
b) Detailed selection level (locations vs. MCP) with all six categories

Spring 0.296 0.179 MU >M>U > VS) 100.0

Summer 0.255 0.164 MU >VS>M>U) 100.0

Autumn 0.198 0.283 (U>MU>M > VS) 100.0

Winter 0.434 0.448 MU >M > U > VS) 100.0
c) Broad selection level (MCP vs. study area) with three condition groups

Spring 0.431 0.013 * M>>>S>U 100.0

Summer 0.404 0.095 (S>M>>>U) 100.0

Autumn 0.244 0.082 (M>>>U>S) 100.0

Winter 0.442 0.028 * M>U>S 100.0
d) Detailed selection level (locations vs. MCP) with three condition groups

Spring 0.346 0.151 M>U>S) 100.0

Summer 0.565 0.286 M>S>U) 100.0

Autumn 0.198 0.070 M>U>S) 100.0

Winter 0.304 0.168 (M>U>S) 100.0

*U = Undamaged area, MU = Moderate-Undamaged area, M = Moderately damaged area, MS =
Moderate-Severely damaged area, S = Severely damaged area, VS = Very Severely damaged area.
"MCP = Minimum Convex Polygon, used to estimate ewe ranges.

Discussion
Sheep distribution

Sheep occupation being concentrated in the northwest quarter of the study area is
probably attributable directly and indirectly to topography with the highest elevation,
steep slopes, shelter-providing bowl-like features, shallower and better-drained soils and
the most extensive patches of relatively better forage quality and availability than
elsewhere in the area [4, 17, 57, 61].

Nocturnal GPS location data were more clustered than diurnal locations which was
expected as sheep are well known to be active mostly during daylight hours and to rest
at night [20, 59, 61]. Whilst sheep of other breeds have been reported to usually
congregate in the same places at night [3], Scottish Blackface individuals do not return
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to the same place every night [31]. This is consistent with this study’s findings of
multiple nocturnal rest sites for nine tracked individuals (Fig. Ic). This probably does
not have implications for management because, although occupying different nocturnal
rest sites implies dispersal was greater than if sheep returned to the same sites,
individuals have been found to occupy just 9-20% of this study area [61].

Grazing lawn frequency

Grid squares with numerous/extensive grazing lawns were associated with a range of
features, i.e. a large bowl-like feature and adjacent hillock in the northwest corner, the
riverbank on the western half of the southern boundary, farm tracks and earth banks
along the eastern half of the southern boundary, and scattered hillocks, rock outcrops
and/or sloping ground with relatively well-drained soils. Absence of grazing lawns was
typically associated with areas of waterlogged, deep, quaking peat on relatively level
ground, and occasionally with very steep north-facing slopes inaccessible to sheep on
the northern boundary.

The most extensive grazing lawns were found in the northwest of the study area
which correlates with sheep occupation patterns. Numerous/extensive patches were
consistently selected most, probably because acid grassland habitats are preferred most
by sheep on hills [12, 60, 61] and are a product of heavy grazing [25, 45].

Sheep most selected grid squares containing numerous/extensive grazing lawns even
in winter which is inconsistent with possible expectations from reviewing literature as
resources on favoured patches deplete after the growing season [35] and grazing lawns
on this study site were previously found to be dominated by Molinia caerulea [51]
which dies back in early autumn. Selection in winter of grid squares with
numerous/extensive grazing lawns is probably explained by Scottish Blackface sheep
being known to return to home ranges that are learned from dams [32] and to graze in
close proximity to grassland patches [12]. Sheep were probably utilising alternative
habitats as grid squares that contained numerous/extensive grazing lawns usually
supported and may have been dominated by different habitats, particularly wet heath.

Habitat condition

Wind-driven rain and its effect on soil erosion is reported to be most severe close to
the top of a hill [11], and this probably contributed to much of the damage associated
with the mountain ridge along the northern boundary of the study site. The thin strip of
severely damaged habitats running parallel to this in the northwest quarter marked a
former fenceline (that was removed in 2001) along which poaching and sheep paths
were observed, where sheep traversed the hill between shelter-providing bowl-like
features dominated by acid grassland. Two severely damaged compartments on the
southern boundary were associated with deep peat, relatively level ground,
waterlogging most of the year, former peat extraction in places and routes habitually
taken when sheep were gathered and released from the yard.

Grazers can facilitate damage to upland habitats, conversely, they increase diversity
in plant species composition and structure and the fauna this supports [55]. For this
reason, and because habitat condition assessment took flora diversity into account, the
northwest area most occupied by sheep was predominantly classified as undamaged to
moderately damaged. While increasing diversity has ecological benefits, acid grassland
patches replace wet heath [27, 56, 57] which, unlike acid grassland, is listed under
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Annex I of the Habitats Directive. Some acid grassland is desirable but the spread of
grassland patches is likely and poses a threat to heathland communities [12].

Use of areas with differing categories of habitat condition was mostly random, which
indicates there was not a direct correlation between sheep occupation and habitat
condition. This is partly attributable to other factors of erosion that are not grazing-
related and partly because the carrying capacity of different plant communities and
topography vary. It is speculated that the main reasons are diet selection as discussed
below and that the mapping accuracy of vegetation condition (following the guidelines)
is much lower than that of the GPS location data. Additionally, a limitation of this study
is that it is based on detailed information from only a small number of individuals,
causing low power in statistical tests. However, this study justifies further research with
larger sample sizes.

Findings that support possible expectations that use of damaged areas by sheep
would be low include the selection ranking being lowest for very severely damaged
areas in all seasons except summer and highest for moderate-undamaged areas in all
seasons. Conversely, very severely damaged areas had the second-highest selection rank
in several tests, and most tests for habitat condition selection were not significant
(P>0.05), suggesting that sheep did not avoid damaged areas.

Very severely damaged areas had the second-highest selection rank in summer at
both selection levels and the severely damaged condition group was most selected at the
broad selection level in summer. This is consistent with the notion that hill sheep like
the ‘bare bite’, i.e. sheep graze bare areas despite the availability of lush vegetation
patches. This could be explained by selective grazing for preferred species during the
growing season as [30] reported high proportions of Narthecium ossifragum (L.) Huds
and Eriophorum spp. (L.) in the diets of Scottish Blackface sheep grazing blanket bog,
and these species were dominant on areas of exposed peat (i.e. severely damaged areas)
in this study.

Implications for conservation

Based on the finding that sheep consistently selected grid squares containing
numerous/extensive grazing lawns, an efficient indicator of hill use by sheep would be
to map acid grassland frequency following the simple method introduced in this study.
This could have a secondary purpose of identifying areas of wet or dry heath most at
risk of grazing-related damage, as most heather damage is known to occur within 5 m of
grassland patch edges [12]. Grazing lawns contribute to the biodiversity value of a site
[53] but are a threat to heathland communities that have been identified as being more
important for conservation [21]. Determining correct stock numbers and management
practices are crucial to prevent an increase in the number or extent of grazing lawns and
to meet conservation objectives. Limits of acceptable change should be set for the
proportion of grazing lawns and the extent of grazing lawns should be monitored.

The full spectrum of habitat conditions from undamaged to very severely damaged
areas occurring on one site, combined with uneven use by grazers with unlimited
access, supports the widely held belief that a single stocking rate for upland and
peatland sites is inadequate. Stocking rate calculations need to be based on relative
proportions of habitats available and habitat condition, as recognised by [49], and
habitat selection exhibited by grazers [61]. In light of grazer distribution not
corresponding directly to habitat conditions, stocking rates calculated at site level are
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probably still not enough to arrest and reverse grazing-related damage because areas of
different categories of habitat condition require different action.

Various recommendations have been made to arrest damage to vegetation and
promote recovery. A reduction in sheep numbers is often recommended [3, 7, 34].
Additional recommendations include sheep exclusion from severely damaged areas
until vegetation has recovered [8, 54], cutting thrice-yearly of undamaged, but arguably
undergrazed, Molinia caerulea (L.) Moench-dominant areas to promote recovery by
Calluna vulgaris (L.) Hull [47] and mixed grazing of cattle or goats with sheep [10, 33].
However, cutting would not be a practical option on a site such as that studied with deep
peats and steep slopes prohibiting tractor access, and grazing cattle would need to be
restricted to periods when water levels are low to minimise poaching by heavier
animals. Benefits from allowing vegetation to recover would include improved
ecological, landscape and livestock production quality.

To conclude, a comprehensive understanding of resource use by grazers is
fundamental in designing conservation strategies and management planning should
consider habitat condition and grazer distribution as previously recognised. This study
presents an efficient method for realising this objective, based on hill sheep selection of
grid squares containing higher frequencies of grazing lawns. Use of very severely
damaged areas was greatest in summer during the plant growing season and therefore
inhibiting vegetation recovery. Temporary exclusion of livestock or reducing stocking
rates during this season would facilitate an improvement in habitat condition. However,
management recommendations cannot be inferred beyond the study area without further
research on a number of sampling sites and with different habitat condition
assemblages. The methods presented, including the rapid mapping of grazing lawn
frequency introduced in this study and easily collecting vast, accurate data using GPS
devices, are recommended for use in such studies in the future.
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Abstract. Coccinellidae are well known predators in agroecosystems. In olive groves they may exert
control against scales, such as the black scale, Saissetia oleae (Olivier, 1791). Laboratory studies on the
consumption of three phenological stages (eggs, first and second instar nymphs) of S. oleae by four
coccinellid species (Chilocorus bipustulatus, Scymnus (Pullus) subvillosus, Scymnus (Mimopullus)
mediterraneus and Scymnus (Scymnus) interruptus) were carried out. C. bipustulatus presented a
significantly high consumption of eggs, first and second instar nymphs compared with the other species.
All coccinellids consumed eggs and first instar nymphs; however the second instar nymphs were only
consumed by S. interruptus and C. bipustulatus. In a second experiment, larval stages of C. bipustulatus
were reared on different phenological stages of S. oleae. Coccinellid larvae fed with eggs or first instar
nymphs completed their life cycle, contrarily to those that were fed with second instar nymphs. The
apparent voracity of C. bipustulatus on the different phenological stages of S. oleae is an aspect that
suggests the possible use of this coccinellid species in biological control programs against this pest in
olive groves.

Keywords: Predation, Chilocorus bipustulatus, Pullus (Mimopullus) mediterraneus, Scymnus (Pullus)
subvillosus, Scymnus (Scymnus) interruptus, black scale.

Introduction

In the Mediterranean countries, the black scale, Saissetia oleae (Olivier, 1791), is an
important pest in the olive grove and natural enemies belonging to the Coccinellidae
family are known to be associated with this pest [1, 2, 3, 7]

Voracity studies intend to investigate the potential of a natural enemy to consume a
specific prey. This elucidation about the predatory characteristics of coccinellids is the
basis for developing management strategies to successfully combat black scale
infestations. Successful natural control of pests depends on the fact that a predator kills
or consumes a sufficient number of pest individuals to maintain its density at a low level
[13]. Such information would be useful for determining which developmental stage of
S. oleae is the most predated and will facilitate further laboratory rearing of these
insects, which is a prime objective in a biological control program [12].

Coccinellid species like Chilocorus bipustulatus (L.), Scymnus (Pullus) subvillosus
(Goeze), Scymnus (Mimopullus) mediterraneus lablokoff-Khnzorian and Scymnus
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interruptus (Goeze) are common in the olive grove of the Mediterranean region and
both adults and larvae are predaceous stages [1, 3]. Field studies showed that the most
predated phenological stages of S. oleae by coccinellids were potentially the first and
second instar nymphs (Santos et al., unpublished data). Moreover, S. oleae eggs have
been used to feed different coccinellid species in laboratory cultures [1, 2, 3]. Therefore,
it is important to gain insight about the effective predated stages of S. oleae by
coccinellids. This information will help on further studies concerning the natural control
of S. oleae by coccinellids in field and also the maintenance of laboratory cultures of
coccinellids reared on S. oleae.

The objective of this study was to investigate, under controlled conditions, the ability
of selected coccinellid species to use different phenological stages of S. oleae as food
item.

Material and Methods

To study the consumption of different phenological stages of S. oleae by coccinellid
species, two experiments were carried out: (1) screening of coccinellids voracity using
adult stages, and (2) assessment of feeding rates, along the life-cycle of the most
voracious coccinellid species, using eggs, first instar and second instar nymphs of S.
oleae as food items.

To perform the first experiment, specimens belonging to the four most common
coccinellid species namely, S. mediterraneus, S. subvillosus, S. interruptus and C.
bipustulatus, were captured by the beating technique in an organic olive grove -
Valbom-dos-Figos (41° 33° 4 N, 7° 8 43> W) - located near Mirandela, Tras-os-
Montes (north-east of Portugal). The three different phenological stages of S. oleae
(eggs, first and second instar nymphs) were collected with the leaf.

In the laboratory, 30 coccinellid specimens of each species were placed in individual
Petri dishes (9 cm diameter x 2 cm height) with moistened filter paper covering the
bottom of the box and starved during 24 hours.

Each species was separated in three groups of ten specimens. Each group was fed
daily with a different phenological stage of S. oleae during five days: group 1 was fed
with 100 eggs/day, group 2 with 10 first instar nymphs/day and the third group with 10
second instar nymphs/day. During five days, specimens were allowed to forage for 24 h
after which the food was renewed and the total number of prey eggs, N1 nymphs or N2
nymphs was recorded.

Based on the results of the first experiment, C. bipustulatus was selected to perform
the second experiment where the consumption of eggs and first and second instar
nymphs of S. oleae by larval stages and adults of C. bipustulatus was studied.

C. bipustulatus adult specimens were captured in the same grove mentioned above.
In the laboratory, they were coupled in Petri dishes (9 cm diameter x 2 cm height) with
moistened filter paper covering the bottom of the box and fed with S. oleae eggs. Newly
laid eggs were transferred individually to a clean Petri dish with a soft brush and daily
observed till hatching. Forty-five recently emerged L, larvae were divided in three
groups with fifteen specimens. Group 1 was supplied with 100 eggs/day, group 2 with
10 first instar nymphs/day and group 3 with 10 second instar nymphs/day. Each Petri
dish was examined daily to record consumption. Moulting marked the differentiation
between larval stages. Freshly emerged adults were used to make the same set of
experiments as in larval stages.
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All experiments were conducted at a temperature of 25+2° C and under a 16L: 8D h
regime.
Data analysis

Univariate statistical analyses were performed using the Statistica Statistical
package, version 7.0 [15]. Data were evaluated for normality and homogeneity of
variances with Kolmogorov-Smirnov test and Bartlett’s test, respectively. One-way
ANOVA was used to compare the consumption of S. oleae phenological stages by each
coccinellid species. A significant level of 0.05 was used for all statistical tests.

Results and Discussion

In the first experiment, the food intake by the four coccinellid species tested was
maintained constant during the five days, except in the case of the consumption of the
first instar nymphs by S. interruptus that varied significantly (Table 1). C. bipustulatus
showed a significantly high consumption for all phenological stages of S. oleae with a
mean total consumed eggs, first instar and second instar nymphs respectively of 381.3 +
15.3 (mean + standard error of the mean - SE, n = 10), 8.6 £ 0.7 and 15.3 £ 1.9, when
compared with the other species tested (Fig. /). S. interruptus consumed a mean total of
160.1 £ 6.9 eggs, 5.2 £ 0.7 first-instar nymphs and 0.3 + 0.2 second-instar nymphs and
S. subvillosus consumed 150.4 + 20.5 eggs and 4.5 + 1.2 first-instar nymphs. On the
other hand, S. mediterraneus showed a significantly low consumption of eggs and the
lowest consumption of the first instar nymphs, with a mean total of respectively 52.9 +
4.5 and 2.8 = 0.4, relatively with the other species. Second instar nymphs were not
consumed by S. mediterraneus and S. subvillosus.

Table 1. Consumption by coccinellids species (n = 10) of three phenological stages of
Saissetia oleae (mean + standard error of the mean) during five days of experiment.

Coccinellid species }.:O()d Days Fyui P
item 1 2 3 4 5
Chilocorus bipustulatus eggs 81.6£3.75  76.3+3.04 7794351  75443.04  70.1£6.27 1.04 n.s.

N1 2.6+0.40 1.8+0.44 1.5+0.27 1.2+0.25 1.5+0.34 237 ns.
N2 4.1£0.71 3.5+0.50 2.9+0.28 2.6+0.50 2.240.36 234 ns.

Scymnus (Mimopullus) mediterraneus eggs ~ 10.5+1.89 ® 1294138 1394155  7.5+1.30° 8.1+1.49*® 340 *
N1 09+0.18 084025  05%0.17  04£022  02#0.13  2.20 ns.

N2 0 0 0 0 0 - -
Scymnus (Pullus) subvillosus eggs 40.7+6.49  32.84536  27.9+5.57 274432 2243.39 1.90 n.s.
N1 1.5+0.31 0.9+0.28 0.7+0.33 0.7+0.37 0.7+0.40 1.04 n.s.
N2 0 0 0 0 0 - -
Scymnus (Scymnus) interruptus eggs 30.7+534  36.6+3.63 3343.16  34.6+£3.56  25.24391 1.21 ns.
N1 24037 1.6£040°  0.8+020™ 0.6£022"™ 0240.13°  6.85 *x*
N2 0.2+0.13 0 0 0.1+0.10 0 1.44 n.s.

Means sharing the same letter within rows are not significantly different at p>0.05.
ns- non significant.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(4): 359-365.
http://www.ecology.uni-corvinus.hu e ISSN 1589 1623
© 2009, Penkala Bt., Budapest, Hungary



Santos et al.: Voracity of coccinellid species on different phenological stages of the olive pest Saissetia oleae (Homoptera, Coccid.)
-362 -

90 4 c 24 b 4

Eggs Ist instar nymphs 2nd instar nymphs b
75
% -
Z 60
g
E 457 b b 1 2
2 304
=) a 14
S 15
a a a
0 - 0 - 0 -
Smed Ssub  Sint  Cbip Smed Ssub  Sint  Cbip Smed Ssub  Sint  Cbip
Species Species Species

Figure 1. Consumption (mean + standard error of the mean) of the three phenological stages of
Saissetia oleae by the four coccinellid species tested: Smed - Scymnus mediterraneus, Ssub -
Scymnus subvillosus, Sint - Scymnus interruptus, Cbip - Chilocorus bipustulatus. n=10.
Different axis scales were used. Bars sharing the same letter are not significantly different at
P>0.05.

In laboratory studies [1] showed that it was possible to obtained consecutive
generation of C. bipustulatus fed with S. oleae (phenological stage was not specified)
but unsuccessful attempts were obtained for S. subvillosus. Also, [2] showed that S.
mediterraneus completed its life cycle consuming a large amount of eggs of S. oleae.

The consumption of the different phenological stages of S. oleae depends mostly on
the characteristics of the tegument of the prey [5], the relation between the sizes of
predator and prey and also the nutritional quality of the prey [11]. Easily penetrated
covers are more likely to be suppressed than thick covers [5]. In this way, it was
probable that first instar nymphs are softer and easier to handle by smaller coccinellid
species (e. g. S. mediterraneus) than the second instar nymphs. On the other hand,
because of their large size, adult C. bipustulatus can easily chew through the covers of
greater nymphs that provide higher energetic gain than smaller nymphs [10]. Thus, the
consumption of each phenological stage of S. oleae can be considered as a trade-off
between its energetic value and the morphological characteristic of the integument that
makes predation by coccinellids difficult.

The consumption of S. oleae eggs by the majority of coccinellid species will be
difficult under field conditions due to the hard integument of the egg-bearing females.
Eventually, only C. bipustulatus can predate egg-bearing females because it possesses
highly modified mandibles that are unique to the genus - they are acutely angled with a
single tooth at their apex, which can be inserted between the scale and the substrate [5].
Other coccinellid species consume preferentially first and second instar nymphs of S.
oleae that are abundant and accessible stages in summer and autumn in olive groves [8;
Santos et al., unpublished data]. Nonetheless, due to its high nutritive value, eggs can be
used as food for rearing laboratory cultures since they were successfully fed by all
coccinellid species.

In the second experiment, the consumption of S. oleae eggs and first instar nymphs
by the successive larval stages of C. bipustulatus increased with their development. The
general pattern of food consumption by larval stages showed a gradual increase
immediately after each moult but in third and fourth larval stages, a small decline
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occurred as larvae approached the ecdysis (Fig. 2). No differences were found between
the developmental period of specimens fed with eggs and those fed with first nymphal
nymphs. [9] observed a similar pattern in all larval stages of Chilocorus nigritus (F.)
reared on the cyanophyllum scale Abgrallaspis cyanophylli (Signoret). A total mean of
976 + 11.22 eggs of S. oleae were consumed by each larva of C. bipustulatus. First
instar larvae consumed 3.6%, second instars 9.5%, third instars 27.3% and fourth instars
59.6% of the total eggs intake. Considering the intake of first instar nymphs of S. oleae,
a mean total number of 86 £ 6.1 was consumed by each larva of C. bipustulatus, where
first instar larvae consumed 10.3%, second instar 12.2%, third instar 26.5% and fourth
instar 51.0% of total intake. Compared with C. nigritus, the consumption by first instar
larvae of C. bipustulatus was generally high and the fourth very low - 3 and 73%
respectively [9].

A
100 100 Adults
L1 L2 L3 L4
75 A 75 A
50 A 50 ~
5 25 25 -
,§ 0 T T T T T T T T T T T T T T T T T T T T 0 T T T T T T T T T T T T T
g 1 3 5 7 9 11 13 15 17 19 21 29 31 33 35 37 39 41
E B
8
L1 L2 L3 L4 10 Adults
6 - 87
6 -
4 -
4 -
2 A 7
0 T T T T T T T T T T T T T T T T T T T T 0 T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 29 31 33 35 37 39 41
Days after egg hatching

Figure 2. Consumption of eggs (A) and first instar nymphs (B) (mean = SE) of Saissetia oleae
by Chilocorus bipustulatus larvae and adult stages. Different axis scales were used. n=15.

The egg consumption by adults increased in the first six days after eclosion and then
it remained constant till the end of the experiment (Figure 2). According [9], adult food
intake in coccidophagous coccinellids is known to be low after eclosion, increasing
gradually to a peak at the end of the first week. Each adult consumed a mean of 1227 +
51.98 eggs after 14 days of the experiment. The consumption of the first instar nymphs
increased in the first four days and a total mean of 61 £ 11.2 first instar nymphs of S.
oleae was consumed by each adult specimen after 14 days of experiment.

None of the second instar nymphs supplied were totally consumed by the first larval
specimens of C. bipustulatus, which only developed to the second instar and
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consequently, the life cycle was not completed. As a result, alternative preys should be
essential items in the first larval stages of this coccinellid species to successfully
complete its life cycle. Despite their polyphagy, coccinellid adults tend to feed more
certain types of food [6] and the beneficial effect that food has on individual predators
leads to increased rates of growth, development and fertility, and decreased rates of
mortality [4].

This study provides a better understanding of the consumption of different
phenological stages of S. oleae by coccinellid species and the capacity of both larvae
and adult stages of C. bipustulatus to feed on this pest and complete their life-cycles.
The apparent voracity of C. bipustulatus on the different phenological stages of S. oleae
is an attribute that should make it an important predator contributing for the natural
biological control of the pest in the olive grove. Moreover, the larva is the most
voracious stages of coccinellids [14], requiring great amounts of food to grow up
rapidly. This aspect supports the likely use of this coccinellid species in biological
control programs against S. oleae. In this context, the mass release of larval specimens,
particularly the most resistant third instar larvae, can be done in order to maximize the
predaceous action of C. bipustulatus in the olive grove.
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