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ABSTRACT

Deforestation events are rapidly occurring in tcapcountries; consequently
forest fragments dominate the landscape. Fragmentat Puerto Rico has shown to
negatively affect bryophyte communities in foresnhnants. Since bryophytes dispersal
abilities are considered limited and fragmentaitgexpected to reduce genetic diversity
of the isolated populations, the genetic diversitpopulations of Neckeropsimdulata
(Hedw.) Reich. was assessed in old forest stangza@ted by fragmentation) and more
recently recovered forest stands (young). Threestatands impacted by fragmentation
were identified from aerial pictures of 1936 Pudrioo; all stands were located in the
Guajataca State Forest. Three forest stands thhatodiexist in the same location in 1936
were catalogued as young. Five populations wenmrifted in each stand and three
individuals collected per population. All samplesrescarried through the AFLP method
for polymorphism identification. Mean within poptitan diversity (Nei’'s H) was 0.257
while the proportion of total genetic diversity amgafragments (Fst) was 0.199. When
old and young forest stands were compared for wiglenetic diversity, based on the
number of polymorphisms, there was no significafieence (1 0 =43;2 0=38;3 O
=39;1 Y=38;2 Y =36;3 Y =232). The clustermgglysis based on genetic distances
(Fst) showed that Fragments 1_0O, 1 Y, 2_0 and 2péar to be more closely related.
Fragments 3_O and 3_Y appeared to be more gemgticstiant to all other sampled

fragments.



RESUMEN

Los eventos de deforestacion ocurren con rapidéasgpaises tropicales. La
consecuencia de esto son paisajes formados pondraégs de bosques entre areas
urbanas. La fragmentacion en Puerto Rico ha deadustener efecto negativo sobre las
comunidades de briofitos. Por que los briofitos sonsiderados plantas con habilidades
de dispersion limitada y la fragmentaciéon puedaltasen eventos de deriva génica que
reduzcan la diversidad genética de poblacioneadas| La diversidad genética de
poblaciones del musddeckeropsis undulata (Hedw.) Reich. fue estudiada en localidades
de localidades de bosques viejos (impactados doadanentacion) y localidades de
bosque mas recientemente establecidos (jovenes) ldaalidades de bosque impactados
por la fragmentacion fueron identificados a trag€égotos aéreas de Puerto Rico tomadas
en el 1936. Los fragmentos estan localizados 8osdjue Estatal de Guajataca. Se
catalogaron como jévenes tres localidades de bapagi@o existian en el 1936 en el
mismo lugar. Se colectaron tres individuos de eadade cinco poblaciones distintas
para cada fragmento. Todas las muestras fueroegadas a través del método de AFLP
para la identificacion de polimorfismos. La divdesl genética promedio intra-
poblacional fue (klde Nei) 0.257 mientras que la proporcion de didadsgenética total
entre las poblaciones (Fst) fue 0.1990. Cuandmtadidades viejas y jévenes fueron
comparados en términos de la diversidad genéticapoblacional, basada en el nUmero
de polimorfismos, las diferencias no fueron sigaiiva (1 O =43;2 0=38;3 O =
39;1 Y=38;2 Y =236;3 Y =232). El andlisis dmglomerados basado en distancias

genéticas (Fst) reveld que los fragmentos 1 O, 2 ©,y 2_Y estan mas genéticamente



relacionados entre si. Los fragmentos 3_0O y 3 éqwr estar mas genéticamente

distantes de todos los otros fragmentos muestreados
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INTRODUCTION

Social and political changes in Puerto Rico lethtoclearing of 85% of its
vegetation for agricultural purposes. This wasolekd by abandonment of farms and
pastures and migration of human populations torudvaas due to an increase in
manufacture driven by industrialization after thee@d World War (Cruz-Baez and
Boswell, 1997; Dietz, 1986, both cited by Graulet2003). Puerto Rico’s forests
recovered after 50 years of intense agricultureGt al., 2003); therefore, the
landscape today is one of forests fragments sedtnong urban areas (Lugo and
Helmer, 2004). Grau et al. (2003) considered tp&reecovery, through succession, a
result of the small size of the abandoned farmsthednfrequent use of fire that avoided
soil degradation. Furthermore, the abundance ektaemnants facilitated seed dispersal

and tree establishment.

Most studies on the effects of fragmentation haaenldone on vascular plants, although
Pharo and Zartman (2006) emphasized the uniquéigsalf many bryophyte taxa to
evaluate the effects of habitat fragmentation. Aghthrese are that bryophytes are widely
distributed. In addition, they share phylogeneitigilarities even among groups from
different continents, allowing the evaluation cigmentation impacts in different regions
(Pharo and Zartman, 2006). Since bryophytes aily @apacted by changes in

humidity, they are excellent models to study lomgrt effects of microclimate change
due to habitat fragmentation (Hylander, 2006). e Short generation times of many

bryophyte species represent an ideal charactetissitudy the effects of fragmentation



on recently impacted areas such as those in thpesror recently recovered

landscapes like those of Puerto Rico.

Fragmentation clearly has had an effect on bryapHbixtersity in Puerto Rico; for
example, Escorcia (1998) found that forest fragmentrounded by densely urban areas
in the San Juan metropolitan area of Puerto Riowved a low bryophyte cover and
lacked species typical for the temperature and ditynconditions found in the
fragments. Species found by that author repregéndf@he total moss bryoflora on the
island; 14% of the mosses found are also presdaheihuquillo Experimental Forest.

The most abundant species in these fragments Tegreelium planum (Brid.) Mitt.,
Neckeropsis disticha (Hedw.) Kindb. andNeckeropsis undulata (Hedw.) Reich. The
latter can survive in mesic habitats or with ledative humidity than sinkholes

(Escorcia, 1998).

Forest fragment isolation represents a barrieeteetic flux. Genetic drift can
reduce the genetic diversity of small and/or isdgbopulations, thus affecting the
capabilities of a species to adapt to its changimgronment and increasing the risk of
extinction (Keller and Waller, 2002 cited by Wilsand Provan, 2003). AlthougN.
undulata is drought resistant (Escorcia, 1998)nhabits shade, where it evades
desiccation and high temperatures (Reyes-Col6rQ)1&corcia (1998) hypothesized
that an epiphyte species likke undulata colonizes through the dispersal of vegetative
fragments and carries out sexual reproduction @ffestablishment. As for most of

bryophyte taxa, studies about the dispersal aslivifNeckeropsis undulata have not



been conducted. Bryophytes are commonly charaetkas having limited dispersal
abilities. Spaces of centimeters between populsti@ve been considered enough to
interfere with genetic flux (Wyatt, 1982). Therefothe expected consequences of
fragmentation oMN. undulata populations are those common to other bryophyteisp;
that is, genetic variation would be reduced by gertkift acting on a bisexual species
expected to have high levels of inbreeding duestifertilization. Crossing between
haploid brother and sister plants produced by #imeessporophyte is estimated to

augment homozygosity by 90% in ten generationsWSB800).

This study evaluated the genetic diversity ofydapons ofNeckeropsis undulata
in old forest stands (forest that existed in 198&) more recently recovered forest stands
(forest stands that did not exist in 1936). Assuirat populations in young forest
stands (did not exist in 1936) were founded bwiitlials in the surrounding forest
remnants then the genetic diversity of the youmgdbstands would be a sample of the
founder source. Therefore, | hypothesized that yedeversity will be greater in old
forest stands than in young forest stands. Givanhlityophytes have limited dispersal
abilities (Wyatt, 1982), | expect that stands #ra geographically closer should also be
genetically related. The genetic relationshipal@dghed in this study may contribute to
the knowledge oNeckeropsis undulata dispersal abilities. This study pretends to
determine which forest stands carried the mosttgediversity and could be used for re-
introduction purposes. Accordingly, the outcoméhas study may contribute to develop

a model for the restoration of an epiphyte mossispan a fragmented landscape.



METHODS

Species

Neckeropsis undulata is an epiphytianoss with a synoicous breeding system. This
species inhabits branches and trunks of moistwerdenountain forests (Gradstein et al.
2001) and sometimes is also on logs and rocks. sfj@sies is distributed from Mexico to

Brazil and is also present in Argentina and soutlkéorida.

In Puerto RicoNeckeropsis undulata is a species common in the karst belt which begins
in the northwest of the island, in Aguadilla, amdle at El Rio Grande de Loiza, in the
northeast. It occurs on haystack hills and inlsadésin the Guajataca, Rio Abajo and
Cambalache forests (Reyes-Coldn, 1999). Outsidlecokarst zone, it is also reported for
the Luquillo, Maricao and Toro Negro forests (SafJ. and W.R. Buck, 1993). This
species is also in forest fragments surroundeddiyrthed areas like forests stands
behind the Civil Engineering and Biology buildinggsthe University of Puerto Rico-
Mayaguez. Escorcia (1998) fourtdl undulata in forest stands surrounded by densely

urban areas.

Sampling

Forest stands

Forest stands that were present in Puerto Ri¢93% were identified from a
shape file (digital file) (J. D. Chinea, unpublish#ata). This data was visualized by

opening the shape file over a digital topographaprlUS Geological Survey) of the



Guajataca State Forest using Arc Map (ArcGIS saftyvadccordingly, three forest

stands that existed in 1936 were identified andydesed as old. The criterion for
selecting the forest stands was that stands mustdiekholes wher&leckeropsis

undulata is usually present. Using the same criterion,dbostands that did not exist in
1936 were identified and classified as young. Towrdinates of all six forest stands (3
old, 3 young) were obtained using the same soft@kable 1). The forest stands were
located in the field using an eTrex® GPS from Garamd USGS topographic maps
showing the location of the selected forest star@@isordinates were entered into the GPS
instrument and the Puerto Rico Datum was seledtaellocation of all six sinkholes is

shown in Figure 1.

The forest stands studied are located in the Gagdbtate Forest (Figure 1). This
subtropical moist forest (Ewel and Whitmore, 1983} an area of 926 hectares and
elevations from 150 to 300 m. The foresiisatedin northwestern Puerto Rico in the
municipality of Isabela. Haystack hills intermindleith sinkholes (Department of
Environmental and Natural Resources, 1976) charaetethe forest, which was

established in 1943.

Populations

In this study, populations are epiphyte colonggsasated by a few meters as
established by Szweykowski, et al. (1981) as die&tengien (2002). Five populations
were chosen in each forest stand. Since bryoplayeesommonly characterized as clonal

organisms, three individuals were collected froffedent points in the colony to avoid



collecting potential clones. Because the growtimfof Neckeropsis is shelf-forming it is
difficult to determine what an individual is. Angjle moss plant may extend to distant
points in a colony through a stem that is attadbetie tree; therefore, removing the
complete stem ensures that the same plant washetted twice. Samples were placed
in plastic bags, covered with paper bags (to afrost damage) and kept on ice. DNA

extractions were performed on the same day ordgeatter.

DNA extractions

Ninety individuals were collected from the six si{@ old; 3 young); 47 individuals were
chosen randomly using a method from Bernoulli (8&ket al., 2003). The method
consisted of listing the individuals (labeled byest stand and population they belong to)
in an Excel worksheet and assigning a random nutobegich. Because three individuals
were collected from each of the five populationa stand, 0.6 was used as the criterion
to exclude samples. Samples were excluded (naedahrough the AFLP analysis) if its
random number was less than or equal to 0.6. Thedividual plants included were

carried through a CTAB DNA extraction protocol.

The tips of the plants’ secondary modules (branshesvn in Figure 2) were cut and
washed in 70% ethanol, quickly dried and separat@dcrotubes. Each individual was
macerated in microtubes using autoclaved sand$%3ed from Fisher Scientific) and 600
pI of DNA extraction solution (7.5 ml of Tris HCHy8.0, 1.5 ml EDTA 0.5M, 10 ml
NaCl 5M, 0.5 g CTAB, 1.125 ml mercaptoethanol, @ BVP and 30.25 ml ddi9).

Samples were incubated at 65 °C in a water batBGoninutes; 600 ul of chloroform



iso-amyl alcohol (24:1) were added and mixed by érsion during 15 minutes.
Samples were then centrifuged for 10 minutes iggpendorf 5415D centrifuge at
13,000 rpm. The aqueous phase was extracted wiilrapipette, mixed with 300 ul of
cold isopropanol and left in a (-20 °C) freezerronght. On the following day, samples
were centrifuged for 10 minutes in an Eppendorf32at 13,000 rpm. Pellets were
washed with 70% cold ethanol. DNA was then dissbiveTE (10 mM Tris-HCL, 1 mM
EDTA, pH 8.0)Two microliters of RNAse (150 ul of TE: 5 pl of RI$8) were added to
all DNA samples. DNA was quantified on 0.8% agargsks with lambda molecular

marker (0.5ug/ul; lambda digested with HindllI).

AFLP (Amplified fragment length polymorphism)

All 47 DNA samples were carried through the AFLRrfstep process using the Plant

Genome AFLP Kit from LI-COR Biosciences.

Enzyme digestion

Samples, each containing 100 ng of DNA were degkst microtubes with 1 pul
of EcoR1Msel enzyme mix (1.25 U/ul in 10 mM Tris-HCI pH 7.4 52:M NacCl, 0.1
mM EDTA, 1 mM DTT, 200 pg/ml BSA, 50% (v/v) glycdr®.15% Triton X-100) and
2.5 pl 5X buffer (50 mM Tris-HCI pH 7.5, 50 mM Mgetate, 50 mM K-acetate). Water
was added to complete a 12.5 pl reaction mixtuine. Mixture was incubated for 2 hours
at 37 °C in an Eppendorf mastercycler, followedabyadditional 15 minutes at 70 °C to

inactivate the restriction enzymes.



Ligation

Adapters (LI-COR Biosciences) were tied to thgifnented DNA that resulted
from the first AFLP step. Digested DNA (12.5 pl asvmixed with 2.5 U of T4 ligase
(5U/ul en 10 mM Tris-HCL pH 7.4, 1 mM EDTA, 1 mM DT50 mM KCL, 200ug/ml
BSA, 50% (v/v) glycerol) and 12 ul of adapters ranet (Msel and EcoR1 adapters, 0.4
mM ATP, 10 mM Tris-HCI pH 7.5, 10 mM Mg-acetate, B0 K-acetate); total reaction
25 ul. Adapters have terminals with sequences cermghtary to the sequence that the
restriction enzyme recognizes and cuts in the DtAs, adapters have sequences that
are complementary to the DNA fragments’ terminAldapters are 20 nucleotides long, a
known sequence from which a primer can be congtdiuthe aim of this step. The
restriction/ligation mixture was incubated in arnpEpdorf mastercycler at 20 °C for 2

hours. The mixture was later diluted 1:10 in TEXM Tris-HCI pH 8.0, 1 mM EDTA).

Pre-amplification

The pre-amplification cocktail had 2.5 ul of ligat dilution, 20 ul of primers (as
prepared by LI-COR Biosciences for the AFLP plaen@gme kit), 2.5 pl 10X buffer and
0.5 pl (5 U/ pl) of Tag DNA polymerase (Roche Malke Biochemicals). Pre-
amplifications were carried out in 96-well Epperfduates. The cycle program was as
follows: 20 cycles of 94 °C for 30 s, 56 °C for Innand 72 °C for 1 min in an Eppendorf
mastercycler. The PCR reactions were diluted In4fdH0. The primers used in this
step had a 5’ end that was complementary to thptadaequence and a 3’ terminal with

one arbitrary nucleotide. This nucleotide is knaagma selective base because is meant to



reduce the amount of DNA fragments it amplifiese Tlragments amplified must have

matched the 3’ end of the primer.

Selective amplification

The objective is to further select among the afeplifragments by adding three
selective nucleotides to the primers. One of th@grs was labeled with a fluorescent
dye that allows its visualization after a run opadyacrylamide gel. A total of 2.0 pl of
pre-amplified and diluted DNA fragments was added tocktail containing: 4.79 ul
ddH,O, 1.21 ul 10 X buffer, 0.3 U of Tag DNA polymerg&®oche Molecular
Biochemicals), 2.0 uVsel primer containing dNTP’s, 0.5 ul &toR1 fluorescent

primer (LI-COR IR-Dye 700).

All 47 samples were selectively amplified with thrdifferent pairs of primers. Each pair
differed in the selective nucleotides carried. €abkhows primer pairs identified by the
restriction enzyme whose restriction site sequéno@mplements and the three selective

nucleotides it carries.

Reactions were carried in 96-well Eppendorf plaié®e touchdown PCR program cycles
were as follows: one cycla 94 °C for 30 s, 56 °C for 1 min and 72° C fomin; 12
cycles where denaturation and extension tempegtueee preserved and the
hybridization temperaturgdescended 0.7° C each cycle; 23 cyolie34° C for 30 s, 56°

C for 30 s and 72° C for 1 min. The touchdown paogmwas run in an Eppendorf
mastercycler. Selective amplification was repe&ded 0% of the samples, chosen

randomly, to assure its reproducibility.
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Electrophoresis

One microliter of the selective amplification pratiwas denatured in 3 pl of blue stop
solution (EDTA, blue bromophenol, dg@l and formamide in proportions (w/v%) of
1:1:14:87) at 94° C for 3 min in an Eppendorf masteler. Samples were immediately
put on ice. The electrophoresis run followed imrasaly after denaturation in a 64-well,
0.25 mm thick polyacrylamide gel (KB°6.5%) in a LI-COR DNA Analyzer 4300. Run
parameters were 1500, 40 W and current of 40 meAtemperature of 45 °C. One
microliter of the denaturation sample ran for 2 dsourhe molecular marker (50-700 bp,
LI-COR IR-Dye 700) was denatured at 95 °C for 2 uté@s right before the run and

placed in the first and last rows among samples.

Polymorphism visualization

Polyacrylamide gel images were analyzed througls£€&hecker v 2.91 (J.B. Buntjer,
1999). The binary interpretation balance value adands were aligned with the
molecular marker. Binary (0, 1) data were expottedn Excel worksheet. The Data

were rearranged so they could be introduced irdAfRLP analysis software.

AFLP data analysis

Binary data was introduced as a text file intoAlk¢.P-SURV 1.0 software written by
Xavier Vekemans. Allelic frequencies were calcuddaterough the fragment frequency
method. The method assumes individuals are hapludhe dominant allele frequency
is equal to the frequency of the AFLP marker (AFRBRV manual); 10,000 random

permutations were performed to test the genetferdiftiation among populationss{F
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Similarly, genetic distance matrixes were bootgies10,000 times. Lynch and Milligan
(1994) methods for the analysis of population gersgtucture were followed. The mean
gene diversity within forest stands{Hand F; values for population genetic structure

were determined.

Genetic diversity within forest stands

Once the allelic frequencies were calculated thinaihe fragment frequency
method, the number of polymorphic markers and pitogpoof polymorphic markers for
each forest stand were automatically calculatelbhcéis here is considered polymorphic
if the frequency of one of its alleles is less tobarqual to 0.95. Although, gene
diversities based on Nei’'s Hj are more often usdderature, here the rate of
polymorphism was preferred as a method to shovatran at the locus level. The
number of polymorphic markers was adjusted to cbfia differences in the number of
samples. The number of polymorphic markers (S)diaded by 1+1/2+1/3...(n-1),
where n is the sample size (6 forest stands). AskaliWallis test was carried to
determine if the differences in genetic diversityaag old and young forest stands were

significant.

Average gene diversities (Hj) are measured froenettpected frequency of heterozygous
genotypes for each locus; gene diversity hereagtbbability of finding one marker and
one null in a locus (Lynch and Milligan, 1994). Aage gene diversities (}Hor each

forest stand were presented in Appendix |. Standexat and variances due to sampling

of individuals and loci were also presented.
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Mean gene diversity (i was calculated from the sum of averaged genesities (H)
for each forest stand; the sum was divided by thmabrer of stands (n=6).,Hs the mean

within-population expected heterozygosity.

n
Hw=1/nZ H; (1)
=1

Mean gene diversity within forest stands was priegseim this thesis for the purpose of

comparing with previous studies of genetic divgrsitmosses.

Genetic differentiation amonq forest stands

The impact of fragmentation on remnant populatamd genetic status of the
more recently established ones was also analyzeaeaguring population subdivision
using the following equation:

Fst = HB/ HT

The component kiis the average gene diversity for all pairs of gapons and
Hr = Hg / Hy, All measures of gene diversities are based on dwtgosity, where Hlis
the heterozygosity (probability of finding one markand one null in a locus) averaged

for all distinct pairs of populations (stands) @olling the expression:

As= 2 X Hj
n(n-l) j<k
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The heterozygosity for one locu$ hetween two populationgJ (stands) was defined
by,

i (i) = (i) + a(i) — 2q(i)a(i)

The heterozygosity for all loci between two popigias (stands) was averaged from the
expression,

A L A

Hj = 1/LX Hi (i)

i=1

The measure of population subdivisioR)(Eakes extreme values of zero when all
populations have identical gene frequencies (nerdgence) and one when there is
fixation of alternate alleles in different subpagtidns (complete divergence). A value of
0.2 for iy means large genetic differentiation among popatatior as in this study
among forest stands. Wright's,Fused in this study with haploid data, measures th
correlation between pairs of markers randomly sachplithin a population relative to
pairs of markers randomly sampled within the ovesetl of populations as established in
the AFLP_SURYV manual. Also, 10,000 permutationsenaade to test theivalue
observed against the distribution obtained by péatran. The null hypothesis is that

there is no genetic differentiation among stands.
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Genetic distances amongq forest stands

A dendrogram was constructed
from an E; genetic distance matrix. The genetic distanceimaaiculated by the
AFLP_SURYV software was introduced into the fredwafe T-REX 4.0al (2000),
written by Vladimir Makarenkov. Nei and Saitou’98l7) neighbor-joining method was
selected to construct the tree. The length of adiran the dendrogram represents a
genetic distance. Allele frequencies in forestdsathat are not
outcrossing will differ from the allele frequencielthe overall set of populations; hence
genetic distances would be greater among forestistaithout genetic flow among

them.

Genetic distances among individuals

A matrix of pairwise genetic distances calculdtgdAFLP_SURYV software was
introduced into the T-REX 4.0al software. Nei aadt¢d’s (1987) neighbor-joining
method was selected to construct the tree. TheHesfg branch in the dendrogram
represents a genetic distance and the dissiméa@mong individuals.

Relationships among individuals were also represetitrough a principal coordinates
analysis (PCoA). The software NTSYS 2.0, writterFbylames Rohlf, was used for
PCoA. Similarity was measured using the Jaccarexnd@ihe Jaccard similarity
coefficient measures the number of attributes (er@)kthat individuals share relative to
the overall set of attributes. The attributes pesiy (1) or negatively (0) observed for
each individual are considered the individuals’'rdomates. Double absence is not

counted to avoid overestimating the similarity lsyng characteristics that are not
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present. An Eigen analysis was carried after doabhtering the similarity matrix.
Eigen values are a measure of the amount of vamiationg the axis. The closeness

among points in the PCoA approximate the simikesimmong individuals sampled.
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RESULTS

Genetic diversity within forest stands

The proportion of polymorphic makers was greatefdoest stand 1_O (43%) and was
the smallest for 3_Y (32%) (Table 3). The same nemalb variants were found for old
stand 2_0 and young stand 1_Y (2_0O = 38; 1_Y =ABhough the quantification of
genetic diversity within the forest stands basedh@number of polymorphic markers
showed a larger number of variants in the old foseends (1._ 0 =43;2 0=38;3 O=
39) than in the younger forest stands (1_Y = 3&, 2 36; 3_Y = 32) these were not
significantly different (p = 0.2, Table 4). The megenetic diversity within forest stands

determined by Nei’s flwas 0.257.

Genetic differentiation among forest stands

Genetic differentiation was large among forestdsanith an kof 0.199 (Table 5). The
standard error for this index was 0 and variance megative and thus meaningless.
Permutation tests resulted in the rejection ofrthké hypothesis that there is no genetic
differentiation among the forest stands (Table/hen the k value was compared
against its distribution it resided at the 5% rigbst part of the distribution under the null
hypothesis. The result of the P value (high) wasaktp 0. The P value (high) is the
probability of rejecting a true null hypothesisaasne sided test with the observed F
higher than values under the null hypothesis (AFRBPRV manual). From these results
it is concluded that actual populations of thisplare more genetically differentiated

than random samples of the individuals (AFLP_SUR&ANDal).
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Genetic distances amongq forest stands

The dendrogram (Figure 3) formed two clusters th@sedissimilarities of marker
frequencies among the studied forest stands. Ts gemetically distant cluster was
numberll formed by stands 3_O and 3_Y with a distance ™ .0Clusteld was formed
by stands 1 O, 2_Y and 1_Y with a distance of bi@de clustet, stands 1_ O and 2_Y
grouped apart from 1_Y with a distance of 0.01n8ta O formed an individual cluster

with a distance of 0.04.

Genetic dissimilarities among individuals

The dendrogram (Figure 4) formed four clustergedam the divergence of the
individuals. The largest cluster namiedhcluded all individuals collected from stand
2 0(2.01,2 02,2 03,2 03,2 04,2 04,2 0O5 a@bpapart from one of the
individuals collected from population number one@2). Clustet also grouped all
individuals from stand 2_Y (2_Y1,2 Y2,2 Y3,2 ¥3,Y4,2 Y5 and 2_Y5) except
for one individual collected from population numlogre (2_Y1). Five of the seven
individuals collected from stand 1_Y belong to tdu$ also: 1_Y1,1 Y1, 1 Y4,1 Y4
and 1_Y5. A small group of individuals collectedrr stand 1_O belong to cluster
1 01,1 O4 and 1_O5; a total of nine were colle@taah this forest stand. One
individual (3_0O5) from stand 3_O fell into clusteAlso, one of the individual (3_Y4)

from forest stand 3_Y was grouped into cluster

All individuals collected in stand 3_Y were groupactluster! (3_Y1,3_Y2,3 Y2,

3_Y3, and 3_Y4) with the exception of one indivitiirtam population four (3_Y4). Also
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inside this cluster six of eight individuals colied from stand 3_0: 3 01, 3 02,3 03,
3 03,3 04 and 3_04. This cluster showed the mastgknce with a genetic distance

of 0.07.

Clusterlll included three individuals from the same foreshdtand population 1_02.
The group also included two other individuals friorest stand 1_0O: 1_0O3 and 1_O1.
Individuals 1_Y5 and 1_Y5, two of three individualsllected from forest stand 1_Y,
were group into clustdt. The smallest clustet\() incorporated three individuals: 3_02,

2_Y1 and 1_0O1 and was the second most dissimilir avgenetic distance of 0.06.

Principal coordinate analysis

Similarities between the individuals sampled weqgresented through a principal
coordinate analysis based on a Jaccard similaritgx (Figure 5). A closely related
group was formed by eight individuals collectechirtorest stands 3_ O and 3_Y (3_02,
3 03,3 03,3 04,3 Y1,3 Y2, 3 Y2and3 Y3). dipselated here implies that they
share a great number of markers relative to theathset of markers sampled. All
individuals sampled from forest stands 1_O and forted a group of more distantly
related individuals. This group is larger and giaaincludes all individuals from forest
stands 2_O and 2_Y apart from: 2_01, 2 01, 2 Oai®. The group also included

one individual from stand 3_O (3_0O5).
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DISCUSSION

The differences in genetic diversity within foresinds (old and young) were not
ample. When old and young forest stand pairs wengpared, the number of
polymorphisms was to some extent higher in thergddé (Table 3). However, the
differences in genetic diversity were not significélable 4). The genetic diversity
analysis measured through polymorphisms and this NefAppendix ) revealed that
the genetic diversity was the highest in stand an@the lowest in stand 3_Y (Table 3;
Appendix ). Mean within-population gene diversiiNei's H,) found forNeckeropsis
undulata (0.257) is comparable to but somewhat higher tteines found in other
epiphytic mosses genetic diversity studies usingPAmarkers. Snall (2004) measured
the genetic diversity of two epiphytic species, t@noicouOrthotrichum speciosum
and the dioicou®rthotrichum obtusifolium; and the mean gene diversity within
populations was 0.19617 and 0.19653, respecti@tythe other hand, Zartman’s (2006)
values forRadula flaccida, an epiphyllous Amazonian liverwort, were higher for
populationsof this species in forest remnants and continuotest (0.412+0.2 and

0.413%0.2, respectively).

Young forest stands were expected to have lesdigelneersity than older stands,
because of possible limited dispersal as it isticathlly viewed for other bryophyte taxa.
The traditional view is that distances of a fewtoaeters are enough to obstruct gamete
dispersal. Gamete dispersal for an epiphytic spaui@y extend beyond two meters

(Wyatt, 1982) Neckeropsis undulata produces a great number of sporophytes especially
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during the rainy season in Puerto Rico (extendiognfMay to November; Daly et al.,
2003) as has been observed during field work byboymlogy group. Consequently, the
plant is expected to reproduce at least once a Wgarpulations in these young forest
stands (forest that did not exist in 1936) weraldsthed by founder events then the
genetic diversity within them would be a sampléhaf genetic diversity of surrounding
remnants (founder source). The impact of fragntemtan old forest stands (forest
fragments that existed in 1936) may no longer béesi in the genetic diversity
measured by marker frequencies. Since Puerto Rioests are expected to recover in
50 years (Grau et al., 2003) and the Guajatace &takest was designated in 1943, then,
if genetic drift operated over populationsigckeropsis undulata in old forest stands the
plant had at least 70 generations (70 yearshtgldtudy to recover from the drift event.
When the young forest stands studied did stanrterge is not a question answer in this

study.

The relationships found among forest stands andithels sampled may explain
the genetic diversity found. The forest standsisthidvere highly differentiated (=
0.199) with respect to marker frequencies. Valoesd in this study are lower than that
reported in Hassel et al. (2005) who foungofF0.223 among populations of the moss
Pogonatum dentatum in a mountain area and in a more recently colona&ed from
Sweden. The average value of genetic differentizaimong moss populations is 0.234

(Korpelainen et al, 2005).
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Assuming that the expanding ability Mf undulata is limited and considering that
forest stand pairs (old and young) were geograpickser to each other, each young
forest stand was expected to be more closely rktatés older pair. The cluster analysis
(Figure 3) based on genetic distances (differenceasarker frequencies) showed that this
relationship was true between forest stands 3_Y3ai@lbut not as expected for stands
1 0,1 Y,2 Oand?2_Y. Forest stands 3_O and 3_ré #ire most genetically distant as
a group from all other stands. Gene flow may expllae relationship demonstrated
among forest stands: 1_0O, 1 Y, 2 Oand 2_Y. Thstet analysis based on genetic
differences among the individuals sampled (Figyreedealed that the majority of
individuals collected from these forest stands fedra large cluster (Figure 4; cluskgr
The relatedness among these individuals is alsesepted in the PCoA where the
majority of individuals from stands 3_Y and 3_Onf@d a well defined cluster of closely
related points whereas individuals collected frtwa temaining forest stands formed a

less defined group.

Gene flow among forest stands 1_0O, 1_Y, 2_0O and&oMg a forest trail may
explain the non-structured relationship among tis¢seds and the individuals sampled
from them. Hassel et al. (2005) suggested thatstapads were a window for vegetative
diaspores to expand from a mountain to a lowlaed and explained the levels of
genetic diversity found in a newly colonized arne@tigh sexual reproduction. Forest
stands 1 O, 1 Y, 2 O and2_Y are connected by biine anost hiked trails in the
Guajataca State Forest while forest stands 3_(Baldare more isolated. Reaching

stands 3_0O and 3_Y required leaving a trail andhgikver hills and through sinkholes
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(high and low elevations). Figure 6 shows two fotesls: trail A was a forest road
present in the forest in USGS maps from 1972 aad Brrepresents three forest trails
present in the forest today that connect the stuiieest stands. Trail B also connect a
large camping area next to forest stands 1 anchtst visited place in the forest: “La
Cueva del Viento” which is close to forest stand$ @lay,Neckeropsis undulata
vegetative fragments may be carried to differem{gan the forest by forest campers
and/or visitors. As Escorcia (1998) hypothesizednflers in the form of vegetative
fragments possibly reached the forest stands goanebed through sexual propagation
once established. Escorcia (1998) observed thdéwhiphylls disappeared from the
disturbed forest remmants, epiphytes moved dowitsatological niche. Although,
populations oNeckeropsis undulata are commonly found in the base of tree trunks
Escorcia observed most colonies over rocks. Althothlie dispersal methods usedMby
undulata have not been studied directly; new findings lolatory cultures di.
undulata (C. Pasiche and I. Sastre-D.J unpublished daggest that the plant’s
establishment methods may go beyond the commoaely enes (spores/vegetative
fragments). Brood cells were observed in laboratioays when media nutrients were
decreasing (Figure 6). These cells have been fagrath inconspicuous stage in the life
cycle of many bryophyte taxa and are commonly pcedwluring desiccation (Mallon et
al., 2006). The spherical thick wall cells, obserg Mallon et al. (2006) igplachnum
ampullaceum Hedw., were also observedhhundulata when cultivated in 0.5x
Murashige and Skoog media (Figure 7). Mallon e(2006) hypothesized that brood
cells were part of propagule soil banks and bectheseremain viable even when

desiccated, the cells may be part of the planfg'oductive strategy to survive
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disturbances. In order to establish how the popmratin the young forest stands were
founded, it is necessary to identify the dispessategies oNeckeropsis undulata and

the presence of these asexual propagules in stisb&ree bark and rocks.

The common assumptions very limited dispersal t&sliand lack of diversity
attributed to bryophytes were rejected by Korpeaiet al. (2005) based on results of
most genetic differentiation studies and the pasi@f gene flow inferred from them.
Bryophytes may be considered anatomically and plogically primitive; nevertheless,
their reproductive strategies appear to be suages&pulations oNeckeropsis undulata
have shown great levels of genetic diversity aterell documented event of

deforestation on the island.
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CONCLUSIONS

Populations oNeckeropsis undulata are present today in forest stands that were
completely deforested in 1936 with genetic divgraibt different from populations of
older forest stands. The question remains whelteeplant survives deforestation by
colonizing rocks as observed by Escorcia and itiede provided by the sinkhole
allowed the plant to be successful in using thiategy or if populations emerged from
brood cells present in soil banks or perhaps thks:cAlthough the specific reproductive
strategies of this species have not been identiNeckeropsis undulata populations’
strategies appeared to be successful in maintadhuggsity comparable to other
bryophyte taxa and showed genetic relationshipswgngeographically distant

populations.
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Table 1. Decimal coordinates for the studied forest staRdsest stand pairs were
numbered (1-3) and identified as old or young tigiothe letters O and Y. Coordinates
were obtained from ArcMap (ArcGis software)

Forest stands Decimal latitude Decimal longitude
10 18.42816 -66.97902
1Y 18.42729 -66.97837
2 0 18.41092 -66.97879
2Y 18.41158 -66.97680
3.0 18.41059 -66.98783

3_Y 18.40874 -66.98600
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Table 2. Pairs of primers used in the selective amplificatiach Primer is named based
on the first letter of the restriction enzyme whossgtriction site sequence it complements

and the three selective nucleotides it carries.

Primer pair Msel EcoR1 (IR-Dye)
I M-CAT E-ACT
Il M-CAC E-AAG

1] M-CTC E-AAC
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Table 3. Genetic diversity found within forest stands basedhe number of
polymorphic markers. The number of polymorphic neaskwas adjusted (Watterso®3
to account for the differences in the number of glasibetween stands.

Forest Number of Total Polymorphic S/1+1/2+1/3...(n- % of
stands individuals number of  markers 1) polymorphic
markers markers
10 9 150 115 43 28.67
1Y 7 150 91 38 25.33
20 9 150 102 38 25.33
2 Y 8 150 92 36 24.00
3.0 8 150 99 39 26.00
3Y 6 150 71 32 21.33




Table 4: Results of Kruskal-Wallis test
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Vari abl e forest stands n Means S. D. Aver age H p
diversity ol d 3 40. 00 2.65 39.00 3. 05 0.2000
diversity young 3 35.33 3.06 36. 00
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Table 5. Genetic differentiation and permutation test ressi®ermutation test results are
presented in the last three rows. If the valuesgiliserved is lower than the value of
lower 95% limit, the null hypothesis is rejected as a two sidedated it is concluded that
the actual populations are more similar than randamples the individuals. When the
value of k;observed is higher than the valueupper 95% limit, the null hypothesigs
rejected and it is concluded that the actual pdjmurla are more differentiated than
random samples of the individuaBvalue (high) gives the probability of rejecting a true
null hypothesis as a one sided test.

Statistic Values
observed k 0.1990
lower 95% limit -0.0084
upper 95% limit 0.0503

P value (high) 0.0000
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Figure1l. The image shows forest stand sites identify by ndm®, 1 Y, 2 O, 2 Y,
3_0O and 3_Y. The number close to the forest stamaens the genetic variability
(polymorphisms). The black outline shows the linoitshe forest.



Figure 2. Drawing ofNeckeropsis disticha showing module ramification.
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Figure 3. Cluster analysis (dendrogram) based on the gedistiénces found among
forest standsThe tree branches were identified by the namekeofdrest stand$:orest
stands were named by numbers (1-3) and identiBaaldaor young by the letters O and
Y separated by an underscore. The length of a branthe dendrogram represents
genetic distance. The value of the genetic disanitylis shown along the branch.
Distances were calculated through thdrielex. F;is a measure of how much the forest
stands differed in terms of marker frequenciethéfe is no genetic flow between two
forest stands their allele frequencies should ddfed genetic distances would be greater
among them.
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Figure 4. Cluster analysis (dendrogram) based on the gedetrgence found among
individual plantsThe tree branches were identified by the nhamelseofdrest stands and
the population from which the individual plant waslected.Forest stands were named
by numbers (1-3), identified as old or young thitotige letters O and Y separated by an
underscore and followed by the number of the pdmig1-5). The length of a branch in
the dendrogram represents a genetic distance. dlbe of the genetic dissimilarity is
shown along the branch. Roman numbers reveal wiheseers were formed.
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Figure5. Principal coordinates analysis based on a siityilanalysis (Jaccard index)
among the individuals. Closeness between pointtsagraphic approximate the
similarities among individuals sampled. The peragatof variability explained by the
PC1lis 11.8% and the PC2 explained 21.4%. Theecstobws a cluster formed by
individuals from forest stands 3_O and 3_Y. Thews points to individuals’ names
when names are not legible.
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Figure 6: Forest trails connecting forest stands in the GaegaForest. Forest trail A was
a forest road present in a USGS map from 1972 sEdrail B represents three trails that

connect forest stands 1 and forest stands 2.
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Figure 7. Images of brood cells found heckeropsis undulata cultures (C. Pasiche and
|. Sastre-D.J unpublished data). The photos wéentay José Almodévar using a
compound microscope.
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Appendix |. Results of the genetic diversity within forest steumeasured through Nei’s
H;. The statistics of fpresented are: standard error [S.E)](Kariance of K[Var(H;)],
variance component of;due to sampling of individuals [Varl{{, proportion of
variance of kldue to sampling of individuals [Varl%], variancengponent of Hdue to
sampling of loci [VarL(K)] and proportion of variance ofjHue to sampling of loci
[VarL%].

Forest  H; S.E.(H) Var(H) \Varl(H) Varl% VarL(H) VarL%
stands
10 0.30837 0.01686 0.000284 0.000081 28.6 0.000203 71.4

Y 0.25874 0.01856 0.000344 0.000086 25.1 0.000258 74.9
O 0.27032 0.01753 0.000307 0.000075 24.4 0.000232 75.6
Y 0.24352 0.01784 0.000318 0.000080 25.1 0.000238 74.9
O 0.25594 0.01708 0.000292 0.000092 31.6 0.000199 68.4
Y 0.20525 0.01885 0.000355 0.000080 22.6 0.000275 77.4




