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Summary

Clarifying relationships between survival, growtleproduction and competitive ability is
required for the conservation of species and b&rgity, in particular, for endangered species,
through encouraging population persistend@rosera anglicaHudson has been assigned as
an endangered species by the Ministry of the Enuwirent of Japan, because of decreasing the
number of populations in boreal regions. This s®em Japan has been reported only from
three localities, Sarobetsu and Taisetsu in Hokkadd Nikko in central Honshu. In
contrastD. rotundifoliaL. is widespread in the boreal wetlands of thethienn Hemisphere.
These two species are carnivorous plants ofterblegdtang in Sphagnumbogs with high
water level and solar radiation.

The determinants of the establishmentDof anglica and D. rotundifolia have been
considered to be water level, overstory vegetatind/or Sphagnummat. However, these
factors are spatially interacted to each other #dratefore the prime determinants and
mechanisms of population persistence have beemos@nsial. Sarobetsu mire is located in
Hokkaido Island, northern Japan (45°06’N, 141°42Z7En elevation) and accumulates thick
Sphagnumpeat. The peat was annually mined for 40 yeaosn frl970 to 2003 for
commercial use. Here, | discovered tbatanglica established witlD. rotundifoliain the
post-mined peatland mined in 1972. In additién, obovata Mert. et Koch, a hybrid
betweerD. anglicaandD. rotundifolia was likely to establish there.

Although a precise, convenient and non-destructpecies identification is required to
monitor plant populations for long-term, such idicdtion has not been developed for
species inDrosera Firstly, | developed the identification methodskd on a hierarchical
Bayesian model (HBM), using blade length and le@ltkvunder assuming the size-dependent
changes with individual variability. The methoaiieased accuracy through the reduction of
identification error on small-sized leaves, compgangth a canonical discriminant analysis
that represents multivariate analyses using a nuofberiables. | applied this new method
to traceDroserashoots in Sarobetsu mire.

D. anglicaandD. rotundifolia reproduced by both seeds and vegetative propagatio
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Vegetative reproduction tends to increase the offgpsurvival and does to decrease the
migration, although the dependency to vegetatiyoauction has not been quantified on
these two species. | monitored recruitment, saivand reproduction on the twrosera
species for three years to detect spatio-tempbia@hges in reproduction. The production of
flowers, seeds and daughters increased with inagahoot size on both species. The
production of flowers increased more sharply withreasing shoot size db. rotundifolia
than D. anglica while D. anglica produced more daughters. When the flowers were
produced, survival and growth were decreased opdhents on both species. The daughter
production was not related to the survival and ghow These results indicated that
anglicawas dependent on vegetative reproduction morebhaotundifolia

The effects of water levelssphagnummats and overstory vascular plants on the
recruitment and survival of seedlings were examif@d three years to investigate the
determinants on the distribution of tviRrosera species, because seedling stages are often
critical for the distribution of populations. Isal conducted transplanting and seeding
experiments under manipulated water level or ligtensity to quantify the effects of water
level and light intensity on seedling survival agcbwth. Another seeding experiment
examined seed germination and seedling growth mrirtality in three habitats - bareground,
Sphagnunmat and waterlogged surface. The establishmeDt aftundifoliaseedlings was
not determined by water level and plant cover, alilie recruitment and survival @f.
anglica was determined, i.e., decrease with high wateellewd high plant cover. The
survival of overwintering seedlings was not relatedvater level and plant cover on both
species. The daughters Df anglica recruited more in low overstory plant coveD.
anglica seedlings grew slower oB8phagnummat thanD. rotundifolia  The seedling
survival rates of both species were high at higtewbevel in a greenhouse experiment but
growth rates were low at high water leveD. anglicadecreased the growth by shade more
than D. rotundifolia and thus was weak to compete aga@@hagnunmoss and overstory
vascular plants. Therefore, the establishmenbofinglica was limited in areas at high
water level and low plant cover, both of which reeld inter-specific competition.

D. anglica was pushed out to habitats not suitable for segdéstablishment by
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Sphagnunmoss and overstory vascular plants because ottmpetitive ability at seedling
stage. In waterlogged habit&, anglicamaintained their population mostly by vegetative
reproduction. D. rotundifolia reproduced mostly by seeds, and established iousar
habitats, independent of overstory plants, sugggsthat seed dispersal was a key to
determine the population dynamics. In conclusion,anglicais endangered because the
established habitat was restricted in narrow areg,on waterlogged surface. The habitat
limitation of D. anglicawas derived from the weak competitor to solar gneand weak
seed-dispersal ability. For the conservation aestoration ofD. anglica populations,
therefore, the management of not only overstorycwas plants but als&phagnummoss
cover is required to reduce inter-specific compmiitat habitat scale. At wetland scale, the
development ofSphagnummat provides waterlogged surface whé&re anglica persisted.
These imply thatD. anglica is vulnerable wherSphagnummat is removed. | should
mention scale-dependent inter-specific relationsremim understand the mechanisms of

population persistence on endangered species seoanand restore populations.



Preface

To conserve plant populations, understanding thiestof survival, growth, reproduction and
competition in respective habitats is prerequi€gehemske et al. 1994; Minzbergova 2005).
In particular, the conservation of endangered gseasi an urgent task for keeping biodiversity
(IUCN 2012), because the extinction of speciescdsekerated owing to human activities
(Takenaka et al. 1996). Bogs, broadly-distributedtlands in boreal regions, suffer
biodiversity loss derived from the extinction ofeaspecies from global warming (Keddy
2010).

Endangered species often establish with the commomgener(s), although the
endangered species develop smaller population®randfrower distributional ranges than
common species (Brook et al. 2008). Such comparapkcies are useful to detect the
mechanisms of population maintenance (Young e2G)7; Verhulst et al. 2008; Zietsman et
al. 2008).

All species inDrosera are carnivorous plants establishing in poor-naotribabitats
(Juniper et al. 1989). Drosera anglicaHudson, a carnivorous plant, is widely distribuied
bogs in the Northern Hemisphere (Crowder et al.01L99The populations have declined
throughout the world for the past 50 years, owingstly to human activities (Jennings and
Rohr 2011). In Japam. anglicaspecies has been assigned as an endangered sp&bses
List (Ministry of the Environment Government of d&p2012). Drosera rotundifoliaL., a
congener, overlaps the distributional range vilthanglica but is widespread (Wolf et al.
2006). These suggest that the comparisons beteamglicaandD. rotundifolia clarify
the ecological traits and the mechanisms of pojulahaintenance oD. anglica.

The study site was a post-min&phagnumpeatland in Sarobetsu mire, Hokkaido,
northern Japan, where tigphagnumpeat area was annually mined from 1970 to 2003
(Nishimura et al. 2009). Drosera anglicaand D. rotundifolia established in an area mined
37-39 years before. In boreal peat b&shagnunmosses often determine the distributions
of vascular plants (Malmer et al 1994; Pouliotlef@12). D. rotundifoliacompetes against

Sphagnunmoss at low water level (Svensson 1995), whileanglica established at high
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water level (Nordbakken 1996; Nordbakken et al.200

The two Drosera species produce seeds and daughters, i.e., regaskxually and
vegetatively (Murza and Davis 2003). Such reprtidadraits determine temporal- spatial
distribution patterns, including population sized#though the dependencies to sexual and
vegetative reproduction have not been evaluatedcf/éd al. 2001; Burne et al. 2003). To
clarify these, field census is required. Howewsre obstacle on the accurate monitoring is
uncertainty of species identification.

Firstly, therefore, non-destructive, conveniemntification technique is proposed by a
hierarchical Bayesian model that identified two guaal species, i.eD. anglica and D.
rotundifolia, and a hybridD. obovata based on two variables - leaf length and leatfthwid
Secondly, the survival and growth of the two speaiere compared in relation to sexual
reproduction (flowers and seeds) and vegetativeodejetion (daughters). The survival and
growth were monitored for three years from 2002@d1, using permanent plots (Figure 1).
Finally, the microhabitat preferences DBt anglica and D. rotundifolia are clarified by
monitoring population dynamics (density, recruitmesurvival and growth), water level,
overstory vegetation an8phagnummat. The effects of shade and peat moisture en th
seedling emergence and survival were also expetathgmeasured. Based on these results,

the conservation and restoration of endangeredespeere discussed.
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Figure 1. An example of monitoririgroserashoots for three years from 2009 to 2011 in a

representative 500 cm x 40 cm plot. Red and biuebsls indicateD. anglica and D.

rotundifolia respectively. Asterisks show the recruits fronedseor by daughters.

symbol sizes are corresponded with the maximumlésafths.



Chapter 1. Characteristics of leaf shapes among two parental Drosera
species and a hybrid examined by canonical discriminant analysis and a

hierarchical Bayesian model

1-1. Introduction

Species identification is often confusing or mistpd, even though species identification is a
prerequisite for the field of ecology and the cawaton of rare species. One problem with
species identification is that interspecific hylsridften show complex phenotypes derived
from the two parents (Rieseberg and Ellstrand 1998|d et al. 2009). Furthermore,
non-destructive identification is a prerequisite lfang-term follow-up surveys (Beerling and
Fry 1990; Tackenberg 2007). To solve these probl@gmometric morphometrics have been
applied to differentiate between groups based orphwogical characteristics represented by
leaf shape (Viscosi and Cardini 2011). Numeriagbhomy, including multivariate analysis,
is also common for classifying species (Du et 807). Canonical discriminant analysis
(CDA), one of the most popular multivariate anatydgas also been used to classify species
(Gurevitch 1992; Kothera et al. 2007). These tepies require measuring numerous
variables and, often, destructive sampling. Foldfisurveys, however, measuring fewer
characteristics is desirable.

Because leaves can be measured convenientlyvdwem sexual reproductive organs are
not developed, the ratio of blade length to widtloiten used to identify plant species (Albert
et al. 1997; Neophytou et al. 2011). However,ghapes and sizes of leaves vary as a result
of environmental, physiological and/or ontogenictéas (Sultan 2003). Analyses of leaf
sizes and shapes should be performed carefullyuseacaf two types of errors: measurement
errors (Sokal and Rohlf 1995; Jaski and Bazzaz 1999) and non-linear errors (PKillip
1983; Jackson and Somers 1991).

The hierarchical Bayesian model (HBM) has recertlsen applied to compare
continuous changes, such as allometric relatiosshapd to investigate bivariate changes
(Price et al. 2009). One advantage of an HBM e&sftaxibility in constructing the model

(Clark 2005). A number of random effects resultiragn the variability of an individual and
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measurement and non-linear errors can be includetid model. Therefore, an HBM is
expected to provide high identification efficiendy. this study, | attempted to construct an
HBM that identified two parental species and a d/lusing two simple variables—Ileaf
length and leaf width. The accuracy of the HBM waaluated by comparing it with a CDA
based on 13 morphological traits. On the basihe$d results, applications for the HBM in

plant taxonomy, ecology, and conservation are dseul.

1-2. Materialsand Methods

Plant materials and sampling

Three species dbroserawere examined: two parental species, a tetrafoatera anglica
Hudson (2 = 40) and a diploid. rotundifoliaL. (2n = 20), and the triploid hybrid of them,
D. obovataMert. et Koch (2 = 30) (Crowder et al. 1990). These three speaiegypically
identified by their leaf shapef. anglicahas long-elongated leavesD. rotundifolia has
rounded leaves, arid. obovatahas spoon-shaped leaves, which are often confugbdhe
shapes of the two parental species (Tutin et a@31%watsuki et al. 2001). Therefore,
identification of these three species is often paséd, especially where these three species
cohabit. Once the seeds are produced on the flowstalksD. obovatacan be identified by
the sterility of seeds (Rodondi et al. 2009).

The samples were measured in a post-mined peatiatice Sarobetsu mire (45°06°N,
141°42°E, 7 m a.s.l.), northern Hokkaido, JapansfiNnura et al. 2009). Sphagnunpeat
was mined annually in the mire form 1970 to 2003wo DroseraspeciesD. rotundifolia
and D. anglica co-occurred in an area mined 37-39 years ago.cale of the
morphological traits of the parent species, theriayb. obovatawas likely to establish there.
The vegetation is dominated I&yarex middendorffiiFr. Schm. andSphagnum papillosum
Lindb. A 300 cm x 50 cm plot was set up in an amdeere the putative hybrid was
established. Additionally, four 300 cm x 50 cmtplevere set up in areas where the two

parental species were established.
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Measurements of morphological traits

Sampling the entird. anglica individual is prohibited in Japan. Because of ftent's
small population in the southern region, it is adangered species in Japan (Ministry of the
Environment Government of Japan 2012). The sanwpées selected in three steps in early
August 2010: (1) all fruiting individuals, whethttte seeds were fertile or sterile, in the five
plots; (2) individuals not producing flowers adjatéo the plots; and (3) putatii& obovata
individuals inside and outside the plots. All theasurements were conducteditu. First,

the leaves were counted for each sample (Fig. 1.%)nce theDrosera species often
develops rosettes, particularly in the spring ald(Koyama and Tsuyuzaki 2013), measuring
whole leaves was impractical. Thus, the longestweas chosen as the measurement for the
size of each sample. Since the leaf turnoverpgiran these three species, the first leaves to
emerge were mostly withered by the end of Juneveé®dhat became the longest usually
emerged in June. For the longest leaves, thddagth, blade length, and blade width were
measured with a ruler with 1 mm divisions. Thedelavas defined as an area that bore
tentacles. When flowers developed on the flowesiadks, the flowers was counted on each

stalk.
N (b) (c)

Number of flowers on all the stalks

Number of flowers on D. anglica D. obovata

e 3.
3 } the longest flowering X/ D. rotundifolia

Longest flowering stalks

stalk length

,v\glade width

Number of
flowering
stalks

1cm

Number of leaves

Fig. 1.1

Morphological variables measured for the clasdificaanalyses. (a) Flowering. anglice
samples established in the Sarobetsu post-minetthpea(b) Schematic illustratioaf the
nine variables measured in the fielBased on these measured variables, leaf area €
three ratios related to leaf shapere calculated. (c) Scans of dried leaf specinoétise thre

examined species collected from the study siteanol&tsu mire during June 2012.
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Species identification

All the sample individuals were identified by thestative DNA content in the leaf (Partec PA,
Partec GmbH, Minster) (Miyashita et al. 2010) antlie seed fertility (Rodondi et al. 2009).
The samples were identified before the statistralyses because complete identification is
required to evaluate identification errors. Thdiliey of the seeds was confirmed by their
firmness and solidness.

DNA content was measured for non-flowering indiats of D. rotundifolia and D.
anglica and for all individuals of putativ®. obovata Two fully foliated leaves were
separated from the shoot and were chopped in 0.2wumlei-extraction buffer (CyStain UV
precise P; Partec, Miunster). More than 5000 ogkse used for each flow cytometry
measurement. After the samples were filtered tjinoa 30pm nylon mesh, the nuclear
samples were stained with a 0.8 mL DAPI solutiomtaming 10 mmol/L Tris, 50 mM
sodium citrate, 2 mmol/L Mgg| 1% /v) PVP K-30, 0.1%\{v) Triton X-100 and 2 mg/L
DAPI (pH 7.5). After incubating the samples fomnutes at room temperature, the DNA
content was measured using flow cytometry techniquéeD. rotundifolialeaves that were
identified by their fertility and morphological ita were used for the internal standard. Two

replicates were measured for each individual.

Statistical analyses
Leaf area was calculated by assuming that the schaee an oval shape. The ratios of leaf
length to blade width, blade length to blade widltld blade length to petiole length were also
calculated. These three ratios express the slisnofethe leaves and are related to leaf shape
rather than leaf size (Tsuyuzaki 2000). Thereftinese ratios were used to quantify the
leaf’'s shape (Corney et al. 2012).

A multivariate classification of species was afpéea through CDA (James 1990). In
CDA, canonical coordinates are created to estabkglarate categories, which are equivalent
to species in this study, based on a linear functbtained by combining multivariate

variables. In this study, the CDA was based dmeeil3 (full) variables or two variables
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Table 1.1
Morphological characteristics of the three examiDeaseraspecies and the standardized canonical coeffecfentaxes | and Il of the canonical

discriminant analysis (CDA) based on 13 variableSor each species, each numeral shows the mediae with the range (minimum and

maximum). Also see Fig. 1.3.

Species CDA
Variables used for CDA D. anglica D. rotundifolia D. obovata Axis | Axis |l
Number of leaves 7 (3-18) 4 (2-11) 5 (2-25) -0.101 0.048
Leaf size (of the longest leaf)
Blade length (cm) 2.5(0.4-5.2) 1.2 (0.2-2.5) 2.1 (0.2-3.6) 2.358 -10.111
Blade width (cm) 0.4 (0.2-0.7) 0.9 (0.2-1.5) 0.6 (0.2-1.2) 7.981 6.450
Petiole length (cm) 5.2 (0.8-8.4) 4.7 (0.5-10.6) 4.5 (0.5-9.0) 1.490 -10.329
Leaf length (cm) 7.7 (1.3-12.7) 5.9 (0.7 -12.0) 6.7 (0.7 -11.8) -1.514 10.475
Leaf area (cff) 0.75 (0.06-2.09) 0.79 (0.03-2.59) 1.07 (0.03-2.83) -3.365 -4.129
Leaf shape (of the longest leaf)
Leaf length/blade width 21.0 (6.5-41.3) 6.5 (3.03)2 10.0 (3.5-21.3) -0.356 -0.221
Blade length/blade width 7.0 (2.0-13.7) 1.3 (0.8)2. 3.17 (1.0-5.0) 0.572 1.173
Blade length/petiole length 0.50 (0.21-1.22) 0.289-0.90) 0.43 (0.13-0.97) -6.764 -3.728
Flowering stalk
Longest length (cm) 9.3 (2.5-16.3) 10.3 (4.9-21.2) 10.2 (3.6-21.2) 0.074 -0.011
Number of stalks 1(0-4) 1 (0-3) 1 (0-5) 0.043 0.649
Number of flowers on all the stalks 3 (0-15) 502 3 (0-36) -0.110 -0.310
Number of flowers on the longest flowering stalk (0329) 5 (0-13) 3 (0-24) 0.222 0.415




(blade length and width) (Table 1.1). The form&ACwas applied to increase the detection
sensitivity for the species classification, and ldiéer CDA was used as a comparison to an
HBM that was developed using the same two variables

Differences in the ratio of blade length to withétween the three species were examined
with an HBM that consisted of two processes (sgepmental Data with the online version
of this article): (1) a parameter estimation bykiimg the observed data to adjust the
probability distribution with the consideration size dependence (Price et al. 2009) and (2) a
probability estimation on each individual that vedessified into the three species.

For the first process, the ratio of the blade tbrig width is derived from the ratio of the
observed blade length to the width for each samplée observed datg® andx®, for
samplei, were assumed to follow a normal distribution wit¥o expected latent variables,
blade lengthy;, and widthx,. The superscript (0) denotes the observed qiest andx;
from the measuregt® and x© were: y@~N(yi , 10%) and xO~N(x , 10%), where 1¢ is
assumed to be the variance of the measuremensgfrand x are defined ay; = L; x VR,
andx; = L/AR, whereL, is the leaf area of sampland is calculated by the geometric mean of
blade length and width, i.e(y; x x). The prior distribution of; is given byLi~N(0, 1¢f).

Rs is a function to consider the size-dependent obsunj leaf shape on specgsgiven by
meanRs) = expfiis + fos - Li +¢&is), wherefy s is the intercept on each specsasndf, sis the
coefficient quantifying the dependence of leaf sikg which is assumed to follow a
logarithmic distribution. ¢ s is an inverse-variance parameter for a randomctefbea an
individual following N(O, o5), andos represents the standard deviation of an individual
characteristics on the linear predictorRf osis assumed to follow a uniform distribution
with a mean of 0 and a variance of*10 A log link function was used to estimate the mea
of Re.

For the second process, the probability of a oisoated individuali on species, | s,
was evaluatedys expresses the appearance intensity of isomettigidtuals on speciesand
is defined ass = llbs-exp{-[ x — meanR)]%2ss}-ws, WhereRsand s have already been
estimated during the first process, ands a weight on speciesdepending on the number of
samples s for D. anglicaandD. obovataare calculated with 1 substituted feg for D.
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rotundifolia). The prior distribution ofnsis noninformative and followdN(0, 10%. gis
follows a categorical distribution and is calcuthtey s = vi /Y Vis. Based on the highest
J.s, individuali was determined to be specges

Bayesian inference with a Markov chain Monte CENMCMC) simulation was used to
estimate the parameters and the posterior disimibuiMcCarthy 2007). The posterior
samples were obtained by combining three independ@MC chains in which 200 values
were sampled at 10-step intervals after 1000 buMCMC steps. The convergence of the
MCMC calculation was confirmed for all the paramstéGelman et al. 2003). WinBUGS
1.4.3 through R2WinBUGS was used to run the HBMairsoftware package R 2.15.1
(Spiegelhalter et al. 2003; Sturtz et al. 2005; &&opment Core Team, 2012).

The relationships between leaf area and misideation on the CDA and the HBM were
examined for each species by a generalized linealeh(GLM) with a binomial distribution,

l.e., true assigned as 1 and false as 0.

1-3. Results
Species identification and morphological charact#cis
The relative abundance of DNA was measured for sE88ples consisting of 124 flowering
and 59 non-flowering individuals. The DNA contarinfirmed that all of the individuals
were & = 20, 30 or 40 (Fig. 1.2). The flow cytometry miiéed 26 samples a®.
rotundifolia, 68 asD. anglica and 89 a®. obovata Of the 59 non-flowering individuals, 27,
3, and 29 wer®. anglicg D. rotundifolia, andD. obovata respectively. All the flowering
D. obovataindividuals that were identified by their DNA cent produced sterile seeds,
while D. rotundifolia andD. anglicaproduced fertile seeds. Therefore, seed fertiliag a
perfect criterion for identification. Additionally321 D. anglica and 285D. rotundifolia
individuals were identified by their seed fertilityTherefore, 38®. anglica 89D. obovata
and 311D. rotundifolia, 789 in total, were used for the classificatioalgses (Table 1.2).

All the indexes on leaf size, except the leaf apéd. obovata were intermediate
between the two parental species (Table 1.1). |@éakarea was larger for the hybrid,
obovata than for the two parental species. Since thdeblangth ofD. obovatawas closer
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to that ofD. anglicathan to that oD. rotundifolia the leaves oD. obovatabecame large.
The leaf shapes @. obovata expressed by the three ratios, were also inteatetetween
those of the two parental species. On floweriagkst the stalk lengths did not greatly differ
between the three species. When the floweringsstaere developed, the number of stalks
was usually one and less than five for all the gse®rosera rotundifoliaproduced more

flowers than didD. anglicaandD. obovata

300
A _ _

- 250 — P Species  Fluorescence intencity CV
% D. rotundifolia 48.59 2.57
é’ 200 D. anglica 94.70 2.38
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5 150
Ke)
g 100 —+ D. anglica
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0 s \ \ \ \ I \
0 50 100 150 200 250 300 350 400 450 500
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B _ _

250 — Species  Fluorescence intencity CV
E) D. rotundifolia 49.85 5.52
é 200 D. obovata 7267 4.47
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Fluorescence intensity
Fig. 1.2
The relative fluorescence intensity of nuclei isetafrom the leaves drosera anglica(2n =
40) (A) andD. obovata(2n = 30) (B) withD. rotundifoliaused as the internal standard €
20).
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Table 1.2

The species identification accuracies for the tidaeseraspecies examined by tleanonice
discriminant analysis (CDA) based on all the meaddeaf and flowecharacteristics (all
the CDA based on blade length and width (leaf) taedhierarchicaBayesian model (HBN
based on blade length and width. Numerals inditeeumber of samplesstimated by ea
of the three models. The identification errors (&g shown in parentheseslThe tota

number of samples is 789.

Estimated
Model Correct D. anglica D. rotundifolia D. obovata Total
CDA
All D. anglica 369 0 20 389 (5.1)
D. rotundifolia 0 304 7 311 (2.3)
D. obovata 6 6 77 89 (13.5)
Leaf D. anglica 376 0 13 389 (3.3)
D. rotundifolia 0 301 10 311 (3.2)
D. obovata 14 12 63 89 (29.2)
HBM D. anglica 375 0 14 389 (3.5)
D. rotundifolia 0 308 3 311 (1.0)
D. obovata 11 9 69 89 (22.5)

Multivariate classification on three species

Using all 13 variables obtained from the leaves #hoders, the CDA clustered the samples
into three groups (Fig. 1.3(a)). The contributrates were 95.4% for the first axis and 4.6%
for the second axis, indicating that the first aggplained most of the variation. The scores
of the three species were arranged along canoaigsl|, indicating that these three species
were distinguished primarily by variables relatedakis I. The two parental species were
positioned on opposite sides on axis |, and theitiyas located between the two parents,
indicating that the overall characteristics [@f obovatawere intermediate between the two
parental species.
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Three leaf size indexes (blade length, width, areh) and a shape index (ratio of blade
length to petiole length) were strongly correlateth canonical axis | (Table 1.1). The
other two size indexes, petiole length and leafylenwere also correlated with axis I.
Along with axis 1, these six indexes were corralavgth axis 1. Flowering indexes were
more strongly correlated with axes | and Il thathweaf size and shape, indicating that the
leaves were mostly identified by their charactersst

The overall identification error was 4.9% for t&G®A based on all 13 morphological
traits. Although the identification error was sirfal D. rotundifoliaandD. anglica 2-6%,
when all morphological characteristics were usethéxCDA, the identification error reached
13.5% forD. obovata(Table 1.2). Misidentification occurred more ofteith small leaves
of D. anglica and D. rotundifolia (GLM, df = 387 and 309, z = 3.8 and 4R,< 0.01),
indicating that the errors were size dependent.r CF@bovata however, the errors were not

size dependent (GLM, df = 87, z = O8> 0.01).

Classification by blade length and width
When the CDA was based on two leaf variables, bleagth and width, the species
classification became difficult (Fig. 1.3(b)). Thbeerall identification error increased from
4.9%, for the CDA based on 13 morphological trais;.2%, for the CDA based on two leaf
traits (Table 1.2). The identification error inased from 2.3% to 3.2% fd@. rotundifolia
and from 13.5% to 29.2% f@. obovata while the error foD. anglicadecreased from 5.1%
to 3.3%. These results indicate that the CDA wedfeéctive when utilizing only a few
variables and that CDA thus requires a number oalikes to reduce the classification errors.
The misidentifiedD. anglicaandD. rotundifolia samples were classified Bs obovata and
vice versa

The intercept of the ratio in the HBN,, for D. obovatawas intermediate between those
for D. anglicaandD. rotundifolia (Table 1.3). (., in the HBM, was positive for all three
species, demonstrating that the ratio of bladetkertg width changed non-linearly with
changes in the leaf area (Fig.1.4). High standldations and credible intervals for.
obovataindicated that the hybrid had more variable I¢aipe than the two parental species.
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The HBM based on two variablémd a 4.7% overall-identification error, which was
0.2% lower than the CDA based on 13 variables €hRB). In the HBM, the relationship
between leaf area and misidentification was natigant for D. rotundifoliaandD. obovata
(GLM, df = 309 and 87, z = 0 and -OR,> 0.01), whereas it was significant for anglica
(GLM, df = 387, z = 4.2P < 0.01). Therefore, the size-dependent errobDfoobovatawas

removed by the HBM, but the error fOr anglicawas not.
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Canonical axis  (95.4%) Canonical axis  (99.9%)

Fig. 1.3

The scores of individual samples of the three erathispeciesprosera anglica(o), D.
obovata(A) andD. rotundifolia (¢0), obtained by canonical discriminant analysis (G
the first two canonical axes.The contribution percentage for each axis is shawthe
parentheses. The CDA results were examined acapidi (a) 13 morphologicalariable:

and (b) two variables—blade width and length—fa@ three examined species.
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Table 1.3
Mean, standard deviation (SD) and 95% crediblenmate(lower and upper limits) of t

posterior distributions of the two parametefs (intercept) ands, (slope), for each species

obtained with the hierarchical Bayesian model.

Parameter Species Mean SD 2.5% 97.5%
2 D. anglica 1.923 0.014 1.895 1.950
D. rotundifolia 0.260 0.011 0.238 0.282
D. obovata 1.041 0.030 0.985 1.098
5 D. anglica 0.584 0.052 0.482 0.685
D. rotundifolia 0.383 0.040 0.306 0.460
D. obovata 0.447 0.075 0.311 0.595
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Fig. 1.4

Relationships between blade width and length fa three examined specieByosere
anglica (o), D. obovata(A), and D. rotundifolia (), investigated by thehierarchice
Bayesian model (HBM). Solid, dashed-dotted anderipted lines indicate tr
relationships between blade length and leafXoanglicg D. obovataandD. rotundifolia as
estimated by the HBM. The shaded areas that d¢bedines express 95% credible inten

on the respective species.
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1-4. Discussion

The identification efficiency was higher with thé&M based on two leaf variables—the blade
length and width of the largest leaf on an indiedathan for the CDA based on 13 variables
from leaves and flowers. The higher identificatiificiency resulted from the improved
identification efficiency for small leaves and tlwtroduction of non-linear equations.
Multivariate analyses, including CDA, are powerfidols to differentiate groups when
numerous variables are being considered, even thdobgse analyses are derived from
unreliable assumptions, i.e., linearity, normalignd/or homoscedasticity (James 1990;
Borcard et al. 2011). However, these functions raot interpreted by biological factors,
except for their applications in quantitative gergetand in classification (Mitteroecker and
Bookstein 2011). Identification errors when usihg CDA occurred with smaller leaves for
two of the three examined species, indicating siw dependency and shape variation should
be considered (James 1990; Mitteroecker and Book&@ll). However, these errors
cannot be removed when using a CDA because ofsthamptions in the analysis.

Drosera obovatahad intermediate values for most of the morphaialgiraits between
the parental species, except it had a larger keaf than the parents. The enlargement of the
leaves was considered to be a transgressive taitriing in hybrids (Schwarzbach et al.
2001). Such transgressive traits increase theapibity of emigration and establishment to
new habitats (Rieseberg and Willis 2007), althotighsuccess of establishment depends on
other circumstances. In additio. obovatais absolutely infertile. Therefore, the
transgression is less conducive to population gataent, owing to the incompatibilities.
Since the HBM in this study was developed with teaf-size variables, blade length and
width, the transgressive traits of leaf sizes veeferethought.

The leaves of all the examinBuoseraspecies showed a non-linear relationship between
blade length and width. Leaf shapes often chanitfe size or age in a species, egalix
viminalis (Verwijst and Wen 1996)Pteris mutilata (Tsuyuzaki 2000), an@Quercus rubra
(Zwieniecki et al. 2004). For these three spedlesratio of blade length to width increases
as the leaf size or age increase. Heteroblasangds in leaf shapes can be considered
(Kerstetter and Poethig 1998) in the present HBRhénological assessments are performed,
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although the ages of th®rosera were not determined. Considering the non-linear
relationship between blade length and width andrieasurement errors, the HBM succeeded
in removing size-dependent errors far obovata which was the most difficult species to
identify.

The HBM is likely to have broad application in plataxonomy, ecology, and
conservation. Numerous morphological traits hagenbmeasured to identify interspecific
hybrids that show the intermediate morphologicalitdr of the parental species, such as
Carpobrotus(Aizoaceae) (Albert et al. 1997Quercus(Fagaceae) (Neophytou et al. 2011),
and RoscoedZingiberaceae) (Du et al. 2012). The HBM mayabée to identify not only
interspecific hybrids but also intraspecific vavas, including cultivars (Dornbusch et al.
2011), because of its high versatility (McCarthp2p

Currently, non-destructive measurement is higligh for repeated monitoring
(Tackenberg 2007; Wang and Zhang 2012). For exammpbn-destructive, long-term
monitoring is required to detect morphological ayes) including leaf size and shape,
resulting from global climate change (Royer et28l08). Even though only two variables,
blade length and width, were used in the HBM is 8tudy, the overall identification error of
the HBM was equal to or lower than the error of (BBA. These results suggest that
non-destructive, convenient measurements, combiwgd an HBM, are possible for
long-term monitoring of various species. Rare andhdangered species generally develop
small populations in restricted regions. In Jamaclassic example of such a species is the
endangered specid3. anglica for which identification is particularly difficulwhen the
hybrid, D. obovata co-exists. This method using the HBM should beful for monitoring
the population dynamics of rare species. The ptestudy provides convenient and
non-destructive techniques to classify groups ligoducing non-linear relationships and the

errors of variables into the model.
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Chapter 2. Sexual and vegetative reproduction and their population size on

sympatric congeners, Drosera anglica and D. rotundifolia

2-1. Introduction

Differences in reproductive strategies may explabitat differentiation between congeners
(Grime 2001), and are related to population sizes distributions (Espeland and Emam
2011). For example, short-distance seed disparsdlor high clonal growth lead a narrow
distributional range, andce versaWalck et al. 2001; Murray et al. 2002; Burne le2@03).
Drosera anglicaHuds. originates from hybridization betweén rotundifolia L. and D.
linearis Goldie (Rivadavia et al. 2003). This speciesrofstablishes witld. rotundifolia

on nutrient-poor wetlands in boreal regions (Wolake 2006). These two species reproduce
by seeds and daughters (sexual and vegetativedwggion). These two species separate
their habitats in ombrotrophic bogs: anglicais established at higher water level tHan
rotundifolia (Nordbakken 1996; Nordbakken et al. 2004).

The aims of this study were firstly to detect thierences of the tw®roseraspecies in
the sexual and vegetative reproduction, and segdondtlarify the relationship between the
population dynamics, examined by recruitment, saviand growth, and reproductive
characteristics. | hypothesized titatanglicautilized vegetative reproduction more than

rotundifolia, because the established habitats often have ationd.

2-2. Materialsand Methods

Study sites and plant materials

The field survey was conducted in a post-mined lgedtin Sarobetsu Mire (45°06'N,
141°42°E, 7 m a.s.l.), northern Hokkaido, JapanemghtheSphagnumpeat was annually
mined from 1970 to 2003 (Nishimura et al. 2009rosera anglicaand D. rotundifolia
establish in an area mined 37-39 years before. vdgetation is dominated b§arex
middendorffii Fr. Schm. andSphagnum papillosuntindb. In the surveyed years of
2009-2012, the mean annual temperature was 6.3d@aan annual precipitation was 1,056

mm (Japan Meteorological Agency 2012).
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D. anglicais diploid of 21 = 40, wherea®. rotundifoliais of 2nh = 20 (Crowder et al.
1990). These two species perform sexual and vidgetaeproduction. The sexual
reproduction is performed on scapes with a few laphmoditic flowers of which pollination
is self-compatible (Wolf et al. 2006). The vege&treproduction is conducted by

producing daughters, i.e., new ramets.

Sexual and vegetative reproduction
Five 300 cm x 40 cm permanent plots were estaldlishean area where the twdrosera
species co-occurred. The census was conductedl&tenduly to early August during 2009
and 2011. The locations of all shoots were matkgtumbered tags when the plots were
established. At every census, the leaf lengtthefiongest leaf on each shoot was measured
by a ruler with 1 mm divisions. When seedlings aagighters recruited, the location and
leaf length were recorded. The death was recondesh withered or disappeared. Based
on the data, the recruitment and mortality werewated at one year intervals from the
preceding year to the early spring of the preseair,ybecause a number of seedlings died
during overwintering owing to melting snow (Koyauad Tsuyuzaki 2013).

The leaf length was a surrogate for the shoot nesmuse the length was highly
correlated to dry mass®€0.80,n = 105). The shoots were harvested from the ceisidhe
monitoring plots. The numbers of flowers and ddeghwere counted on each shoot in

mid-summers. The longevity of each flower on theemes did not exceed 2 days.

Leaf phenology

The leaf phenology of two species was recordedyetveee weeks from early June to middle
September in 2012. On the outside of permaners,pR® and 23 shoots were randomly
labeled onD. anglicaand ofD. rotundifoliain June 3 2012, respectively. Additionally, 15
shoots ofD. rotundifolia were randomly marked in June 24 2012. The totmhlvers of
shoots for analyses were 26 Bnanglicaand 36 orD. rotundifoliabecause of the mammals
attack or withering. At every survey, numbers efues, flowers and daughters were
counted. The leaf length, blade length and ledthwivere measured on all the leaves. The
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total leaf area on each shoot was calculated freadeblength and width by the equations
obtained by 34 and 40 leaves®f anglicaandD. rotundifolia, respectively. The leaf area
was measured by a flatbed scanner (CanoScan LIDE3@0 dpi) with Image-J image
software (Rasband 2011). The leaf areas were atstifrbye?-11*0-91l0g(blade length x leaf width x
02%) (r = 0.94, significant aP < 0.001) orD. anglicaande%47*0- * log(blade length x feaf width x 625

on D. rotundifolia(r = 0.92, significant aP < 0.001).

Statistical analysis

Generalized linear mixed-effects model (GLMM) wilie assumption of Poisson distribution
was used to investigate the determinants on nuwitidswers or daughters. The lengths of
longest leaf after log-transformation, species #m&ir interaction were explanatory variables
in the models and individual shoot was the rand@iece To detect the determinants on the
numbers of seeds and daughters, GLMM was used thi¢gh assumption of Poisson
distribution. The numbers of flowers, species dhdir interaction were explanatory
variables and individual code was the random effeétkaike’s Information Criteria (AIC)
were used to select the best models of the GLMMs.

The determinants on number of daughters was agdly®y Poisson hurdle models,
because of the excesses zero counts. Hurdle nuahsists of two sub-models: (1) a
binomial model for the binomial distribution of dghers or flowers, and (2) a count model
for the numbers, conditioned after the binomial elodZeileis et al. 2008). The
log-transformed lengths of longest leaf, numbefl@fvers, species, observed year and the
interaction between leaf length and observed yeaewexplanatory variables. The sample
code was used for the random effect.

The relationships between reproduction and surwikeae examined by GLMM with a
binomial distribution. Plant size, number of flaweand number of daughters were
explanatory variables, and the sample code wamatidom effect. The effects of sexual and
vegetative reproduction on the relative growth rateach year were evaluated by GLM with
Gaussian distribution. Relative growth rate isresped by: lod(, /L;), wherelL,, and L.

indicate leaf lengths in the next and current yeaespectively. Number of flowers or
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daughters was used as explanatory variables. h&llanalyses were conducted with the

statistical package R (ver.2.15.1) (R FoundatiorStatistical Computing, Vienna, 2012).

2-3. Results

Shoot phenology

In total, 2286D. anglicaand 2657D. rotundifolia shoots were investigated in the five plots
during the three surveyed years (Table 2.1). Tha& humbers of shoots were highest in
2010 on both species. @nh anglicg 559 seedlings and 125 daughters recruited to,2009
respectively, and 281 and 121 to 2011. [@rmotundifolia 728 seedlings and 23 daughters
recruited to 2009 and 396 and 34 to 2010. The lisgsd contributed greatly to the
mortalities on both species, i.e., 218 and 383 diedD. anglicato 2009 and to 2010,
respectively, and 97 and 491 died Dnrotundifoliato 2009 and to 2010. Non-seedlings
survived well, i.e., the mortalities dh anglicawere 66 in 2010 and 236 to 2011 and these on
D. rotundifolia were 84 to 2010 and 374 to 2011. Therefore, thmbers of shoots
fluctuated annually due mostly to the seedlinguierent and morality.

The flowering percentages annually fluctuated mtythe three surveyed years, ranging
from 8.7% to 20.1% orD. anglica and from 6.8% to 27.0% ob. rotundifolia The
production of daughters per year was more than 28%. anglicafor the three years, and
less than 1.3% oD. rotundifolia

The durations of flowering were four to six weets both species (Fig. 2.1)D.
anglica flowered two to four weeks earlier th@ rotundifolia in all the examined years.
Therefore, the flowering periods of these two speevere overlapped for a few weeks. The
productions of dormant buds that formed daughtegab after flowering on the two species.

The seasonal changes in total leaf area on shes¢snbled between the two species in
2012. The total leaf area gradually increased fdame to July on both species, peaked in
mid-July, and then decreased, i.e., defoliated.(Ei@). Therefore, the peak of leaf area
synchronized with flowering period ob. anglicg while it preceded flowering om.
rotundifolia.  Shoots producing daughters were larger thantshwoducing flowers on the

two species at the peak of total leaf area (GEM0.05). Shoots without any flowers and
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daughters were smallest.
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Table 2.1

The yearly fluctuations of number of shoots@nanglicaandD. rotundifoliain the five 300 cm x 40 cm plots from 2009 to 2@iztelation to

reproduction.

Species D. anglica D. rotundifolia

Year 2009 2010 2011 2009 2010 2011
Non-reproductive 461 (67.1%) 1073 (77.0%) 11146%4) 353 (69.1%) 1600 (87.2%) 1442 (91.6%)
Sexually reproductive 138 (20.1%) 216 (15.5%) 18.3%) 138 (27.0%) 204 (11.1%) 107 (6.8%)
Vegetatively reproductive 25 (3.6%) 40 (2.9%) 61%4) 6 (1.2%) 22 (1.2%) 20 (1.3%)
Sexually and vegetatively reproductive 63 (9.2%) (85%) 27 (2.1%) 14 (2.7%) 8 (0.4%) 6 (0.4%)
Total 687 1394 1317 511 1834 1575




Year

Total leaf area (cm?2)

2008 | @ = A
2009 | A A
2010 | A_
A
2012 | A
Fig.2.1

Phenology of flowering, dormant bud, and leaf ameahe two examineBroseraspeciespD.
anglica and D. rotundifolia (a) The productions of flowers and dormant budhjch
potentially became daughte from 2008 to 2012 except in 2011. hd black and grey lin
indicate flowering periods om. anglica and D. rotundifolia respectively The firs
observations of daughters in each year are showeldsed triangles ob. anglicaand b
open triangles oM. rotundifolia (b) Temporal changes in total leaf area on shawis
June 3 to September 16 in 2012 @nanglica (circles) andD. rotundifolia (triangles), witl

reference to producing daughters (grey symbole\dts (solid) and no daughters ¢
flowers (open). Means (symbols) are shown withddad deviations (error bars).
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Sexual and vegetative reproduction
Increases in the number of flowers on shoots wepementially with increases in number of
flowers on the two species, and the regressioneslogs steeper oD. rotundifolia thanD.
anglica(Fig. 2.2). However, the relationships betweembers of flowers and seeds did not
differ between the two species. Therefore, thel ggeduction per shoot was lower tn
anglicathan onD. rotundifolia, because of differences in number of flowers betwiem.
GLMM selected two exponential lines on relatiopshetween numbers of flowers and
daughters (Fig. 2.2). The increments of daughteme sharp o. anglica The sexual
and vegetative reproduction on the two species wesdéively related to the shoot sizes, i.e.,
numbers of flowers and daughters increased witheasing the maximum leaf length
(GLMM, P < 0.05), independent of species. The leaves ofluar-producing shoots were
longer onD. anglica(range: 0.7-13.0 cm, 7.3 £ 2.4 cm) than@rrotundifolia(0.8-10.5 cm,
5.4 +2.4cm).
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Relationships between maximum leaf length and nundbdlowers (a) or daughters (b), and between
numbers of flowers and seeds in 2008 (c) or dauglme2009-2011 (d) obrosera anglica(filled circles)
and D. rotundifolia (open triangles) examined by GLMM. (a) Two expdi@@nlines explain the
relationships: log = exp(-5.13 +2.32lag on D. anglica (solid line), loy = exp(-5.16 +3.10lcg on D.
rotundifolia (interrupted line). (b) Two exponential lines exdpl the relationships: lgg= exp(-4.29
+1.26log) on D. anglica (solid line), loy = exp(-5.41 +1.43log on D. rotundifolia (interrupted line).
Here, x indicates leaf length, and y indicates numberl@ivérs in (a) and number of daughter in (b).
Color strengths become darker when more shootdapvéine values. (c) An exponential line, yog
exp(-3.80 +1.11log), mostly explains the relationships. (d) Six exguatial lines explain the relationships
that mean the relationships differ between speares between years.D. anglica (black lines) andD.
rotundifolia (grey lines) are: log = exp(-3.16 +0.36lag and logy = exp(-4.40 -0.15lag in 2009
(interrupted lines), log= exp(-3.72 +0.36log and logy = exp(-4.56 -0.15lag in 2010 (solid lines) and
logy = exp(-3.62 +0.36lag and loy = exp(-4.86 -0.15lag in 2011 (dotted lines),whepeandy are the

number of flowers and the number of daughters easgely.
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Daughter production

The numbers of daughters on the respective speasge not explained by leaf length,

number of flowers and year (count model in Tab®),2vhile the presences of daughters on

increased with increasing leaf length (zero-hurdbedel).

These indicated that the

formation of daughters was determined by shootssae both the species, although the

number of daughters was independently determinethdiy sizes.

The number of flowers

was positively correlated to the formation of daegs onD. anglica and was not om.

rotundifolia. These indicated that the production of daughtiges synchronized with

flowers only onD. anglica

Table 2.2

Parameter estimated by hurdle models that predicitber of daughters db. anglicaandD.

rotundifolia respectively. ***: significantly different a® < 0.001, **P <0.01, *:P <0.05, an

NS. non-significant. x: interaction.

D. anglica D. rotundifolia
Estimate Count Zero-hurdle Count Zero-hurdle

Intercept -1.2%°5 3587 2,75V .7.02™
Leaf length 0.3%° 1.00™ 0.88"° 2.50"

Number of flowers 0.0%S 0.217 -0.03%  -0.01NS
year 2010 7% c1aNs -4.91N3 1.80M°
year 2011 2285 .0.47M° -9.72NS 2.05"S
Leaf length x year 2010 0.65 0.37M% 2.47NS -1.16M°
Leaf length x year 2011 0.46 0.06"° -3.66"°  -1.19M°

32



Survival and growth rate

Larger shoots survived more on both species foitlinee years (Table 2.3). However, the
shoots died more after flowered, except to 201Morotundifolia D. anglicashowed high
survival when the shoots produced daughters to.20E@wering individuals died more than
non-flowering ones on the two species, while anglica survived more after producing
daughters.

The leaf lengths, surrogate for shoot size, ontife species were not adopted in the
GLM models of growth rates (Table 2.3), indicatthgt the growth rates were not dependent
on shoot sizes. The growth rates on both spedisged in the next years of flowering.
The production of flowers, i.e., sexual reproductidecreased the growth rates on the two

species, while the production of daughters didafigct the rates.

Table 2.3
The effects of sexual and vegetative reproductiorthe survival and growth dd. anglice

andD. rotundifolia, examined by GLM on growth and GLMM on survivalSignificanceis
determined by scores on GLM and h¥ scores on GLMM. ***: significantly different &
<0.001,*P<0.01,and P < 0.05. -:the variables are discarded by AIC.

Species D. anglica D. rotundifolia
Coefficient 2009-10  2010-11 2009-10 2010-11
Survival
Intercept -13.40° -0.58" -0.47" -0.437
Leaf length in the previous year 6.76 0.26" 0.33" 0.317
Flower -2.26 -0.16 - -0.117
Daughter 18.45 9.58"S 1.35%S 10.36"S
Growth
Intercept 0.3T 0.16" 0.317 0.07
Flower -0.08" -0.06" -0.08” -0.06"
Daughter - - -0.27%° -
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2-4. Discussion

Size-dependent reproduction

Both sexual and vegetative reproduction was sipewai@ent on the twbroseraspecies, i.e.,
numbers of flowers and daughters increased witheasing shoot sizes. Shoot sizes often
determine the productivities of flowers and daughten perennial herbs, due to resource
limitation or allocation (Worley and Harder 1996gWer et al. 2009).

Larger shoots produced more daughters on the peoies. The size dependency was
more conspicuous on daughter production than omeflgroduction. Since the production
of dormant buds for producing daughters followeel pihoduction of flowers, the production
of daughters required plenty of resources. Lalgmts afford the production of daughters,
because they store nutrient resources in the ddrimais before defoliation (Wolf et al. 2006;
Ott and Hartnett 2011). The production of dormants has not been reported frdn
anglicaandD. rotundifoliaon a bog in southeast Norway (Nordbakken et @4p@nd from
D. rotundifoliain a German silting-up bog (Tumm 1988). The shantthese two regions
are smaller than in Sarobetsu mire. Probably lscthe shoots required resources more for
producing daughters than for flowerD, anglica that was larger thami. rotundifolia

produced more daughters.

Effects of reproduction on growth and survival
The two species slowed their growths when they yced flowers, suggesting that the cost of
flower production was compensated by reducing slgootvth. The trade-off between the
productions of sexual reproduction and shoot groeften occurs when the resources are
limited for perennial herbs (Karlsson and Ménde®3)0 However, such relationship was
not observed between shoot growth and daughtemuptioth. Since resources for daughter
production was allocated the previous years, as sePinguicula vulgarisL. (Worley and
Harder 1996), the growth rate in the current yeaes not affected by the daughter
production.

Flower-produced. anglica decreased the survival more thBn rotundifolia while

daughter-produced. anglicaincreased the survival. The flower productionrdased not
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only the growth rates but also survivals, probabécause of high allocation to flowers
(Karlsson et al. 1990; Aragon et al. 2009). BeeasBoots had to be large to produce
daughters in the previous years, the survival wgs bnD. anglicadaughter production in
the current years. These results also suggesthbdobngevities oDroseraspp. are short,
although plant longevity remains unclear for clopalennial plants (de Witte and Stocklin

2010).

Roles in the production of daughters
There are two strategies on reproduction for peatnplants; one is escape by sexual
reproduction and another is anchor by vegetatipeodriction (Kirkman and Sharitz 1994).
A perennial forb,Ranunculus reptans., prefers sexual reproduction to escape from the
unfavorable habitats (van Kleunen et al. 2002). rotundifoliaseemed to apply this strategy.
Mentha aquaticL. and Epilobium hirsutumL. produce tough shoots in inundated habitats
soon after snow-melt to anchor there (Lenssen.e2Cfl0). D. anglica seemed to utilize
vegetative reproduction more thdd. rotundifolia to maintain the populations in such
inundated habitats.

Reproductive strategies are related to the digiohs and sizes of plant populations
(Espeland and Emam 2011). In conclusibn rotundifolia was broadly distributed by the
dispersal of seeds in Sarobetsu mire (Nishimued. &009) and others (Thum 1988), whereas

D. anglicawas not due to short-distance migration of daughaed small number of seeds.
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Chapter 3. Differences in microhabitat selections between Drosera anglica

and D. rotundifoliain a post-mined peatland

3-1. Introduction

Although phylogenetically-closed species resembégr tecological traits, they separate their
habitat niches (Silvertown 2004).Drosera anglicaHudson andD. rotundifolia L. are
carnivorous plants establishing @phagnumbogs in the circum-boreal regions of the
Northern Hemisphere (Crowder et al. 1990), and lapethe global distributional ranges
(Hulten 1968; Crowder et al. 1990)D. anglicapopulations are declining in various regions
owing to habitat loss (Kapfer et al 2011), whiderotundifolia is widespread (Wolf et al.
2006). Because of the small populatiobBs, anglica has been assigned as a vulnerable
species in Japan (Ministry of the Environment Gowsnt of Japan 2012).D. anglica
originates from the hybridized amphiploidy betweén rotundifolia and D. linearis
(Rivadavia et al. 2003). Therefore, the compassohecological traits between these two
species were expected to clarify the determinamtheir population sizes.

At habitat scale, these twidrosera species separate their habitats by water level.
anglica favors high water level, including open water, /. rotundifolia inhabits at high
and low water level (Nordbakken 1996; Nordbakken agt 2004). Although seed
germination and seedling survival are tightly retato the habitat preference and distribution
patterns (Poorter 2007; ten Brink et al. 2013),dhfe sites for seed germination often differ
from these of seedling growth (Dalling et al. 20&tiksson 2002). Seed germination rates
are often determined by water level in wetlandsd@e2010). Seedling growth is restricted
by stresses, such as drought and inundation (Caagsran der Velde 1995; Anderson et al.
2009). Therefore, the stages of seeds and sesdnregocused in relation to water level.

The habitat preferences of plants in wetlandsdatermined not only by water level but
also by interspecific interaction, including liggndd nutrient acquisition (McGraw and Chapin
1989; Nordbakken 1996; Keddy et al. 1998%phagnunmats support the establishment of
vascular plants through increasing moisture anttlig ombrotrophic bogs (Fenton and
Bergeron 2006), but enhance nutrient competitiomvéen Sphagnummosses and vascular

36



plants (Heijmans et al. 2002; Malmer et al. 2003)hese indicate that the influence of
Sphagnunmat on vascular plants differs between habitadskestween wetlands. Therefore,
Sphagnunmat should have an important role on the habittdrdntiation.

Sphagnunmats develop heterogeneous habitats induced hytopographical diversity
represented by hollow-hummock or bulte-schlenke plern at wetland scale (Gore 1983).
Hummock is covered with vascular plants while hwelldevelops less vegetation (Charman
2002). Therefore, 1 hypothesized th&phagnum mat directly differentiated the
establishment sites betwe@&n anglica and D. rotundifolia and the resultant factors were
related indirectly to the differentiations. To exae the hypothesis, the recruitment and
survival of twoDroseraspecies were monitored for three years, and exjpeeitally examined

the effects of water level, shade and habitat erstirvival and growth of seedlings.

3-2. Materialsand Methods

Study site

The field census was conducted in a post-minedlgehtin Sarobetsu mire (45°06’N,
141°42’E, 7 m elevation), northern Hokkaido, Japaklean annual temperature was 6.4°C at
Toyotomi Town, six km far from the surveyed siteyridg 2008 and 2011, and annual
precipitation was 962.4 mm (JMA 2012). The origineeatland is predominated by
Sphagnunmosses represented By papillosumLindb. (Nishimura et al. 2009). Common
vascular plants ar&cheuchzeria palustris., Rhynchospora albdL.) Vahl, Vaccinium
oxycoccusL. and Carex middendorffiiFr.Schm., although their cover was low. The

Sphagnunpeat was annually mined in the peatland from 1872003.

Field census

Two Droseraspeciesp. rotundifoliaandD. anglica established on the peatland mined 37-39
years before (Hoyo and Tsuyuzaki 2013). Five 3®0xc40 cm plots, each of which was
divided into 30 20 cm x 20 cm cells, were set umnarea where the twdroseraspecies
established. Elevation was measured at the fourec® of each cell on November 20 2010,
a few days after rainfall. Level lines were sethypnylon strings stretched along the two
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long sides on each plot. The distances betweelngmand ground surface and between the
lines and water surface were measured at eaclofjddlls. The elevation from the ground
surfaces was calculated by the differences betweerwater surface and ground surface.
The water surface was treated as 0 cm in heighlhe €levation in each cell was calculated
by the mean of the four corners on each cell.

Three categories of growth stages were assignezholm shoot: seedling, daughter, and
non-seedling. Seedling is defined as an annuadtsldaughter is as a ramet produced by
vegetative reproduction, and non-seedling is asedlgg aged over two years. The location,
length of the largest leaf and numbers of leaveksdarflowers on each shoot were censused
from late July to early August for three years dgri2009 and 2011. Leaf length was
measured with a ruler at 1 mm divisions. The vati@t in each cell was recorded based on

Braun-Blanquet class (Braun-Blanquet 1964).

Seedling transplantation

The seeds used for seed transplantation experimemesrandomly collected from more than
30 individuals on each species in the wetland duAngust and September in the previous
years of experiments. The seeds were air-driggaper bags for five days, and then were
stored at 3°C in an incubator until use. The seascold-stratified in petri dishes placed in
an incubator at 5/1°C (12hr/12hr) for eight weak®iteak down seed dormancy (Baskin et al.

2001), and then they were germinated in an inculzt®5/15°C for five weeks.

Effects of water level on seedling survival andwgio

The effects of water level on seedling survival gnalvth were experimentally examined in a
greenhouse. Twenty-four plastic pots (12 cm inmgiger and 10 cm in depth) were filled in
peat moss and then placed into each of four plastitainers (42 cm x 31 cm in surface area,
and 16 cm in depth). The water level was adjubteldoles drilled on the sides of containers
at 1, 3, 5 or 9 cm deep. Water was supplied binldprg water 10 times every day. A
hundred seedlings were grown in each pot in eadgust 2009. The survival of seedlings
was monitored weekly under sunlight at 20-32°C. taMaontent in peat moss was measured
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by a time domain reflectometry (TDR) (Hydrosensempbell Scientific, Logan) with a
12-cm probe inserted vertically to the peat. Adkedlings were grown for 63 days, were
dried in an oven at 7Q for 48 hours, and weighed. Three replicationsewsesed in each

treatment.

Effects of shade on seedling recruitment and growth

The effects of shade on seedling recruitment andwifr were investigated by a
factorial-designed seed-sowing experiment in ama anened in 1972. Three intensities of
shade were: 30% reduced by single a white sheeb@&i by a single black net, and 70% by
a doubled black net. A hundred seeds were sowmeéath degradable pot (100 Tin
surface area x 7.5 cm in depth) filled wiphagnunpeat on each species. The seeds were
buried in the field on June 15 2011, and monitarexhthly until September 10 2011. Six
replicates were prepared on each shade treatmeeadh species. Two pots were not used
for analysis due to trampling. Light intensity waseasured on a pot selected in each
treatment at 1 hour intervals from June 15 to Sepex 10 in 2012 by an automatic data
logger (HOBO, UA-002-XX, Onset Computer Corporati®ourne, MA). The seedlings
were excavated 87 days after the transplantatideg éh an oven at 70°C for 48 hours, and

weighed.

The effects of habitats on seedling establishment

Three habitats were selected for seed-sowing axpet, baregroundSphagnunmat, and
waterlogged surface, to confirm the habitat prefees. The distances were 30 m between
bareground an@&phagnummat, and 200 m between bareground and waterloggddce.
Three 100 cm x 30 cm plots were established in babitat in late June 2010. Adrosera
shoots were clipped out prior to the experiment. total of 1000 seeds were sown to each
plot. The seedlings of which maximum leaves weernthan 3 mm were used for the
analysis of seedling survival and growth, becausth® accurate identification (Hoyo and
Tsuyuzaki 2013).

To compare the growth and survival of seedlingseanh species between habitats, a
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hundred seeds were sown to each of 10 plastic @ips in diameter and 12 cm in height),

and the cups were buried into 3 cm deep in eachidtadln 3 July 2010. Ten blank cups

were also set up for the control in each habit@®n July 30 2010 when most seeds
completed the germination, | pulled up the cupgftdly and set 8.5 x 8.5 cm wire frames to

mark the locations. The seedlings were monitoredthly from July to September 2010

and on mid-summers in 2011 and 2012. The lengtliseolongest leaf on each individual

were measured in the late July of 2011 and 2012e Seedlings were excavated on July 25
2012, and the biomass was weighed after dryingiov@n at 60°C for 48 hours.

Volumetric water content was measured in July @adober 2010 by using a TDR
(Hydrosense, Campbell Scientific, Logan). Lighemsity was measured at the three points
of the ground surface in each plot at 1 hour irgkrvfrom June 2010 to July 2012 by
automatic data loggers (HOBO, UA-002-XX, Onset Catep Corporation, Bourne, MA).
When the sensors were inundated or covered witr,lithe data was not used. The light
intensity was converted to photosynthetic photom flensity (PPFD) by comparing between
the light intensity and PPFD measured by a senst@abkshed on a bareground (HOBO,
S-LIA-MO003).

Statistical analysis
Hierarchical Bayesian models (HBMs) estimated thieicninants on density, recruitment and
survival on the two species. The parameters of ldBMre estimated with a Markov chain
Monte Carlo (MCMC) simulation by WinBUGS 1.4.3 thigh R2WinBUGS (Spiegelhalter et
al. 2003). The density, recruitment and survivatevestimated on each species in each year.
The response variablg, is the probability of number of individual or ragdment in celli,
following Poisson distributiony;~P@), where/ is the observed number in cell Log-link
function was applied to connettand the linear predictor (Idg as:

loghi =1 + foE +43Vi +S+r+71;--- Eq. 1,
wherep is the intercept, anf, andfsthe coefficientsfE; elevation,V; overstory vegetation
cover, andS§ Sphagnumcover. r; andr; are the random effects on celland plotj,

restrictively.  The prior distribution off is non-informative, and follows a normal
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distribution, N(0, 1¢). The inverse-variance parametersind rj are assumed to follow a
prior distributionsN(O, oc) andN(0, ap). Hereg: ando), represents the standard deviation of
individual characteristics on the linear prediatdhi. Theo ando,, are assumed to follow a
gamma distribution, #~Gamma(1d, 10%). The spatial autocorrelation on the distribution
of individuals was not considered, because a pnetig analysis detected that the
autocorrelation was less.

The effects of elevatiorf§phagnuntover and overstory vegetation on survival rateewe
examined on each species. The response vargbiethe number of seedlings observed in
celli, following a binomial distributionpi~B(q;, N). ¢ is the probability of survival from
the last year in cell, andN; is the numbers of individuals in cellin the last year. The
logit-link function connectg; and the linear predictors as:

logitp; = 1+ foEi + f3Vi+ fa Di +1i + 1y -+ EQ. 2,
whereD; was density in cell, andg, E, V andr are shown in Eq. 1. The prior distribution of
B is non-informative followingN(0, 10°). The posterior samples were obtained by
combining three independent MCMC chains with 10@Mhglings at 20-step intervals after
20000 burn-in MCMC steps. The convergence of ttekiev chains was checked witR
for each parameter (Gelman et al. 2003). ‘Realues obtained were less than 1.1 for all
the parameters.

The effects of water level, shade and habitat eedling survival were analyzed by
generalized linear mixed-effects model (GLMM) waétbinomial distribution. The cell code
was used as the random effect. The seedling bomas compared between species,
between treatments (water level, shade or hab#@at) between their interactions, by
generalized linear model (GLM) with a gamma disttibn and log-link function. Akaike’s
information criteria (AIC) were used to select thesst models. The statistical analysis was

conducted by the statistical program R (ver. 2 1@R1Development Core Team 2012).

3-3. Results
Vegetation and microhabitat
The cover ofDrosera anglicaranged from 1% to 15% in the five plots, and theetoof D.
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rotundifolia 2% to 7%. In the five plots, the dominant spesies Rhynchospora albaof
which cover was less than 25%, followed @grex middendorffiaend Moliniopsis japonica
(Table 3.1). Sphagnuncover varied greatly between the plots rangingnfi@% to 64%/
Open water area ranged from 10% to 67%.

The number of shoots in the plots fluctuated alypletween 30 and 554 dp. anglica
and between 82 and 546 &n rotundifolia for the three years (Table 3.1). Of these, 43%,
1% and 56% oD. rotundifolia were in seedling, daughter and non-seedling, &%, 2%
and 51% ofD. anglica were in seedling, daughter and non-seedling. dheghters
contributed to the density nine times highermnanglicathan onD. rotundifolia although

the densities were low.

Temporal changes in density, recruitment and safviv
The intercepts of densities on HBMs were significim D. rotundifoliain 2010 and 2011
and the other intercepts were not significant (Bid). D. anglicashowed the high density
at low elevations in 2010 and 2011 while rotundifolia showed the high density at high
elevations. Under high overstory plant cover, anglica showed low density in 2009.
Sphagnummat decreased the density Df anglica and did not decrease that DX
rotundifolia.  Therefore, the density dD. anglica was determined by overstory plant,
Sphagnunmat and water level while that Bf rotundifoliawas limited only by water level.
The intercept oD. rotundifoliaseedling recruitment from 2010 to 2011 was sigaiitly
different from zero, and the other three interceptre not (Fig. 3.2). D. rotundifolia
recruited the seedlings more at higher elevatioAGh0, butD. anglicarecruited less under
high overstory plant cover in 2010 and Sphagnummat in 2010 and 2011.D. anglica
seedlings survived more on high elevation and lesker higher overstory plant coveD.
anglica decreased the seedling survival with increasingsithe andD. rotundifolia did not.
These results indicated that the sites for seeddsigblishment were limited more @
anglicathan onD. rotundifolia The examined four factors, elevation, oversfaant cover,

density andsphagnummat, did not affect the survival of non-seedlingsboth the species,
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Table 3.1

Microhabitat and vegetation in 30 cells in eaclths five 300 cm x 40 cm plots.

Mean is shown vgithndard deviation in parentheses on

elevation. Open water is expressed by the pergeritaquency of cells of which surface is coverdéith water.
Plot 1 2 3 4 5
Year 09 10 11 09 10 11 09 10 11 09 10 11 09 10 11
Elevation (cm) 1.88 0.63 2.08 0.65 0.14 -0.86 185 1.93 -0.85 0.03
(¥2.91)  (¢3.29) (£5.58)  (x4.27) (4.50)  (£3.54) (x2.81)  (+1.81) (#4.02)  (22.62)
Vegetation cover (%) 60.7 770 776 705 795 75428 645 700 819 677 736 598 714 739
Open water (%) 33.3 333 40.0 40.0 46.3 53.3 .030 10.0 66.7  60.0
Drosera anglicaHudson 8.8 6.0 7.9 1.5 2.4 3.7 9.4 15.1 12.2 6.0 2.7 47 0 1 14 1.1
Drosera rotundifolia L. 2.7 4.2 7.0 2.2 5.8 6.4 15 1.7 3.5 7.3 3.2 7.3 3.04.0 5.5
Sphagnum papillosutdindb. 43.7 57,7 610 540 688 635 157 179 33227 200 168 16.7 5.0 8.2
Sphagnum fuscu@schimp.) Klinggr 0 0 0 0 0 0 0 0 0 6.3 10.0 9.7 0O O 0
Rhynchospora albé..) Vahl 5.7 9.3 14.6 2.6 15 10.2 2.0 6.3 13.1 .720 24.0 21.4 0.3 23.3 14.0
Carex middendorffiFr. Schm. 11.8 4.1 5.6 30.7 17.0 10.0 7.3 14.2 9.(25.3 3.0 4.5 0.8 0.1 29
Moliniopsis japonicgHack.) Hayata 1.0 3.4 2.8 0.3 0.1 0.3 2.7 2.8 4827 1.1 5.1 0.3 0.1 0.6
Scheuchzeria palustris. 0.5 0 0 0 0 0 0 0 0 1.2 0.8 4.1 3.7 15 9.8
Pognia japonicaReichb. Fil 0.3 .0.3 2.1 0.3 0.3 0 0 0 0.1 0 0 0.1 0 0.6 8.0
Phragmites communiErin. 0 0 0 0 0 0 2.2 5.7 4.0 1.1 1.5 14 .0.2 0.1 0.3
Eleocharis mamillatd_indb. f. 0 0 0 0 0 0 0 0 0 0 0 0 7.0 0.2 11.0
var. cyclocarpaKitag.

Number of individuals

D. anglica 247 514 554 66 343 178 141 232 238 203 262 307 303 440

D. rotundifolia 92 417 273 82 546 506 84 163 135 44 1 432 409 109 276 252

Others: plots 1 and 6 BPogonia japonicaReichb. fil, Plots 3 and 4 £obelia sessilifoliaNakai, Plot 6 =Eleocharis mamillataLindb. f. var.cyclocarpaKitag.,
Scheuchzeria palustris
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showing that the fates of individuals were mostgtedmined before overwintering, i.e., in
annual seedling stage.

All the intercepts of the production of daughteese significant (Fig. 3.2). D. anglica
produced fewer daughters when the overstory wasredwvith more vascular plants, whide
rotundifolia did not alter the production with the vasculampleover. D. anglicaproduced
more daughters at low elevation in 201®Bphagnummat did not affect the daughter
productions on the two species. Therefore, watezlland overstory plant cover influenced

only the daughter production Bf anglica

Effects of water level on seedling survival andwgio

The water content in peat decreased with decreasatgr level, i.e., 68%, 63%, 61% and
56% at the water levels of 1, 3, 5 and 9 cm dedphe seedling survival two months after
seed-sowing was lower at 5 and 9 cm deep than hdmvas higher od. anglicathan onD.
rotundifolia (Fig. 3.3). The interaction between treatments$ smecies was not significant
(Table 3.2). The seedling survival was lowest, 4@%ihe lowest water level, 9 cm deep, on
both species.

The seedling biomass was higher@nanglica(0.472 mg + 0.273, mean with standard
deviation) than om. rotundifolia(0.272 mg * 0.136) (Fig.3.3).D. anglicadeveloped larger
seedlings at 5 and 9 cm of water level (Fig 3.3)ilevD. rotundifoliadid not at 3 and 5 cm
deep (Table 3.2). Therefore, the optimal wateelevor seedling growth were present

between 1 and 9 cm in depths under experimenttdlyles water level.
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Table 3.2

The effects of water level, shade and habitat @dlgeg survival and growth dD. anglice

andD. rotundifolia.  The survival was examined by GLMM, and the giowas done k

GLM.
Variables Survival Biomass
Coefficient  Zvalue Coefficient t value

Water level
Intercept 1.24 5.87 -0.85 -22.88
-3cm -0.28 -1.0%° -0.003 -0.0%"°
-5cm -1.03 -3.85 0.29 5.28
-9cm -1.65 -6.17 0.15 2.30
D. rotundifolia -0.33 -1.73 -0.44 -8.44"
-3cm xD. rotundifolia - - -0.16 -2.16
-5¢cm xD. rotundifolia - - -0.17 2.15
-9cm xD. rotundifolia - - -0.09 -0.98°

Shade
Intercept -0.42 -0.8%° -0.67 -11.4%
50 % 0.40 0.61° -0.52 -5.81"
70 % -0.01 -0.02° -0.74 -8.27
D. rotundifolia -0.87 -1.66"S -0.78 -4.87
50 % xD. rotundifolia - - 0.54 2.90
70 % xD. rotundifolia - - 0.51 2.63

Habitat type
Intercept -3.13 -19.84 2.74 14.95
Sphagnunmat -1.69 -4.36 -3.74 -15.55
waterlogged surface -2.17 -4’56 -2.52 -6.01"
D. rotundifolia -0.03 -0.11%8 -0.53 -2.09
Sphagnunx D. rotundifolia 2.23 5.08" - -
waterlogged >D. rotundifolia -0.49 -0.64%° - -
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The effects of water level on seedling survival ai@mass in a greenhouse experimerff)
Temporal changes in mean survivalsaf anglica (circles) andD. rotundifolia (triangles
shown with standard errors (vertical bars) at wheaeels of -1 cm, -3 cm, -5 cm anfl em

(B) Seedling biomass db. anglica(greyed columns) and. rotundifolia (open).

Effects of shade on seedling survival and growth

The numbers of seedlings increased three weeks safteing seeds, and thereafter became
stable or slightly decreased (Fig.3.4). Shadendidaffect the number of seedlings (Table
3.2). D. anglica produced larger seedlings (0. 365 mg + 0.527, medh standard
deviation) than o. rotundifolia (0. 220 mg + 0.174(Fig. 3.4). Shade reduced the growth
on D. anglica seedlings but did not ob. rotundifolia (Table 3.2). Shade kept the high
numbers of seedling recruitments, survival and g¢noan D. anglica but decreased the

biomass, and did not influence seedling recruitmmairtality and growth od. rotundifolia
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Seedling survival and biomass @rosera anglica and D. rotundifolia in a seedsowing
experiment to Sarobetsu mire. (A) Changes in nusnbeseedlings ob. anglica(circles
and D. rotundifolia (triangles) with standard errofgertical bars) at 30% (open symbc
50% (grey) and 70% (solid) shade. (B) Seedlingniaiss ofD. anglica(solid columns) ar

D. rotundifolie (open).

Survival and growth of seedlings

Water content averaged 93, 105 and 101% in theglarad,Sphagnunmat and waterlogged
surface. Before the plant growth began in JundsP®Was high and was not different
between the three habitats (Fig. 3.5). PPFD dsetkthereafter in all the three habitats, in
particular, onSphagnunmmat, showing that PPFD was reduced by the growtbverstory
plant andSphagnunmat. PPFD orSphagnummat was equivalent to 50% shade by shear
nets. Precipitation was high in late July to eaklygust 2010 (Fig. 3.5), therefore just
germinated seedlings were heavily swept away.

On the seed-sowing experiment in the field, mestdings originated from the sown
seeds in the first year, because ten, three amd ségdlings emerged in the blank controls on
bareground,Sphagnummat and waterlogged surface. The seedlings oftwlreDrosera
species recruited more @phagnummat than on bareground and waterlogged surfacaen
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month (Fig. 3.6), showing th&phagnummat was the most suitable for seed germination.
The seedlings of the two species died mostly Uaté September 2010, in particular, on
Sphagnunmat. In the next year 2011, most seedlings ofclvisipecies were unidentified
occurred onSphagnummat. The numbers of survivors did not differ betw the two
species in the third year 2012, except that a lamgmber ofD. rotundifolia survived on
Sphagnunmat (Table 3.2). D. anglicaseedlings survived most on bareground, and thee thr
of them flowered in 2012.

D. anglicagrew larger tham. rotundifoliawhen seedlings were harvested in July 2012.
The seedlings became largest on bareground for gop¢icies (15.35 mg + 17.95 f@.
anglicaand 9.17 mg £9.62 fdp. rotundifolig) (Fig. 3.6). The biomass @. anglicaandD.
rotundifoliawas 1.81 mg + 1.16 and 0.39 mg + 0.10, respegtioel waterlogged surface and
0.18 mg + 0.23 and 0.22 mg +0.31 $phagnummat. In summarySphagnummat provided
the seedling beds but inhibit the seedling groveihg survivals, in particular, dd. anglica
Although waterlogged surface reduced the seed gatian and growth of the two species, it

allowed the establishment Bt anglicamore tharD. rotundifolia
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Fluctuations of number of seedlings d@rosera anglica (circles) andD. rotundifolie
(triangles) in the three habitats: bareground (opgmbols), Sphagnummat (grey), an
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September. (B) Number of seedlings per plot fre@pt&mber 2010 to July 2012. Squ
in (B) indicate number of unidentified seedlingswdiich leaves were less than 3 mm I
The numbers are shown by mean with standard errd€) Seedling biomass &f. anglice

(grey columns) and. rotundifolia (white).

3-4. Discussion

Growth stages on determining the distributions

Water level, overstory plants arf@hagnunmmat restricted the density dh anglica more
than onD. rotundifolia Because the survivals of overwintering shootdhentwo species
were not affected by the water level, overstorynplaover andSphagnummat, the
distribution patterns were determined during theéwuah seedling stages before the next
growing season.

D. rotundifolia preferred a wider range of water level tHananglica D. rotundifolia
establish on the bases of raised mounds, suchsascks, where peat moisture is low
(Koyama and Tsuyuzaki 2013). However, most segsligie on bareground in Sarobetsu
mire when severe drought occurs (Egawa and Tsuyirzgkess). Excess water including
inundation also reduced the survival and growtrseddlings on the tw®rosera species.

The greenhouse experiments indicated that the aptiater level was present within a few
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centimeters for the seedling growths on the twaiggewhen the water level was artificially
stable. Such slight differences develop the elemat zonation of plants (Seabloom et al.
2001; Nordbakken et al. 2004). The optimal wagsels for seedling growth and survival
on the two species were lower than the ground seyfadicating that the preferable habitats

were not waterlogged.

Habitat differentiation betweeld. anglicaandD. rotundifolia
Shade by overstory vegetation weakly decred3ednglicashoots and did not decredde
rotundifolia shoots. The experimental shade decreased théingesdrvival on both the
species and decreased biomassDoranglica D. anglica was weaker to shade th&n
rotundifolia, although both of the species are categorizedshéale-intolerant (Crowder et al.
1990). The waterlogged surface developed lessdkier of vascular plants argphagnum
mosses. However, waterlogged surface was notodeliter the survival oD. anglica The
sites for seedling recruitment are not always thefegpable site for seedling growth and
survival due to the exclusion from the sites bytibiand/or abiotic factors (Poorter 2007).
The biomass of seedlings in the sowing experinvesis higher on bareground and
waterlogged surface than @phagnummat for both the species, particulaily anglica
Fast-growing biennial plants increase the repradodfter overwintering while most of them
die after winter when stress induces the early ldgfon (Rose et al. 2009).D. anglica
showed slow growth and high mortality &phagnunmmat and decreased biomass only by
shade, suggesting that the slow growth and highatityrwere derived from the competition
to Sphagnum BecauseSphagnunmosses absorb nutrients in water from epiderrhisy t
absorb the nutrients before vascular plants caphem (van Breemen 1995, Svensson 1995)
except whenSphagnummosses transport excess water to shallow-rootsdula plants
(Malmer et al. 1994). Drosera plants develop shallow roots (Adlassnig et al. 3)0Othat
overlap with Sphagnumlayer. ThereforeDrosera shoots should compete severely with
Sphagnummosses than deep-rooted vascular plants. On dbd-sowing experiment to
detect habitat preferencef). anglica seedlings grew faster thabD. rotundifolia on
bareground where the other plants did not establisthe restriction of growth was
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conspicuous after the three years of treatmentbesd suggested tHat anglicais weaker to
nutrient competition tha. rotundifolia In contrastD. rotundifolia established more on

Sphagnunmat, because it was weak to inundation and wasaid to shade and low nutrient.

Reproductive strategies

Another difference between the two species watmtive strategy, i.eD. anglicautilized
vegetative reproduction by producing daughters arotundifolia  Anchor by vegetative
reproduction is one of the strategies for estalvigshin inundated habitats (Griffith and
Forseth 2003; Sosnova et al. 2010). The populatairD. anglica persisted in inundated
habitats by utilizing production of daughters asham, although the anchor abandoned
long-distance migration. AfteD. anglica was pushed out bysphagnummosses to
waterlogged surfacd). anglicawas persistent by vegetative reproduction in theuiiable
habitat for growth. Waterlogged surfaced was detifrom spatio-temporal heterogeneity
developed bySphagnummat. Sphagnummat was, therefore, prerequisite for developing

waterlogged surface whebe anglicaestablished.
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Concluding remarks

This study clarified the morphology, life historpdahabitat preference of an endangebed
anglica on the basis of the comparisons with the commamgener,D. rotundifolia D.
obovata a hybrid between the two species, also estallish&arobetsu mire. Although the
identification has been confusing without chromosoon DNA analysis, a convenient and
non-destructive technique is required for long-temonitoring in field, based on nonlinear
relationships between leaf length and width (Chap}e

D. anglicaandD. rotundifoliareproduced by sexual and vegetative reproducdhiotin of
which increased with increasing shoot sizes (Chidte The seed production was lower on
D. anglica than onD. rotundifolia. while the vegetative reproduction was higher @n
anglica Daughter-produced shoots were larger than semtliped shoos on both species.
Therefore,D. rotundifolia populations were considered to expand its digiobumostly by
seed dispersal.D. anglica populations were maintained more by vegetativeoehction,
although the expansion of populations was slowroitéd. Therefore, the small population
sizes and/or distributional areas seem to be d#rivem the innate characteristic, i.e.,
reproductive strategy, db. anglica These results also suggest that the conservatién
anglica populations should be focused more on providingfgpable habitats than on
increasing population sizes.

The distribution patterns dd. anglica and D. rotundifolia were determined at annual
seedling stage (Chapter 3). Here | briefly sumpeaiihe establishment patterns Df
anglicaandD. rotundifolia at two levels of scales, i.e., habitat and ecesydevels (Figure
2), based on the findings shown in Chapters 2 and)3 anglicareceived shade stress more
than D. rotundifolia The ground surface at high water level was a/eless with
Sphagnunmat and vascular plant cover, and obtained hidgr sadiation. D. anglicawas
pushed out to areas at high water level $yhagnummat, and established with few
competitors, and maintained the populations by tagye reproduction. Because the safe
sites for establishment @. anglicaare restricted byphagnunmat and its related factors,
the population development should be sporadic. Micbe separation originated mostly
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from the relationships withrSphagnummat. Therefore, the extinction db. anglica
populations should occur promptly when the habiédtesr the characteristics. In particular,
inter-specific interactions should be focused oadieg stage in a given habitat (Brewer
1998).

These findings suggested that the establishmdtdrpa of Sphagnummat is a key to
conserve D. anglica populations (Figure 2.).  AlthougtSphagnum restricted the
establishment oD. anglica at habitat scaleSphagnunreduced inter-specific competition
between vascular plants aid anglica by pushing ouD. anglicato waterlogged surface.
Furthermore, at ecosystem or wetland scale, theldement ofSphagnummat forms diverse
topography, such as palsas and hummocks, in bagains (Charman 2002; Tsuyuzaki et al.
2008). The development of waterlogged surface deggendent on the development of
Sphagnunmats, because the rais8ghagnunmat formed hollows that were waterlogged.
If Sphagnunmat develops homogenously, then waterlogged seirfiaes not develop. In
this senseSphagnunis keystone taxa in bog-typed wetlands (Roch&foa).

Sphagnummat has not completely recovered for 30 yearsr gitmat mining in the
post-mined peatland (Nishimura et al. 2009), sutyggshat the distribution and amount of
Sphagnumare changeable. The artificial restorationSphagnunmat is also required, as
needed, although the sophisticated restoratiomigob has not been proposed (Gorham and
Rochefort 2003; Corson and Campbell 2013). Theeefthe careful investigations are
required for the conservation and restoratiosphagnunmats. In conclusior). anglica
is endangered owing to its low abilities of competi and dispersal at seedling stage. For
the conservation dD. anglica populations, the management of not only overst@scular
plants but als®&phagnummoss cover is required to reduce inter-specifinetition to solar

energy and nutrient at habitat scale.
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