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Summary

One of the most serious problems for field reseencimvestigating clonal species is to dis-
tinguish separate plants (genets) of which the [adiom is made up. In the case of many endan-
gered species the difficulty is connected with tlstrictions imposed by their protected status.
We present an application of the graph theory Mali®panning Tree model combined with the
variance analysis formulae for estimation of thelemground development of the rhizome which
as we believe, can be used for many clonal speWesanalyse a practical application of the
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method for an exemplarfgpipactis helleborine (L.) Crantz population. Hypothetical structure of
its underground rhizome connections is picturedvsig the growth scheme of the population.

Key words and phrases Minimal Spanning TreeEpipactis helleborine (L.) Crantz, plant popu-
lation dynamics
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1. Introduction

The Minimal Spanning Tree (MST) model has been usedumerous
fields of modern biology, for instance to perforne tmultiple sequence thread-
ing, in protein fold recognition and in homology dedling (Taylor, 1997;
Aszodiet al. 1997), to identify the history of transmissiohavirus in epide-
miological investigations (Spadat al., 2004; Chiouet al,. 2006). The MST
calibration algorithm is also well suited to caiite MS spectra of protein sam-
ples resulting from two-dimensional gel electropimr separation (Wolskét
al., 2005). In this article we propose its applicatinrbotanical and ecological
studies.

One of the most serious problems for field resesnsimvestigating clonal
species is to distinguish separate plants (gerodtsyhich the population is
made up. Obviously a direct observation of the vgr@ind connections among
the visible aboveground stems is not always passiblis the case for the pro-
tected species. One is forced then to apply intdapproaches such as genes or
external features comparison. These methods caretyeexpansive, difficult
and time consuming. We present a mathematical rdetlfoch in the case of
some clonal species may be used instead. As theothetas developed for the
orchid species, our approach takes into accounsahealled "occurrence fluc-
tuation" or dormancy phenomenon reported for marghids. The model is
based purely on the observation of the stems s$pdis&ibution, distances
among them and the sequence of their appearandefisappearances.

The method will be described in details in thedwaling section of the arti-
cle. Next, we describe an application of the mddelthe protectedEpipactis
helleborine (L.) Crantz population observed in the EasterneBud/lountains
(SW Poland).
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2. The model

In our model we apply notions introduced by thepbréheory, see for in-
stance (Diestel, 2005). The basic objects in gtaplory are graphs which are
sets of points called vertices connected by lirddked edges. Graphs may con-
nect all or a set of vertices and may include lodplined as edges which start
and end on the same vertex. In many applicatiomsdhcalled weighted graphs
are used. In a weighted graph each edge has a niwight) assigned repre-
senting for instance cost, time or length.

This work is based on the Euclidean graphs beirighted graphs with the
Euclidean lengths defining the edge weights. Thensjmg tree is a graph con-
necting all vertices with no loops allowed. Theraynibe many possible span-
ning trees for the given set of vertices. The oith #he smallest total weight
(defined as the total length of the graph edgdhéncase of a Euclidean graph)
is called the Minimal Spanning Tree (MST). In ttase of some clonal species,
the specimen is build of stems connected by rhizoer each separate plant
the stems can be identified as vertices and rhizesgenents (internodes) con-
necting two stems as edges of a graph (Fig.1).

stems
(vertices)

rhizome

Fig.1. Inflorescense ofEpipactis helleborine L. (Crantz) and the general assumptions
of the model: the aboveground stems as graph esréind the rhizomes creating connecting edges
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Our model is designed for long-term observationd tkes into account
the so called "occurrence fluctuation" which sigrsfthe possibility of individ-
ual stems to disappear one year and reappear armibe with the possible
period of dormancy of a few years. The approachaised on the assumption
that each rhizome "chooses the shortest way" antergiems. It results from
the observation that the most economical searchutients by any plant is in
its proximity and that a plant does not return tplace already utilized. The
shortest way among the stems means that from aBilple combinations of
stem connections we choose one with the shortestafwall the rhizome seg-
ments. Hence, each plant creates its own MST baisdélde Euclidean rhizome
lengths. The other model assumptions are the faligw
1. Rhizomes may branch.

2. The stem which does not reappear in any of therebdeg/ears is treated as
dead and is removed from the model.

3. The stem which disappears given year but reappraagy of the future
years is treated as dormant and remains in the Imode

4. The part of a rhizome connecting two stems is reeddvom the model if it
is a final part of a rhizome branch with a dyingnstat its end (for graphical
explanation see Fig. 2a) unless it is a part alaadh developing during the
next year (see Fig. 2b) meaning that though thm $i@s died the rhizome
connection has not been broken. The part of theoné connecting a stem
which dies but lies in the middle of a branch i$ mmoved from the model
because one can not judge whether this connectisrbben broken or not

(see Fig. 2¢).

5. We do not assume the maximal length of the rhizeeggnent (an internode
between two connected stems).

6. The model is two dimensional which means that gsloot take into ac-
count any irregularities of the ground level.

The analysis is divided into two phases. First, sineuld consider all seg-
ments visible during the time of observation lontien the period affected by
the "occurrence fluctuation" phenomenon to obtaungh approximation of the
rhizomes course. Next, in the second phase, eanhoye adds new stems and
checks whether any of the old stems and rhizommests died and should be
removed from the model.

In the first phase we divide stems visible duriimgtfyears of observations into
clusters forming separate rhizomes. We apply thm Bligorithm (Prim, 1957)
of the graph theory and iteratively create the M®mposed of the stems. We
begin the iteration allowing for connections betwdke stems of any length
and producing a MST made of all stems. Next, imesep of iteration we for-
bid all connections longer or equal to the maxiominection in the MST ob-
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Fig. 2. The plots demonstrate when a rhizome segment ctingéwo stems is to be removed
according to the model described within the texthefarticle. The stars and diamonds denote
old and new stems observed given year, respectiValy plus signs denote the stems which
disappeared given year and were not observedunefuFinally, the upper triangles signify
stems which disappeared this or one of former yieatrsve can not judge whether their
connection with other sterv& rhizome was broken

tained in the previous step. That way in each stewbtain a different number
of separate MSTs which we identify with separaieaimes. In order to choose
the final step of iteration we use the formula¢hef classical one-way ANOVA
analysis in the same way as it is applied in tlistek segmentation procedures.
In the Agglomerative Hierarchical Clustering or leams methods the appropri-
ate number of clusters is usually chosen basinthercomparison of the vari-
ability of the clustered objects within and betwdlea clusters (given by tHe
ratio). In presented approach clustering is peréarnthrough MSTs and the
variability of the objects is given by their Eudah distances. Hence, in each
step of iteration we calculate tlkeratio of the sum of squared distances within
rhizomes to the sum of squared distances betweerhiromes:

within:

k n
, ZZZ(pij -p)’ (2.1)
i=1 j=1
between:
k _
dq =Z(pi o, (22)
_ q.(k-1)

(2.3)
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where:N - number of all stems (equivalent of number of aliservations in
classical one-way ANOVA) - number of rhizomes (equivalent of number of

independent groups used in comparisan), number of stems in theth rhi-

zome,p; — location of thg-th stem in the-th rhizome defined as coordinates of
the given stem in Cartesian coordinate system @fetperimental field,p, —

average location of the stems in ik rhizome —, P — average location of all

stems. The final set of MSTs is chosen from theiltesof the iteration for
which theF value is minimal. Hence MSB and MSW values cal@dafor
every possible configuration of stems clusters wesed to obtain F statistics
which allowed us to evaluate the probability of mvgiven configuration.

In the second phase of the analysis each year d@ed stems appearing
for the first time to the rhizome structure alreatiyweloped during the former
years. We choose a stem for which we find an addhstuch that the distance
between them is smaller than for any other paiarofold and new stem. That
way we also find a rhizome to which the chosen sthould be connected. We
repeat this procedure until all new stems have lbhesen.

3. Example application

The method described in this article has been egb the protected or-
chid, Epipactis helleborine (L.) Crantz, population observed in the Eastern
Sudety Mountains (SW Poland). The study site hasnbehosen in the
Krowiarki Range of Eastern Sudety Mountains in $bath of Poland. An area
12x18 meters containing a populationtohelleborine was selected for a study
in July 1997. The positions of individuals were peg between 1997 and
2006. We present in this article results of fimirfyears of the experiment. The
observations were carried out under field cond#idaring the peak of flowering
period. Position of each stem was precisely medsamd marked on a grid.

As the main tool for computer data analysis we igdpMatlab 6.5 (The
Math Works, Inc, Natick, Massachusetts).

The species belonging to thpipactis family fulfil the assumptions of our
model. Fig. 3 shows the typical rhizome, Fig. di@aome connecting two stems,
which begins to fragmentize and Fig. 5 a new bramgchf the rhizome of an
Epipactis helleborine (L.) Crantz population. In Fig. 6 we present atplgoaph
of an Epipactis palustris (L.) Crantz stem with its system of branching rhi-
zomes.

The Epipactis helleborine stems may disappear and reappear even after 18
years of dormancy but such long periods of absemeevery rare (Light and
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MacConaill, 2006). We take 3 years as the lengtnefirst phase of the model
in which all stems observed during this time aralgsed together. Hence, we
combine years 1997-1999 of the experiment. Nextagdd stems which ap-
peared for the first time in year 2000 and checletivbr any of the old stems
and rhizome segments died and should be removedtfre model. We obtain a
hypothetical map of the underground developmerthefexamined population
presented in Fig. 7. As can be seen new stemscdexitenlines of the old rhi-
zome showing a reasonable scheme of the clonaltigrawe distinguish 13
individual plants forming the population. Such aation corresponds with the
growth pattern of one of the populations genetycalamined in NE Poland, on
the slope of the forested hill at the Biate Lakez(koet. al, 2004). In both
cases the observed low level of genetic diversity loe explained by vegetative
spread, chosen cause of favourable habitat condifflow cover of other spe-
cies).

Fig. 3. The initiation of the rhizome fragmentatidep{pactis helleborine (L.) Crantz)

Fig. 4. A rhizome connecting two stemsgfipactis helleborine (L.) Crantz
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Fig. 5. Branching of the rhizomef Epipactis helleborine (L.) Crantz

Rhizome

Fig. 6. Branched rhizome, bud and ramet&pfpactis palustris (L.) Crantz, other species
of Epipactis genus

4. Conclusions

This article presents a new approach to predictibrihe underground
growth of the rhizomial species on the example rotgrted orchidEpipactis
helleborine (L.) Crantz. We used a simple mathematical modaleld on the
graph theory which allowed us creating hypothetioabs of the rhizome dis-

tribution. We believe that this method if provediddor a given species can be

complementary to the expensive and time consunengtic methods.
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Fig. 7. Map of the rhizomes for the year 2000. The stdiesponds and lower triangles denote
old and new stems observed given year and old sibsent given year, respectively.
The upper triangles signify stems which disappeénes or one of former years but
we can not judge whether their connection with ogtems via rhizome was broken.
Finally, the plus signs denote the stems whichala@appear in any future year

of observations and are treated as dead. Theicigsidenote trees.
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MATEMATYCZNA METODA WYZNACZANIA PRZEBIEGU
Kt ACZA ROSLIN KLONALNYCH

Streszczenie

Jeden z najpowaiejszych problemoéw, na jakie napotykdjadacze gatunkéw $iin klo-
nalnych w trakcie obserwacji terenowych stanowibfem wyr@nienia indywidualnych réin
(indywidualnych klonéw), z jakich skladagsilana populacja. W przypadku wielu zagnoych
gatunkow trudnét zwigzana jest z tymziposiadaj one statut réin chronionych niepozwalagy
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na bezpérednh obserwagj ktaczy. W pracy prezentujemy zastosowanie modelu Mahiego
Drzewa Rozpinacego znanego z teorii graféw w paaaniu z wzorami zaczerpgymi z analizy
wariancji do opisu rozwoju podziemnegadady. Jak wierzymy nasze poélgp mae by zasto-
sowane dla wielu gatunkéw klonalnych. W celu ilasjr przedstawianej metody prezentujemy jej
praktyczne zastosowanie dla przyktadowej popukojiczyka odmiantzpipactis helleborine (L.)
Crantz. Wynikiem analizy jest hipotetyczna struktpdziemnych patzer klaczy obrazujca
rozwoj populaciji.

Stowa kluczowe: Minimalne Drzewo Rozpinage, Epipactis helleborine (L.) Crantz, rozwgj
populacji
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