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AAn over whel ming body of evidence supports th
and all those who have ever lived are members of a shared heritage that extends back to the
originoflife3.8bi | | i on years agoo. This sentence is an

independence as a living beiwge are part of something bigger!

"Eine Uberwaéltigende Anzahl von Beweisen stitzt die Schlussfolgerung, dass jeder heute
lebende Organismus und altbe jemals gelebt haben, Mitglieder eines gemeinsamen Erbes
sind, das bis zum Ursprung des Lebens vor 3,8 dénJahren zurtickreicht." Dieser Satz ist
eine Einladung, Uber unsere Nichtunabhangigkeit als Lebende Wesen zu refleitiessnd

Teil vonetwas GrofRerem






PREFACE

All doors were opened to start this travel, beginning for the many magical pristine forest of Ecuador, Sierra
de Juérez Oaxaca and los Tuxtlas in Veracruz, some of the most biodiversia tbagdanet, were | had

the honor to put my feet, contemplate their beauty and perfection and work in their mystical forest. It was
a dream into reality!

The collaboration with the German counterpart started at the beginning of my academic caraervand |
imagine that this will be continued to bring this research that summarizes the efforts of many researchers
that worked hardly in the overwhelming and incredible biodiverse tropics.

This international research was part of collaboration between teuléipearchers and institutions mainly

from Mexico, Guatemald cuadorGermany and Switzerland, that included and extensive labor related to
the distribution of ferns and lycophytes from the Equator to the north limit of the tropics in Mexico
analyzing tinee fundamental aspects of the plant distribution: the local ecologicdlgdet assessment,

the biogeographical and phylogenetic aspects, giving light on the key factors of plant distribution and
diversity at different levels along elevatiosatitudinal gradients using ferns as a model group.

| did this work with deeply respect and admiration to the Nature, with whom the human kind should be
reconnected. If we could recognize and have always in mind that all life forms in this existence are
connectednew forms of thinking and actions of mutual respect between the beings with whom we cohabit
the earth will bring a different reality in this period of planetary crisis. This simply statement recognizing

the connection of all beings in tpeaxisis very powerful and transformeg.
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Summary-Although elevationalatitudinal patterns of plant and animal diversity have been
studied for centuries, factors driving the observed patterns are still controversially discussed.
Tropical mountains offer an excellent natural experiment to unravel thasersdrof
biogeographical patterns and the integration of multiple elevational gradients along an extended
latitudinal gradient is an outstanding opportunity to decipher underlying mechanism efdatge
patterns of species richness. In this researchidt@ obtained from Mexico were unified with
elevational transects in America spanning 0° to 23°N degrees of latitude, mostly between sea level
and mountain tops (260000 m a.s.l.). Hereby, the latitudinal gradient covered by this
investigation runs from ost studied tropics through the transition zone oftspjbical regions in

order to integrate increasingly seasonal and dry climates, which are known to limit the diversity of
ferns as humidindependent organisms.

How the fern and lycophytes (hereafterrs) richness and species range size patterns
change along elevationHdtitudinal gradients is poorly explored, as well as the phylogenetic
relationships within species assemblages. The objective of this research was to describe such
patterns and undesstd the broad scale distribution of other important components of biodiversity
as the phylogenetic diversity and associated metrics, using a standardized methodology that allows
the comparison of elevational transetisorder to assess these patterfisst intensively sampled
an elevational gradient in the Sierra de Jusg
paradi seo, a hotspot of bi odiversity in a hy
sampling protocol of the working group arouMichael Kessler (Zurich) and Jirgen Kluge
(Marburg), | sampled at each elevation four to eight plots of 20 x 20 m @G0 analyzed
changes in fern assemblages along this elevational gradient. The plots were established in natural
zonal forest, avoidingpecial structural features and disturbed areas whenever possible. In each
plot, DNA samples were taken and all fern species and their abundances were recorded for
terrestrials and epiphytes. The results are presented in a series of chapters stattireganalgses
of the gradient in Mexico, followed by the central work of this research, where richness and range
size patterns of eight elevational transects in Mexico were analyzed together with climatic
correlates, and the assessment of the historicalponent (phylogenetics) of 11 elevational
gradients understanding the processes that governs the species richness. In the following the
central questions and results of the three studies will be briefly described.

In Chapter 2 we analyzed in detail onetteé most diverse elevational transect in Mexico

with 15 elevational steps in Sierra de Juarez Oaxaca, a hotspot of biodiversity, comparing the
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richness patterns with central and South America. In 121 plots we found 195 fern species, with the
highest specenumbers recorded at ridevations (1,100,200 m) and lower richness at both
gradient extremes. This hurspaped pattern was mainly driven by epiphytes, which contributed
about 40% to the total species richness. This species group had wider elevanhgeal than
terrestrial species, which contributed 38% to the total richness (20 % were recorded within both
life forms), and were more or less constant at low to mid elevations about 2,500 m, followed by a
gradual decline. Overall, richness per plot veag tompared to other elevational gradients within

the tropics closer to the Equator. This decline of species richness towards the subtropics and
temperate regions appears to be rather abrupt within Central America, but additional data are
needed to closéné remaining gap of knowledge between Costa Rica and Mexico. This work has
been published 2018 in the American Fern Journal (HernéRdzet al.2018).

In the central work of this research (Chapter 3), we assessed the richness and range size
patterns offerns and lycophytes along seven elevational gradients (with in total 658 plots) at
different latitudes and searched for predictors of range size from a set of environmental factors.
We calculated the latitudinal range using the northern and southets tifnéach species and
averaged the latitudinal range of all species within assemblages weighted by their abundances. We
related climatic factors and the changes with latitude and elevation with range size using linear
mixed-effects models. Species richsgser plot increased with elevation up to about 1-5000
m, with strong differences in overall species richness between transects and a reduction with
increasing latitude. The mean weighted range size of species within assemblages declined with
elevation, and increased with latitude. However, we also found marked differences between the
Atlantic and Pacific slopes of Mexico, as well as low range size in humid regions. The best models
described about 76080% of the variability in range size and includée seasonality of both
temperature and precipitation, and annual cloud cover. As a conclusion, latitudinal and elevational
patterns of range size in fern assemblages are driven by an interplay of factors favoring wide
ranging species (higher latitudes witicreasing temperature seasonality and dryer habitat
conditions) and those favoring species with restricted ranges (higher elevations with more humid
habitat conditions), with additional variation introduced by the specific conditions of individual
mountan ranges. Climatically stable, humid habitats apparently provide favorable conditions for
smallranged fern species, and should accordingly be given high priority in regional conservation
planning. This work was published 2020 in the Journal of Biogebgr@ernandeRojaset al.

2020).
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Finally, phylogenetic approaches should be seen as an integral component of studies of
the causal basis of community structure, which permits the understanding of how communities
have evolved through time, and a deepederstanding of biogeographical processes. This
historical aspect is included as the final part of this research (Chapter 4) that was aimed to unfold
the complex changes in the phylogenetic structure along elevatior4(®00m.a.s.l.) and
latitude (0223° N). We compiled a comprehensigata set including eleven elevational transects
(more than 900 spp. and 868 plots), closing the gap of information observed in Chapter 2. At this
point | should highlight the relevance of this research as a product ofdhe of many
researchers that | have the honor to synthesize to get a complete view of biogeographic and
phylogenetic patterns. One of the major tasks before analyzing the data was to compile the
phylogenetic information of the more than 900 species, aftwdnly 70 % were already present
in the most recent dissolved phylogenetic tree, and the remaining 30 % species had to be added
on the basis of putative closest relatives due to exhaustive examination of morphological
characteristics and expert knowled@ar results showed that latitude and elevation per se are
weak explanatory variables for phylogenetic diversity, but incorporating climatic variables
clearly enhance the explanatory power of the models. We used different phylogenetic measures
in order tocapture different aspects of evolutionary history of this plant group and were thus able
to understand, how species groups have evolved to currently form the observed gradients in
Central America. Overall, the phylogenetic diversity decreased with irctdasitude and
elevation, as could be observed by increasingly clustering of closely related species. Additionally,
it is worthwhile to look at taxonomic group of ferns separately for the main lifeforms, as they are
not only ecologically different, but & not congruent in their evolutionary history. Epiphytic
phylogenetic diversity had a positive relationship with humidity, while the phylogenetic diversity
of terrestrial was determined by temperature. The general pattern of phylogenetic diversity is
mairnly driven for the suppression of the old, basal tropical, terrestrial lineages rather than by
recent evolutionary history and better explained by climatic variables. Thiswesrkubmitted
to frontiers of biogeographyn continuation of this work and @ outlook to further studies, |
am heading for to continue the research in tropical areas, where the deforestation and disturbance,
respectively, and general human activities play a central role, which are impacting tremendously
the legacy of millions ofears of evolution. In the context of the species richness patterns, it is
necessary to fill the gaps of knowledge presenfnmerica In this regard, Mill intendto

incorporag historical factors thatnables a deeper understanding of biogeographice¢gses.
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ZusammenfassungDie Erforschung von Diversitat entlang von Hohemd latitudinalen
Gradienten ist schon lang ein zentrales biogeographisches Thema, trotzdem werden Faktoren,
die die beobachteten Muster bestimmen, immer noch kontrovers disKilt@pische Gebirge

bieten dabei ein ausgezeichnetes natirliches Experiment, um die Ursachen biogeografischer
Muster zu entschlisseln. In diesem Zusammenhang bot sich die hervorragende Gelegenheit, im
Rahmen dieser Dissertation Artverteilungsmuster eimgof3en und einheitlichen
Pflanzengruppe, der Farne, an mehreren Ho6hengradienten entlang eines ausgedehnten
latitudinalen Gradienten zu untersuchen, um den zugrunde liegenden Mechanismus
grol3raumiger Muster des Artenreichtums zu entschlisseln. Bei diessulcthung wurden die

in Mexiko gewonnenen Daten mit entsprechenden Daten aus anderen Regionen in Amerika
zusammengefasst, die sich latitudinal vom Aquator bis 23° nordlicher Breite, und in der Hohe
zwischen dem Meeresspiegel und den jeweiligen Berggif@80 m- 4000 m) erstrecken. Dabei

reicht der von dieser Untersuchung abgedeckte latitudinale Gradient von den Tropen in Ecuador
bis in die Ubergangszone zu subtropischen Regionen in Zémsdko, um zunehmend
saisonale und trockene Klimazonen einzugtezn, von denen vermutet werden kann, dass die
letzteren Klimate die Diversitéat von Farnen als feuchtigkeitsabhéngige Organismen einschranken
koénnen.

Wie sich der Reichtum von echten Farnen und Barlappgewédchsen (im Folgenden
ei nhei tl i ch bhadt)anddidlaealgr@ddén siowee die ghydogenetischen Beziehungen
innerhalb von Artengemeinschaften entlang von Héhen latitudinalen Gradienten andern,
sind nur unzureichend untersucht. Das Ziel dieses Forschungsprojektes war es, die gefundenen
Muster a1 beschreiben sowie die Muster phylogenetischen Vielfalt unter Verwendung einer
standardisierten Methodik zu verstehen und in einem rdumlichen und historischen Kontext
einzuordnenin einem ersten Schritt habe ich zunachst intensiv einen Héhengradienten in der
Sierra de Ju8rez, Oaxaca, Mexi ko, untersucht,
Hotspot der Artenvielfalt in einer hyperhumiden tropischen Region. Unter Vidumg eines
etablierten, einheitlichen Aufnahmeprotokolls der Arbeitsgruppe um Michael Kessler
(Universitat Zurich) habe ich in jeder Hohestufe von 100 m bis 200 m vier bis acht Parzellen von
400 m2 (insgesamt 121) beprobt und Anderungen der Farnzusantmnegsentlang dieses
Hohengradienten analysiert. Die Parzellen wurden in nattrlichen zonalen Waldern angelegt,

wobei nach Maoglichkeit besondere geomorphologische Situationen (tiefe Bacheinschnitte,
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Berggrate) und gestorte Gebiete (Erdrutsche) vermiededewuin jeder Parzelle wurden von

allen gefundenen Farnarten DNA&oben entnommen sowie ihre Haufigkeit insgesamt und
getrennt nach Lebensform (terrestrisch, epiphytisch) getrennt aufgezeiDimdirgebnisse
werden hier in einer Reihe von Kapiteln vorgds beginnend mit den Analysen des
untersuchten Gradienten in Oaxaca, Mexiko, gefolgt der Analyse der Diversitids
ArealgréRenmuster dieses und sieben weiterer Hohengradienten in Mexiko, die von anderen
Projekten der Arbeitsgruppe um Michael Kesstenoben wurden. Des Weiteren werden an
insgesamt elf Hohengradienten (die erwéahnten acht in Mexiko sowie drei weitere sudlich bis
Ecuador) Zusammenhéange der erhobenen Diversitatsmuster mit Klimafaktoren bewertet und die
phylogenetischen Zusammensetzung#gr Farngemeinschaften als evolutiehéstorische
Komponente untersucht. Im Folgenden werden Inhalt und zentrale Ergebnisse dieser drei Studien
vorgestellt.

In Kapitel 2 haben wir einen der vielfaltigsten H6hengradienten in Mexiko mit 15
Hohenstufen in deSierra de Juarez, Oaxaca, einem Hotspot der biologischen Vielfalt, detailliert
analysiert und die Diversitatsmuster mit denen aus Mitetl Stiidamerika verglichen. In 121
Untersuchungsflachen fanden wir insgesamt 195 Farnarten, wobei die h6chsteatAetenz
mittleren Hohenlagen (1100 m 2200 m) und ein geringerer Reichtum an beiden
Gradientenenden verzeichnet wurden. Dieses buckelférmige Muster wurde hauptsachlich von
den Epiphyten gebildet, die etwa 40 % zum gesamten Artenreichtum beitrugen. Diese
Artengruppe hatte gréRere Hohenausdehnungen als die terrestrischen Arten. Letztere trugen 38
% zur Gesamtartezahl bei (20 % wurden in beiden Lebensformen erfasst) und waren in niedrigen
bis mittleren Hohen von etwa 2500 m mehr oder weniger konstant, gefolg einem
allmahlichen Rickgang bis in hohe Gebirgslagen. Insgesamt war der Artenreichtum pro
Untersuchungsflache im Vergleich zu anderen Hohengradienten in den Tropen ndher am Aquator
gering. Dieser Riuckgang des Artenreichtums nordwarts in Richtungoabtund gematigte
Regionen erschien in Mittelamerika ziemlich abrupt, es sind jedoch zusétzliche Daten
erforderlich, um die verbleibende Wissensliicke zwischen Costa Rica und Mexiko zu schliel3en.
Diese Arbeit wurde 2018 irAmerican Fern Journaberoéffenticht (HernandeRojaset al.

2018).

In der zentralen Arbeit dieses Forschungsvorhabens (Kapitel 3) haben wir Diversitat und

ArealgréRen von Farngemeinschaften entlang von sieben Hohengradienten (mit insgesamt 658

Parzellen) in verschiedenen latitudinalereiBen untersucht und nach Pradiktoren aus einer
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Reihe von Umweltfaktoren gesucht. Wir haben die latitudinale Ausdehnung unter Verwendung
der ndrdlichen und sudlichen Arealgrenzen fur jede Art ermittelt und darauf aufbauend die
mittlere latitudinale Ausdetung der Farngemeinschaften, gewichtet nach den Haufigkeiten der
Arten innerhalb der Gemeinschaften, berechnet. Mit Hilfe von linearen gemischten Modellen
haben wir diese Grolien zu HOkeund latitudinalen Gradienten sowie zu relevanten
Klimafaktoren in Beiehung gesetzt. Die Diversitat pro Untersuchungsflache nahm mit der
Meereshohe bis 1500 bis 2000 m zu, wobei sich die Diversitat zwischen den Transekten stark
unterschied und mit zunehmendem Breitengrad abnahm. Die mittlere gewichtete Arealgrél3e von
Arteninnerhalb von Farngemeinschaften nahm mit der Meereshdhe ab und mit dem Breitengrad
zu. Wir fanden jedoch auch deutliche Unterschiede zwischen der atlantischen und pazifischen
Seite der mittelamerikanischen Landbricke Mexikos. Die besten Modelle besoheisia 76

% bis 80 % der Variabilitat der mittleren Arealgréf3e und beinhalteten die Klimavariablen
TemperatwSaisonalitdt und Niederschlag sowie die jahrliche Wolkenbedeckung.
Zusammenfassend lasst sich sagen, dass Arealgrofien von Farngemeinschalfteeindurc
Zusammenspiel der Faktoren bestimmt werden, wobei Artgemeinschaften mit grof3en Arealen in
hohere  Breiten mit zunehmender  Temper&aisonalitait und  trockeneren
Lebensraumbedingungen, und solche mit eingeschrankten Arealen in héheren Gebirgen
gunstigen feuchten Lebensraumbedingungen zu finden sind. Klimastabile, feuchte Lebensraume
bieten offenbar glinstige Bedingungen fur Farnarten mit geringer Verbreitung (Endemiten) und
sollten daher in der regionalen Naturschutzplanung eine hohe Prioritat erbDedtes.Arbeit

wurde 2020 in imJournal of Biogeographyeroffentlicht (HernandeRojaset al. 2020).

Zusatzlich sollen phylogenetische Ansatze als integraler Bestandteil von Studien zur
Artgemeinschaftbildung angesehen werden, die das Verstandnis der Entwicklung der
Gemeinschaften im Laufe der Zeit und ein tieferes Verstandnis der biogeografischeneProzess
ermdglichen. Dieser historische Aspekt ist als abschliel3ender Teil dieses Forschungsprojektes in
Kapitel 4 enthalten, das darauf abzielte, die komplexen Veranderungen der phylogenetischen
Struktur entlang von Hohengradienten (200 #4000 m) und des Bringrads (0% 23°N) zu
untersuchen. Wir haben einen umfassenden Datensatz mit insgesamt elf Hohengradienten (mit
mehr als 900 Arten auf 868 Untersuchungsflachen) zusammengestellt, um die in Kapitel 2
beobachtete Datenliicke zu schlie3en. An dieser Stéttateich die Relevanz dieser Forschung
als Produkt der Arbeit vieler Forscher hervorheben, die ich auswerten darf, um einen

vollstandigen Uberblick liber biogeografische und phylogenetische Muster zu erhalten. Eine der
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Hauptaufgaben vor der Analyse der &atestand darin, die phylogenetischen Informationen
der mehr als 900 Arten zusammenzustellen, wvon
vorhanden waren, und die verbleibenden 30 % der Arten mussten hier eingeordnet werden.
Grundlage dieser langwierigeEinordnung war die engste Verwandtschaft zu mutmalfilichen
Nachbararten, die basierend auf einer umfassenden Untersuchung der morphologischen
Merkmale und mithilfe von Expertenwissen vorgenommen wurde. Unsere Ergebnisse zeigen,
dass Breitengrad und HOohe ich nur schwache erklarende Variablen fir die phylogenetische
Vielfalt sind, aber die Einbeziehung klimatischer Variablen die Erklarungskraft der Modelle
deutlich verbessert. Wir haben verschiedene phylogenetische MalRe angewendet, um
verschiedene Aspekider Evolutionsgeschichte dieser Pflanzengruppe zu erfassen, und konnten
so versuchen zu verstehen, wie sich Artengruppen entwickelt haben, um die derzeit die
beobachteten Gradienten in Mittelamerika zu bilden. Insgesamt nahm die phylogenetische
Vielfalt mit zunehmendem Breitengrad und zunehmender Hohe ab, was durch eine zunehmende
Haufung sehr nah verwandter Arten beobachtet werden konnte. Dartber hinaus lohnt es sich, die
wichtigsten Lebensformen getrennt zu betrachten, da sie nicht nur dkologisclchiatiich,

sondern auch in ihrer Evolutionsgeschichte nicht kongruent sind. Die phylogenetische Vielfalt
der epiphytischen Lebensform wies einen positiven Zusammenhang zur Luftfeuchtigkeit auf,
wahrend die phylogenetische Vielfalt der terrestrischen Adtegch die Temperatur bestimmt
wurde. Das allgemeine Muster der phylogenetischen Vielfalt beruht hauptsachlich auf dem
Verschwinden der alten basalen tropischen terrestrischen Linien und nicht auf der jingsten
Evolutionsgeschichte und wird besser durch &tlisthe Variablen erklart. Diese Arbeitivde

im Frontiers of Biogeographgingereicht In Fortsetzung dieser Arbeit und als Ausblick auf
weitere Studien werde ich die Forschung an Farngemeinschaften in tropischen Gebieten
fortsetzen, in denen Entwaldungziehungsweise Stérung und die allgemeinen menschlichen
Aktivitaten eine zentrale Rolle spielen, die das Erbe von Millionen von Jahren Evolution enorm
reduzieren. Im Zusammenhang mit den Diversitdtsmustern ist es zusatzlich wiinschenswert, die
Wissensluckeim Americazu schlieRen. In diesem Zusammenhang beabsichtige ich auch, einen
ganzheitlicheren Ansatz zu verfolgen, der historische Faktoren einbezieht, welche ein tieferes

Verstandnis der biogeografischen Prozesse ermoglichen.

Xii



CONTENTS

SUIMIMIAIY. oottt e et e e e s e a s a e e s e s e e a e s a1 s ——— \Y
ZUSAMIMENTASSUNG. ...ttt ee e e ettt e e e e e et e e e e e e et e et e e e e e e e e bbb e et e e e e e e s e anns e s s s e e e e e e e e e s e iX
LISE OF FIQUIES. ...t ettt e e e et e st e e be e ssbeeeseesee s smemmmnnnn Xiv
IS o) 1 7= 1 o] (1S PP R RPN XV
1 GENERAL INTRODUCTI ON oottt ettt e e e e et e e emmt e e e e e s st e e satsasan s eaensstnsasansessaneees 3
1.1 THE GRADIENTS OF SPECIES RICHNESS AND RANGE SIZE: TWO CLASSICAL HYPOT HESES IN
(@] =@ 1T 2¥N =] 1 2 3
1.2 FERNS AS A MODEL GROUP FOR BIOGEOGRAPHICA L QUESTION ...cvuiiiiiieniiiniiinieensimeessnessneesnessnnns 5
1.3 OBJECTIVES AND OUTLIN E OF THE STUDY tutituiituiitniitniitneitniemeesneeteissetestssssmnntsstersesssiernnees 5

2 RICHNESS PATTERNSOF FERNS ALONG AN ELEVATIONAL GRADIENT I N THE SIERRA DE

JUAREZ, OAXACA, MEXI CO: A COMPARISON WIT H CENTRAL AND SOUTH AMERICA ......... 13
2. LINTRODUGCTION. ..ttt tutttesitttee ettt se e sttt ate e e st et e st et e eme e s s se e e s as b e e e aabee e e aabsenameesbbeeeeanreeesnbeeesnrnnnes 13
2.2MATERIALS AND METHODS.......oiiiiiiieiiiie ettt sttt eesr e asbe e e st e e e s nnn e e s smeesne e e e snnes 14

A R (1 [0 )= 1= 14
2.2.2 ClIMALE....ee ettt eeet e e e e oo bbbt e e e e sk b b e et eeee e e e e e e bbb e e e e e e e et be et eeneeeeeeane 16
2.2.3 FEIN SAMPIING. ...ttt ettt e e e e et et e e eemme e e e et e e e e e et e e e e enes 17
2.2.4 DALA ANAIYSIS ... .eeeeiieeiiiiee ettt eteee ettt ee et et e e e s anne e b et et e e e e a bbb e e e e s aanne s 18
R T o { =S U I 1 T PO RO P P POPPPPPPON 18
2. ADISCUSSION. ....ceeiiieiiiitie ittt e ettt e sttt e e st e e bbb et e e e s e bbb et ee e s e e e ea s bbb et e e e e anbbe et e e e e s neeeannree 29

ACKNOWLEDGMENTS ...oiiiiiiie ittt ieeei ettt e et esme e st e e s s a b e e sk b e e e sk s eneme e e sbe e e e anneeesanneeeennes 31

3 LATITUDINAL PATTER NS OF SPECIES RICHNESS AND RANGE SIZE OFFERNS ALONG

ELEVATIONAL GRADIENT S AT THE TRANSITION FROM TROPICS TO SUBTROPICS............ 37
S.LINTRODUCTION. ¢ttt iuttte ettt ettt st e ettt ettt st et eeme ek ee e e s ek b e e e st et e e sassename e sk be e e e anb e e e abbeeeanbenens 37
3.2MATERIALS AND METHODS......coiiiiiiiiiiiit ettt ettt e ettt e et e s b e e s smeesbee e e ennee 40

I RS (1o Y= =T N RO PP PPPPRURPOPY 40
3.2.2 FEIN SAMPIING. .. ceiiii ittt e e e e eeer e e e e e b e e e e e abbeeeeas 41
3.2.3 EXPIanatory VariabIlesS. ........coouuiiiiiiiiieei e 42
I B o= Tol [ = T [0 =P PP OPPPPPPR PRI 43
3.2.5 StAtiStCAl ANAIYSIS. ... .eeeiiieiiiiii ettt 44
IR T o S U I 1 S PO R PP POPPPPPPOY 45
SLADISCUSSION. ...ttt ettt ettt ettt e ek eaer e e e sa b et e ek b et e e bt e e e s smenab bt e e ehbe e e e aabe e e s bt e e emmne e nnees 54

4 PHYLOGENETIC DIVER SITY OF FERNS REVEAL S DIFFERENT PATTERNS OF NICHE
CONSERVATISM AND HAB ITAT FILTERING BETWE EN EPIPHYTIC AND TER RESTRIAL

ASSEMBLAGES ...ttt ettt ettt b et e etk e b et e b e ee etk bt e e e bb e e e e b b e e e anbennre e e e anbeeas 62
A LINTRODUCGTION. ...t tittete ettt etee ettt ettt ee et skt e e e sk bt e e sk be e e e beaabeeessmbbeeeabbeeeesabeeeamnnnn 62
A.2MATERIALS AND METHODS.....coi ittt eret e e e s st e e e e s abb b e enereeeeeeeaae 65

O RS (1o VY == W PRSPPI 65
4.2.2VegetatioNSAMIPIING. ... ittt rmee e sme e e e e e e anraes 66
4.2.3 PhylOgENEHIC ALA........eeeiiii ettt e e e e s e ae e e e e e neeed 638
4.2.4 NUII MOAEI SEIECHON......eeiiiiiiiiieii ettt e e me et e e e e e nereeas 69
4.2.5 EXplanatory VariabIEs...... ..ot e 69
4.2.6 SEALISTICS.....ueveeeeiiiiiieeie e iteers ettt e s me ettt e e s s e e e e s s smeesssinreeeeesannnnnneeesssmnessennneed O
L B RE S UL T S ittt ettt ettt e eme et bt e b bt e e e b et e oAb et ane b bt e e e ehb e e e et bt e e et e aat e e s anrreeenes 71

Xiii



N 11Tt W11 [ TN 74

5 SYNTHESIS AND OUTLOOK ....cuiiiitiiie ittt ettt bttt et et beee e e ssbe e e s aabe e e sbbe e e s rnnensseesssbeeeesnned 80
B L SYNENESIS. ..ttt e e e nh et e e s e bbb et e e s s e et e e e an 80
5.2 OUHIOOK ...ttt ettt e st e e s e e am e e e e E e ennne e 81
B REFERENGCES.......ooiiiiii ittt ettt ent ekt e et e e s bt e s rme et e e sst e e s an e e e s s s e seme e snneeen 86

List of figures

Fig. 1.1Detail descriptn of an individualtansect located at sierra de juarez oaxaca, a tyweid
region known as the ferns..hunt.er.ds..par.adi7se by mi

Fig. 2.1Study area in the sierra de juarez, oaxaca, mexico, showing the locations of the sampling sites

Fig. 2.2Elevational trends of (a) mean annual temperature and (b) precipitation. data derived from the
chelsa data set (kargetral.,2017) for each plot of thelevational transect in the sierra de juarez, oaxaca,
mexico. trend lines were set with locally weighted regressions (IOWeSS)..........ccccvveeereienenens 17

Fig. 23. Richness patterns of ferns (number of species per plot) along the elevational gradient in sierra de
juarez, oaxaca, mexico. values are given for all species (dots, continuous line), and separately for
terrestrials (downwardgointing triangles, shtv-dashed lines) and epiphytes (upwapainting triangles,
long-dashed lines). trend lines were set with locally weighted regressions (lawess)................ 27

Fig.2-4 Left: patterns of fern species richness along eight elevational transects in the neotropics, following
the latitudinal gradient from boliviaX9 and16° s) via ecuador (~0°) and costa rica (9° n) to mexico: los
tuxtlas (17° n) andofre de perote (19° n), veracruz and sierra de juarez, oaxaca (18° n). trendlines were
set with locally weighted regressions (lowess). right: mean plot richness plotted against latitude. letters
above indicated significant different groups following ase\of variance (anova), and tukey pbet

EEST (P 0.00L). .. ittt ettt e e ettt e b ehe e be e eeant e be e eteebeetbeerbeeatesennreeteesbeeares 28

Fig. 3-1 Location of the eight study transects and their fern speicieness patterns at the transition from
tropics to the subtropics in mexico between-23° n. points represent the mean latitude of all plots per
site, indicated in every rChNESS PANEL..........cooiiiie e 41

Fig. 3-2. Richness and range size patterns of ferns, and environmental factors along eight elevational
transects in mexico at 1&3°n. transects are ordereddnntinental sides (atlantic, pacific) and latitude
(from south to north Within @ach SIAE)..........c.oiiiiiiiee e 46

Fig. 3-3. Relationship between latituthl range size of ferns, latitude, and elevation along eight
elevational transects in mexico between-28° n (spearman correlation). pacific side, black circles;
atlantic side, gray triangles. for weighted range sizes, only the seven transects wdeslincl..... 47

Fig. 3-4 Relationship between climatic variables and range size of ferns along eight elevational transects
in mexico betweed5°23° n (spearman correlation). pacific side, black circles; atlantic side, gray
LU= 10 ] L= TS 50

Fig. 41 Location of the 11 elevational transects including thkilogenetic tree showing the most
important families

Xiv



EEEEEeeeeeeeeeee. . . . . L . 66.

Fig. 42 Patterns of standardized effect sizes of the MPD (mean pairwise distandéNabd(mean

nearest taxon distance) for all fern species, and for terrestrial and epiphytic ones separately against
latitude and elevation. Values of sMPD and sMNTD are indicated by colors: red: negative values, blue:
positive values; color intensity incrsss with difference from

,,,,,,,,,,,,,,,

List of tables

Table2-1. Species list of lycophytes and ferns recorded along the elevational gnadienSierra de
Juérez, Oaxaca, Mexico. Data are presented with the minimum (Min) and maximum (Max) observed
elevational distribution, frequency of the species (F; the number of plots in which the species was
recorded), the mean number of individuals et (N), and substrate including the life form: t:

terrestrial, he: hemiepiphytic, e: for epiphytes comprising the Johansson (1974) zonation in which th
epiphytes occurred (from zone 1 to zone 5), dw: dead wood, and r: rocks. Species marked with n are
new.

Table 31. Likelihood ratio test results with p values for all fix effects in the Lineaedhirodels
(Coefficients), by transects, sides (A= Atlantic andF=ific), and elevational groups, using Step or
group of plots in the same elevation as random factors. For all transects together the Transect / Step
randomfactor structure was useflimilar values in the marginal (R2m) and conditional R2 (R2c)
indicates that a linear model is the adequate model with thecagfiEients. P: Pacific side, A:

Atlantic side, Biol, Bio4: annual mean temperature and its seasonality, Bio12, Bio15: annual
precipitation and its seasonal@ynd CloudA, CloudS: annual cloud cover and its seasonality.
Significance codes: *** P <0.001, * *P<0.01,

Table 32. Model selection table derived from the model including the residuals of range size (and
weighted range size) explained by latitude, elevation and Side (Model les) using as random effect the
transect. Full modeResiduals of model les ~ Biol+Bio4+Bio12+Bio15+ CloudA+ CloudS. Biol, Bio4:
annual mean temperature and its seasonality, Bio12, Biol5: annual precipitation and its seasonality and
CloudA, CloudS: annual cloud cover and its

,,,,,

Table 42. Results of the Likelihood ratio test by phylogenetic variable with p values for all fixed effects

in the linear mixed models (coefficients), ugite transects as random factor and the mean per

elevational band on 500 m. Orilyemodels with delta=0 are showed (function dredge). TEMP and

TEMPs: annual mean temperature and its seasonality, PREC: annual precipitation and CA: annual cloud
cover. *** P <(0.001, **P<0.01, #<0.05
.............................................................................................................................................. 72

XV



XVi






CHAPTER 1

General Introduction









1 General introduction

1.1The gradients of species richness and range size: two classical hypo#sesn

biogeography

The study of elevational diversity gradients dates back to the foundation of biogeggraphy
Humboldt, Darwin and Wallace provided trst modern detailed observation of how the natural
world changes with elevation, nevertheless the origins of the biogeography (the geography of
nature) must reach far back in the early history of our species (Lomolino R#11y.hypotheses

have been mposed to explain patterns in nature, especially the variation of species richness among
regions and its distribution. Two of the very classical hypotheses in biogeography, that we tested
herein an elevational and latitudinal contexare thelatitudinal gradient of increasing species
richness from th@olar regions towards the tropi¢®arwin 1859, von Humboldt [1828] 20Q4)

for most major groups of terrestrial organisms, diversity is highest in the tropics (Gaston &
Blackburn 2000) and t h e I|eRhatpasspnoes thal sopicaluspecies tend have smaller
ranges, allowing more species to coexist in tropical versus temperate regions (Stevens 1989).

Although elevationalatitudinal patterns of plant and animal diversity have been studied
for centuries,factors driving the observed patterns are still controversidédipated(e.qg.,
Hillebrand 2004, Qian & Ricklefs 20)land ¢evational gradients have increasingly gained
attention within the research field of assessing the relative contribution of a alethmoposed
drivers of species richness patterBevational gradientarediffer from the latitudinal gradient
in that they are more concise, have many more replications (Rahbek 2005, McCaa), 2000
are nested in one biogeographic region hagoge through similar geological and evolutionary
history (Kérner 2000)and partly allow for disentangling different ecological factors that vary in
different ways along different elevational gradients (Lomolino 2001). Latitudinal and elevational
gradientsthus both represent largeale biogeographical gradients along which biodiversity
changes in clear, and often predictable wdse tothe different spatial extents and specific
ecological transitions of the two types of gradients, a combination afdet#l and elevational
gradients offers a unique opportunity to disentangle the relative roles of different drivang®f

size andspecies richness patterns.

OriginallytheR a p o p o r(RR)wasconedived for latitudinal gradients, the idea that



range sizes may be determined by climatic seasonalis later extended to elevational
gradients as well (Stevens 199®|imatici variabilityo hypothesis). While these patterns have
been documented for a wide range of taxa in many regions {Bddmkoet d. 2000: insects;
Ribas & Schoereder 2006: many groups; Morin & Lechowicz 2011: trees; Rin&br2015:
|l i zar ds; ¢€f a.20& birdd anchmarine bivalves), there are also a good number of
studies, mainly along elevational gradients in animatsalso in plants, that do not corroborate
the rule or even reporting a reverse pattern or mixed results suggesting that it varies between taxa
and continents (Rohdet al. 1993 Ruggiero 1994Rohde & Heap 199@hattarai & Veetas
2006 Pintoret al.2015 Ribas & Schoereder 200Bhou 2019). Support for the rule is also scarce
in the tropics (Rhode 199Blackburn & Gaston 1996[ven if a pattern of range size distribution
accords to RR, there are a number of complications in understanding the undedgesses.
Furthermore, the classical interpretation of RR focuses only on temperature seasonality, even
though seasonal variations in humidity may be equally important for explaining the range size
distributions (Gaston & Chown 199PBintoret al. 2015).Especially in the tropics, where there
is little seasonal variation in temperatures, variations in precipitation patterns may play an
important role.

Also, for a long time, ecologists did not incorporate historical biogeography in explaining
largescale ichness patterns (with few exceptions such as Ricklefs & Schluter 1993, aVabb
2002), and gradients of richness were predominantly explained by variations in the physical
environment. However, there is increasing evidence that local diversity iglgtammnected to
regional diversity, raising the question of the historical component of local diversity patterns (e.qg.,
Wiens & Donoghue 2004, Ricklefs 2005, Roy & Goldberg 2007). Ecological gradients may also
show phylogenetic patterns reflecting histatidifferences between regions as well as inherited
traits of clades contributing to the plant diversity (Ricklefs 2005, Havwedias. 2005, 2006). For
example, the tropics may harbour a higher diversity across many taxa than temperate regions
becauseth t axa have originated tdta2006)ahdhadagreatef t he
extent in the historical past (Behrensmegeml. 1992, Kisslinget al. 2012), thus most extant
clades are originally tropical, leading to greater time and speagalaility for speciation.
Moreover, a higher amount of energy in the tropics leads to shorter generation times and thus
hi gher di versi fi daxtiomctriacnets, (Qasrpceiclilacc i D999) .

tropical regions, adaptations are necesgadisperse and persist in cold and climatically seasonal



regions, and these have evol vedWieasn&dl Donoghne s o me
2004; Ahabitat filteringo, Har per 1977, Kedd
species thiatend to be ecologically more similar and should therefore show higher competition
(Darwin 1859, CavendeBares et al 2009, Cahéit al 2008).

1.2Ferns as a model group for biogeographical question

Ferns have lightweight, dubke spores generallgetween 3@ mrand7 0 e m ( Tryon & Lu
1991) that disperse easily by wind. It has been shown that fern spores can tolerate low temperatures
and high UV light in the upper atmosphere (Grads€eixian Zanten 2001) allowing the long
distance dispersal. Thcharacteristic is due to the alternations of two generations: the sporophyte
that is very conspicuous and the gametophyte, a very small independent plant (some millimeters)
responsibldor the sexual reproduction (Mehltreter 2010). They are indepentipaliioators and

seed vectors and have very fewenmlved herbivores and habitat preferetiatheir distribution

reflected climate and other features (Barrington 1993). Due to their spore dispersal, ferns are
largely independent of biotic interactiorend represent a suitable group to investigate
biogeographical questions. They might serve as a model of how land plants have evolved and

adapted to their environment (Kessler 2010).

Furthemore ferns are the secofdost diverse lineage of vascular plamtsEarth with a rather
complex evolutionary history and an estimated age of 431 ma (older than angiospetratsp
including more recent lineages with an approximately age of 40 ma to nearly 80 ma (Testo &
Sundue 2016) that radiatatithe same time Wi earlyangioperms (Schneidest al.2004).

1.30bjectives and outline of the study

This research was a part of an international collaborative initiative planned mainly by Dr. Jirgen
Kluge (Germany) and Dr. Michael Kessler group (Switzerland), who hav&ersive research

in elevational gradients worldwide, to fill the absence of-pbged data in the Neotropics,
especially in Mexico. Originally, we had the intention to include information only from Mexico

but the availability of data of the researcbuypw and the new computational available tools allowed



the inclusion of many transect spanning from the Equator to the North of Mexicthand
integration ofdata fom Honduras provided for collaborators. | should highlight the relevance of
this research as product of the work of many researchers that | have the honor to synthesize to
get a complete view of biogeographic and phylogenetic patteats also contributed with new

field information from Mexico.

My objective was to descrildlgow therichness patterns and range sifespecieshange
along elevational gradieswis well the phylogenetic relationships inside of the species assemblages
using ferns as a model group and a standardized methodology that allows the comparison of
elevational tansects at different latituggautilizing plot-based datapecifically in pristine forest
from the Equator to thaorth of Mexico (Appendix F 10) This zonefrom thetropics including
the transition to thesubtropics offers a big potential to unravel ders of species richness,
phylogenetic and distributional patterns as an area of biotic overlap that combines both types of
gradients. In order to assess these patterns for &chsycoplytes | analyzedchanges in their
assemblages along elevationaldieatswith a consistent, standardized methodolqggté of 20
x 20 m,Kargeret al.2014 Kessler& Bach 1999).

As a result,| obtained three central publicatigria collaborationwith the researches
included in every chaptetwo of which are already published (Chapterand 3). In the first
publicationl analyzed in detailed one of the most diverse elevational transect with 15 elevational
steps in Sierra de Juarez Oaxaca, a hotspot of biodiv@tigjtyl.1, Appendix F5- F 9), comparing
the richness patterns with central and South Ameliaund ahumpshaped patterthat was
mainly driven by epiphytes, which contributed about 40% to the total species richness and had
wider elevational ranges than terrestrial species;ciwtontributed 38% to the total richness (20
% were recorded within both life forms), and were more or less constant at low to mid elevations
about 2,500 m, followed by a gradual decline. Overall, richness per plot was low compared to
other elevational gdients within the tropics closer to the Equator. This decline of species richness
towards the subtropics and temperate regions appears to be rather abrupt within Central America,
but additional datavereneeded to close the remaining gap of knowledgedmtvCosta Rica and

Mexico.
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In the third chapter and central work of this resedia$gsessed the richness and range size

patterns of ferns and lycophytes along seven elevational gradients (658 plots) at different latitudes

and searched for predictors of range size from a set of environmental fafdarsl that pecies

richness per plancreased with elevation up to about 1,6@0000 m, with strong differences in

(1

overall species richness between transects and a reduction with increasing latitude. The mean

weighted range size of species within assemblages declined with elevationcr@aded with

latitude. Latitudinal and elevational patterns of range size in fern assemblages are driven by an

interplay of factors favouring wideanging species (higher latitudes with increasing temperature

seasonality; dryer habitat conditions) and thésvouring species with restricted ranges (higher

elevations; humid habitat conditions), with additional variation introduced by the specific

conditions of individual mountain ranges

Finally, phylogenetic approaches should be seen as an integral conpbseeries of

the causal basis of community structure, which permits the understanding of how communities

have evolved through time, and a deeper understanding of biogeographical processes

(Los0s1996) This historical aspect is included as the final pathis research (Chapter 4) that



was aimed to unfold the complex changes in the phylogeneticis&uaiiong elevation (200

4000 ma.s.l.) and latitude (823° N).| compiled a comprehensiwdata set including eleven
elevational transects (more than 3. and 868 plots), closing the gap of information observed

in Chapter 2Theresults showed that latitude and elevation per se are weak explanatory variables
for phylogenetic diversity, but incorporating climatic variables clearly enhance the explanatory
power of the models. Overall, the phylogenetic diversity decreased with increased latitude and
elevation, increasingly clustering of closely related species. The general pattern of phylogenetic
diversity was mainly driven for the suppression of the ol@shl tropical, terrestrial lineages

rather than by recent evolutionary history and better explained by climatic variables.
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Abstract

The transition zone from the tropics to the subtropics in Mexico is an outstanding and poorly
explored area of biotic overlap, and as such very interesting to evaluate how species richness
patterns change in the latitudinal contdmtorder to assess alptdiversity patterns of ferns in

this zone, we analyzed changes in their assemblages along an elevational gradient from 300 m to
3,000 m in the Sierra de Juarez, Oaxaca, and compared the results with similar studies conducted
in Central and South Americ@/e report the most detailed plbased elevational gradient study

on ferns in the region and provide detailed data on species abundances and elevational ranges. In
121 plots of 20 x 20 m, we found 195 fern species, with the highest species numbers acorded
mid-elevations (1,100,200 m) and lower richness at both gradient extremes. This-Bbhaged

pattern was mainly driven by epiphytes, which contributed about 40% to the total species richness
and had wider elevational ranges than terrestrial spechdashwontributed 38% to the total
richness, and were more or less constant at low to mid elevations about 2,500 m, followed by a
gradual decline. Overall, richness per plot was low compared to other elevational gradients within
the tropics closer to the Hgtor. This decline of species richness towards the subtropics and
temperate regions appears to be rather abrupt within Central America, but additional data are

needed to close the remaining gap of knowledge between Costa Rica and Mexico.

KEYWORDS
Pteridghytes, alpha diversity, distribution, elevational range, Priority TerreRteigion
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2 RICHNESS PATTERNS OF FERNS ALONG AN ELEVATIONAL GRADIENT IN THE
SIERRA DE JUAREZ, OAXACA , MEXICO: A COMPARISON WITH CENTRAL AND

SOUTH AMERICA

2.1INTRODUCTION

Fernsand lycophytes (although different lineages, henceforth called ferns) globally comprise
about 11,000 species, thus being the second most diverse group of vascular plants on Earth
(Moran 1998PPG | 2016). With more than 1,000 recorded species, they dreeprelsented in
Mexico, which has one of the betcumented fern floras in the world (Micl&ISmith 2004).

The country is considered an epicenter for species radiations in some fern groups (principally
groups specialized in seasonally dry habitats),thadstates of Oaxaca, Chiapas, and Veracruz
harbor the highest species numbers in the country (Krémalt 2015 Mickel & Beitel 1988

Mickel & Smith 2004). Because fern taxonomy is well studied andwaody life forms
contribute up to 58% of the vadauplant richness in tropical forests (GenfryDodson 1987
LinaresPalominocet al.2009), ferns represent a valuable group for ecological and biogeographic
studies.

In this regard, elevational gradients are an interesting natural experiment, bbeguselude

major environmental changes within short horizontal distances, while dispersal limitation is
minimized. Ferns have been widely studied along tropical elevational gradients in recent years,
and show consistent general richness pattern at émchtegional scales, with highest richness
commonly found at migtlevations and decreasing diversity towards both high and low elevations
(Parriset al. 1992 Kessler 2004, Bhattaraiet al. 2004 Kluge et al. 2006 Watkinset al.2006
Kargeret al. 2011, Kessleret al. 2011, Salazaret al. 2015,). With respect to major liféorms,

this humpshaped distributional trend in tropical mountains is commonly driven by epiphytes,
which are extraordinarily rich in muisitructured tree crowns within the humid dou
condensation layer between 1,08@M00 m (Kessler 2008, Kluge & Kessler 2005Watkinset

al. 2006 Kromer et al. 2013 Acebeyet al. 2017. However, how elevational fern richness
changes with latitude is less well explored, and two alternative hypotheses have been proposed.
The first assumes that richness peaks along elevational gradients gradually shift towards lower

elevations with increasgndistance frothe Equator in parallel with decreasing temperatures. Thus,
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Kessleret al. (2011) showed that the maximum richness of ferns along elevational gradients in
tropical wet environments is situated at arounidl¥3C mean annual temperature, and kbvel
should be found at lower elevations at higher latitudes. Alternatively, when comparing various
fern transects from Bolivia to Mexico, Salaeaal.(2015) found that overall elevational richness

is strikingly constant between Costa Rica and mortiBolivia. The major shift towards lower
species richness was found at the transition from tropical to subtropical climates. However, this
decline was not linked to a downward shift in the elevation of the richness peak, but rather
reflected a general dine of species richness, as also found by Krosteaid. (2013), Acebeyet

al. (2017), and Carvajadfernandezet al. (2017) in the regions of Los Tuxtlas and central
Veracruz, in the southeast of Mexico. Apart from these publications, no other sugaklects

have been studied thus far to allow a fsoale assessment of the change of species richness
patterns at the Mexican transition zone (M$&nsiHalffter & Morrone 2017) between tropical

and subtropical climates.

In the present study, we attempt ¢lose a gap in our knowledge about elevational species
richness patterns of ferns starting with the analysis of an extensive elevational gradient in the
Sierra de Juarez, Oaxaca, inside the MTZ by presentingpasstd species richness data together
with an annotated species list with detailed information on abundance and life form assignments.
Specifically, we ask the following questions:

How does local species richness of ferns change with elevation?

Is the elevational pattern of species richness amgbadifferent between both major life forms
(terrestrials and epiphytes)?

Is the total and maximum species richness significantly lower in magnitude and elevation

compared to other studies performed in Central and South America?

2.2 MATERIALS AND METHODS
2.2.1Study area

The study area was located in southeastern Mexico in the Sierra de Juéarez (also called
Sierra Norte), Oaxaca, and the majority of the localities belong to the Chinantla region (Fig.
1, additional plot information in Appendi2-1). The Sierra de Juarez has been declared a
Priority Terrestrial Region due to its species and ecosystem richness (Atreg2000),

and thus is an important area for conservation. The eastern slope of the Sierra de Juarez
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hosts a very rich and one thfe most distinctive floras in Mexico (Meaegéal.2017) and
represents the northernmost location within the Neotropics, where a large and well

preserved elevational gradient of humid tropical forest still remains (Boyle 1996).

96°(iO'W

17°50N

Legend

QOaxaca

@ Sampling sites

Contour lines

[ state limit

Fig. 2.1Study area irthe Sierra de Juarez, Oaxaca, Mexico, showing the locations of the sampling sites
(dots).

There is an abrupt elevational increase in this area in less than 30 km from Valle Nacional
(ca. 65 m) to the top of Humo Chico Mountdoa 3200 m; Mewve et al. 2006), cdled

the fern hunter6 saragise by John Mickel (1965) during fieldwork to prepare the first
treatment about ferns from Oaxaca (Mick&l Beitel 1988). Given the extensive
deforestation elsewhere in Mexico (Ros¥ergéset al. 2014), the presence of this

gradient of humid montane forest in Oaxaca is remarkable (Rzed&wkiaciosChavez
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1977)

Despite a generally good conservation status above 1,000 m, human activities are leaving
an important footprint in the lower parts bietarea (Meavet al. 2017). In addition, the
Sierra is periodically impacted by strong winds from the Gulf coast (>80 km/h), which
disturb the forest structure (Alfon€@orradoet al.2017). There are few general studies on
vegetation along the whole giadt in the Sierra de Juarez (Boyle 1996; Meztvad. 2006
Rzedowski& Chavez 1977 RinconGutierrez 2007). However, a recently published
extensive floristic survey in the region reported 130 fern species along an elevational range
from 250 3,020 m (Meaget al.2017). Forest zonation begins in the lowlands with tropical
rain forest from 3001,000 m, followed by a transitional forest zone from 1j10800 m,

and cloud forest at 1,402,000 m (sometimes to 2,500 or more). Within the cloud forest
belt, thee are areas of forest dominatedOreomunnea mexican&bove 2,500 m there

is Quercudforest and above 3,000 m elfin forest forms the treeline ecotone at around 3,100

m.

2.2.2Climate

La Chinantla is considered a hyperhumid region in Mexico (Meaw. 2006, Meaveet al.

2017), but there are few climatic records for localities in the Sierra de Juarez. The climate at the
lowest elevation is hot (>22°C) changing to a warm climateéq28C) higher up, and temperate

at higher elevations (82 °C) (Meaveetal. 2006). Mean annual precipitation is around 3,590
mm at the lower part of the gradient (Valle Nacional), 5,800 mm in the middle (La Esperanza),
and 3,240 mm at the upper part at the locality of Humo Chico (Metaake2006). Due to the
scarcity of meteorological records in the study area, we extracted ecologically important
temperature and precipitation data (Fig. 2) from the global climate dataset CHELSA (@arger

al. 2017).
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Fig. 2.2Elevational trends of (a) meamnual temperature and (b) precipitation. Data derived from the
CHELSA data set (Kargest al.,2017) for each plot of the elevational transect in the Sierra de Juéarez,
Oaxaca, Mexico. Trend lines were set with locally weighted regressions (LOWESS).

2.2.3Fern sampling

A total of 121 plots were inventoried at 15 sites along an elevational gradient between 300 m and
3,000 m at elevational tervals of 200400 m (AppendixT 2-1). At each elevation, eight plots

of 20 x 20 m were sampled with a consisterdndardized methodology (Karget al. 2014
Kessler& Bach 1999). The plots were established in natural zonal forest, avoiding special
structural features like canopy gaps, ridges, ravines, riparian areas, treefall gaps, landslides, and
other disturbed aes whenever possible. In each plot, all fern species and their abundances were
recorded for terrestrials (growing on soil, rocks, and dead wood) and epiphytes. In most cases,
the abundance (i.e., number of individuals of a species) is easy to assessrexeep only

small species with distant fronds on long creeping and interwoven rhizomes (e.g.,
Hymenophyllaceae). Because in these cases exact numbers of individuals can only be obtained
by destructive sampling, we treated a species patch as one iadlividuder not to overestimate

the abundance of these species. Epiphytes were sampled up to heights of eight m, with trimming
poles and recorded using binoculars at greater heights, by climbing lower parts of trees, and by
searching recently fallen tre@sd branches within and adjacent to the plots (Gradsteah.

2003).

Samples of all fern species were collected and deposited in the University Herbarium, University
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of California (UC) in Berkeley, USA, herbarium XAL of the Instituto de Ecolog§i&;. (Xalapa,
Veracruz, Mexico) and herbarium MEXU of the Universidad Autbnoma de México (Mexico
City, Mexico). Collections were identified by the first author and Alan R. Smith (UC). Taxonomy
primarily followed Mickel& Smith (2004) and the current classifiion for lycophytes and ferns
established by the Pteridophyte Phylogeny Group (PPG | 2016) and Hassler (2018).

2.2.4Data analysis

We assessed phloiased alphdliversity for all species and separately for the two major lifeforms
(terrestrials and epiplgs) and described their trends by locally weighted regressions
(LOWESS). In order to assess whether the elevational ranges of terrestrials and epiphytes were
different, we used a Wilcoxon signeaink test. We considered a species as belonging to both life
forms when more than 20% of the total number of individuals occurred in each life form. The
frequencies of these three categories of life forms were compared with an analysis of variance
(ANOVA) and a Tukey posihoc test (P< 0.001). We compared specigsness per plot of our
gradient with other similar transects from Bolivia, Ecuador, Costa Rica, and Mexico based on
Kessler (2008, 2001), Kluge& Kessler (2005), Kromest al.(2013), Salazaet al.(2015), and
CarvajatHernandezt al. (2017). To testhe differences in mean plot richness of all transects,

we used an analysis of variance and a Tukey-iposttest (P< 0.001). Because the general
objective of this work and the general richness pattern was not altered, we included atypical data
from the sie at 2,500 m located on the other side of the mountain chain (leeward), which was
excluded only in the comparison between transects. All data analyses were conducted in the
statistical package R (R Core Teaf6.

2.3RESULTS

In the 121 plots, we recordd. 95 species of ferns and lycophytes belonging to 60 genera and 21
families, including two new records for Oaxaca St&&nitis salviniiand Phlegmariurus
capillaris as well as one species recently described as new to scaredénia sacksisundue
2017) (Table2-1). The most speciesch genera were Elaphoglossum (20 spedggpendixF

2-1), Asplenium (18), and Pleopeltis and Hymenophyllum (12 each). The most speties
families were Polypodiaceae (49), Dryopteridad@®@ and Hymenophyllaced25).
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Table2-1. Species list of lycophytes and ferns recorded along the elevational gradient in the Sierra de Juarez, Oaxaca, MexqureBartaeat

with the minimum iin) and maximum Nlax) observed elevational distribution, frequency of the spe€ipghé number of plots in which the
species was recorded), the mean number of individuals pe\jloarid substrate including the life form: t: terrestrial, he: hemiggfiiphe: for
epiphytes comprising the Johansson (1974) zonation in whigpiphytes occurred (from zone 1 to zone 5), dw: dead wood, and r: rocks. Species

marked with n are new records for Oaxaca and with * were found outside or close to the invgdtitmted

Lycophytes Min Max. N F Life form
Lycopodiaceae

nPhlegmariurus capillarigSodiro) B. @lig. 2100 2100 1.00 1 e4
*Phlegmariurus cuernavacensignderw. & F.E. Lloyd) B. @lig. 2800 2800 1.00 1 e4

Phlegmariurus dichotomugacq.) W.H. Wagner 500 500 1.00 2 e4

Phlegmariurus linifoliugL.) B. @lig. 1000 2200 1.67 6 el, e2,e3,e4
Phlegmariurus myrsinited.am.) B. @llg. 2000 2100 1.33 3 e2,e3
Phlegmariurus pringle{Underw. & F.E. Lloyd) B. @lig. 1500 2200 4.00 4 el, e2,e3,e4
Phlegmariurus taxifoliugSw.) A. Léve & D. Léve 600 2000 1.89 9 (r), e2, €3, e4, e5
Phlegmariurus wilsoni{Underw. & F.E. Lloyd) B. @lig. 1500 1500 1.00 1 e3
Selaginellaceae

Selaginellaaff. subrugosaMickel & Beitel 1800 1800 3.20 5 t

Selaginella flexuos&pring 1000 2100 10.83 6 t, dw

Selaginella mosorongenditieron. 300 600 16.11 19 t, dw, r
Selaginella oaxacan8pring (GCI) 1300 1500 27.88 8 t

Selaginella subrugosilickel & Beitel 1300 1300 4.00 3 t

Selaginellasp. 600 600 7.50 2 r

Ferns

Aspleniaceae

Asplenium abscissum Willd. 500 600 13.67 3 (t),r,el, e2,e3,e4
Asplenium auriculatum Sw. 1500 1500 11.00 2 dw, el, e2, e3, e4
Asplenium cuspidatutram. 500 1800 41.63 8 (t), dw, r, el, e2, e3, e4
Asplenium fragran$w. 1500 2700 14.00 6 dw, r, el, e2, e3
Asplenium hallbergiMickel & Beitel 2900 2900 94.00 2 r,el



Asplenium harpeoddsunze

Asplenium miradorendaebm.

Asplenium monanthés

Asplenium polyphyllurBertol.

Asplenium pteropukaulf.

Asplenium salicifoliunt..

Asplenium radicank.

Asplenium serraturh.

Asplenium uniserial®addi

Aspleniunsp. (cf. A. uniseriale Raddi)
Hymenasplenium ripariurfLiebm.) L. Regalado & Prada
Athyriaceae

Diplazium diplazioidegKlotzsch & H.Karst.)Alston
Diplazium franconid.iebm.

Diplazium lonchophyllunKunze

Diplazium plantaginifoliun{L.) Urb.

Diplazium striatum(L.) C. Presl

Diplazium ternatuniiebm.

Blechnaceae

Austroblechnum wardia@vlickel & Beitel) Gasper & V.A.O.Dittrich

Lomaridium ensiforméLiebm.) Gasper & V.A.O.Dittrich
Lomaridium fragile(Liebm.) Gasper & V.A.O. Dittrich
Parablechnum falciform@_iebm.) Gasper & Salino
Cyatheaceae

Cyathea aristatdbomin

Cyathea divergenkunze

Cyathea firmgBak.) Domin

Cyathea fulvgM. Martens & Galeotti) Fée

Cyathea liebmanniDomin

Cyathea myosuroiddtiebm.) Domin

Cyathea salvini{Hook.) Domin

Cyathea schiedearaomin
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2.00 1
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1.00 2
52.53 15
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3.00 2
3.00 3
14.00 2
5.00 1
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4.63 8
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5.00 8
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Sphaeropteris horridélLiebm.) R.M. Tryon

Cyatheasp.

Dennstaedtiaceae

Histiopteris incisa(Thunb.) J. Sm.

Hypolepis nigrescendook.

Pteridium fee{W. Schaffn. ex Fée) Faull
Dicksoniaceae

Lophosoria quadripinnatd].F. Gmel.) C.Chr.
Dryopteridaceae

Arachniodes denticulatéSw.) Ching

Bolbitis portoricensigSpreng.) Hennipman
Ctenitissp. (cf.C. excelsdDesv.)Proctor)
Ctenitis hemsleyan@aker ex Hemsl.) Copel.
Ctenitis melanostictékunze) Copel.

Ctenitis nigrovenigChrist) Copel.

"Ctenitis salvinii(Baker) Stolze

Dryopteris nubigendaxon & C.V. Morton
Dryopteris wallichianaSpreng.) Hyl.
Elaphoglossum affinV.Martens &Galeotti) T. Moore
Elaphoglossum alasmithii Mickel
Elaphoglossum dissitifrordickel
Elaphoglossum glabellughSm.

Elaphoglossum glaucuim Moore
Elaphoglossunsp. (cf.E. glaucunil. Moore)
Elaphoglossum guatemalen@éotzsch) T. Moore
Elaphoglossum leonardWickel

Elaphoglossum lonchophyllu¢Rée) T. Moore
Elaphoglossum muscosy®w.) T. Moore
Elaphoglossum paleaceufidook. & Grev.) Sledge
Elaphoglossum pardudlickel

Elaphoglossum peltatug$w.) Urb.

1000

2100

2000
1000
2500

2100

1300
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300
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500

300
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2800
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1800
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2200
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1300
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300
600
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2900
1000
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2000
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2.00

3.00

2.00
2.00
15.67

3.75

32.94
18.00
3.86
9.00
7.60
6.00
5.50
5.25
32.88
27.80
6.25
11.71
1.00
13.41
23.00
7.43
34.00
10.33
1.00
6.64
5.80
18.25
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Elaphoglossum petiolatu(®w.) Urb.
Elaphoglossum pringlgDavenp.)C.Chr.
Elaphoglossum sartor{iLiebm.) Mickel
Elaphoglossum seminuduvtickel
Elaphoglossum squamipédook.) T. Moore
Elaphoglossum tenuifoliufiLiebm.) T. Moore
Elaphoglossum vestitu(®chltdl. & Cham.) Schott
Elaphoglossunsp.

Lastreopsis effusésw.) Tindale

Megalastrum mexicanuR.C. Moran & J. Prado
Polystichum hartwegi{Klotzsch) Hieron
Polystichum mickeliA.R. Sm.

Stigmatopteris longicaudai@. Chr.
Gleicheniaceae

Diplopterygium bancrofti(Hook.) A.R. Sm.
Hymenophyllaceae

Abrodictyum rigidum(Sw.) Ebihara & Dubuisson
Didymoglossum hymenoid@dedw.) Copel.
Didymoglossum krausgiHook. & Grev.) C. Presl|
Didymoglossum ovalg. Fourn.

Didymoglossum reptar{Sw.) C. Presl
Hymenophyllum asplenioid&sw.

* Hymenophyllum brevistipdsebm.
Hymenophyllum ectocarpdfée

Hymenophyllum fragiléHedw.) C.V. Morton
Hymenophyllum fucoideSw.

Hymenophyllum hirsuturgi..) Sw.
Hymenophyllum lanatuiRée

Hymenophyllum myriocarpuitook.
Hymenophyllum polyanth@gSw.) Sw.

Hymenophyllum tegulari@esv.) Proctor & Lourteig

Hymenophyllum trapezoidalgebm.
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2.33
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2.50
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Hymenophyllum tunbrigensm.
Hymenophyllum undulatug®w.) Sw.
Polyphlebium capillaceurfL.) Ebihara & Dubuisson

Polyphlebium hymenophylloidéBosch) Ebihara & Dubuisson

Polyphlebium pyxidiferur(L.) Ebihara & Dubuisson
Trichomanes lucenSw.

Trichomanes polypodioidés

Trichomanes crispurh.

Vandenboschia collariatéBosch) Ebihara & K. Iwats.
Vandenboschia radicar{Sw.) Copel.
Lindsaeaceae

Lindsaea arcuaté&unze

Lindsaea lance&hrist

Lomariopsidaceae

Lomariopsis mexicanblolttum

Lomariopsis recurvat&ée

Lygodiaceae

Lygodium heterodoxuidunze

Marattiaceae

Danaea moritzian&. Presl|

Marattia excavatdnderw.

Marattia weinmanniifoliaLiebm.

Plagiogyriaceae

Plagiogyria pectinatgLiebm.) Lellinger
Polypodiaceae

Alansmia cultrataWilld.) Moguel & M. Kessler
Campyloneurum xalapensée

Campyloneurum amphosten(itunze ex Klotzsch) Fée
Campyloneurum angustifoliu(sw.) Fée
Ceradenia oidiophorgMickel & Beitel) A.R. Sm.
NCeradenia sacksBundue

Cochlidium linearifolium Maxon ex C. Chr.
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Galactodenia delicatulfM. Martens & Galeotti) Sundue & Labiak

Melpomene leptoston{&ée) A.R. Sm. & R.C. Moran

Melpomene moniliformi@Lag. ex Sw.) A.R. Sm. & R.C. Moran
Melpomene pilosissim@. Martens & Galeotti) A.R.Sm& R.C. Moran

Melpomene xiphopteroidésiebm.) A.R. Sm. & R.C. Moran
*Moranopteris basiattenuat@Jenman) R.Y. Hirai & J. Prado
Moranopteris trichomanoideSw.) R.Y. Hirai & J.Prado
*Mycopteris semihirsut@Klotzsch) Sundue

Niphidium crassifoliungL.) Lellinger

Pecluma longepinnulatée. Fourn.) F.C. Assis & Salino
Pecluma atrg/A.M. Evans) M.G. Price

Pecluma consimiligMett.) M.G. Price

Pecluma dispers@A.M. Evans) M.G. Price

Pecluma divaricatdE. Fourn.) Mickel & Beitel

Pecluma hartwegiangHook.) F.C. Assis & Salino
Pecluma rhachipterygiélLiebm.) F.C. Assis & Salino
Pecluma sursumcurrer{€opel.) M.G. Price

Phlebodium pseudoaureui@av.) Lellinger

Pleopeltis alansmithi{R.C. Moran) A.R. Sm. & Tejero
Pleopeltis angust&lumb. & Bonpl. ex Willd.

Pleopeltis astrolepigLiebm.) E. Fourn.

Pleopeltis conzatti{Weath.) R.M. Tryon & A.F. Tryon
Pleopeltis crassinervaté. Moore

Pleopeltis falla{Schltdl. & Cham.) Mickel & Beitel
Pleopeltis furfuracedSchltdl. & Cham.) A.R. Sm. & Tejero
Pleopeltis madrensig€).Sm.) A.R. Sm. & Tejero

Pleopeltis mexicané~ée) Mickel & Beitel

Pleopeltis muench{iChrist) L.D. Gémez

Pleopeltis plebeigSchltdl. & Cham.) A.R. Sm. & Tejero
Pleopeltis polypodioidef..) E.G. Andrews & Windham
Pleopeltis pyrrholepigFée) A.R. Sm. & Tejero

Polypodium echinolepigée
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Polypodium martensiett.

Polypodium plesiosoruidunze
Polypodium pleurosorufunze ex Mett.
Polypodium puberulurSchlitdl. & Cham.
Polypodium rhodopleuroKunze
Polypodium subpetiolatutdook.
Polypodiumsp.

Serpocaulon falcarigkunze) A.R. Sm.
Serpocaulon triserial€Sw.) A.R. Sm.
Stenogrammitis delitescefidaxon) Labiak
Stenogrammitis hellwig{iMickel & Beitel) Labiak

Stenogrammitis prionod€Mickel & Beitel) Labiak
*Terpsichore aspleniifoligL.) A. R. Sm.
Pteridaceae

Adiantum poiretiiwikstr.

Adiantum pulverulenturh.

Adiantum tenerurSw.

Adiantum trapeziforme.

Ananthacorus angustifoliy$w.) Underw. & Maxon
Antrophyum ensiformidk.in Benth.

*Gaga chaerophyllgM. Martens &Galeotti) F. W. Li & Windham
Jamesonia hirtgKunth) Christenh

Polytaenium chlorosporurfMickel & Beitel) E.H.Crane
Polytaenium feefW. Schaffn. ex Fée) Maxon

Pteris altissimaPoir.

Vittaria bradeorumRosenst.

Vittaria flavicostaMickel & Beitel

Vittaria graminifolia Kaulf.

Saccolomataceae

Saccoloma inaequal®unze) Mett.
Tectariaceae
Tectaria heracleifoligWilld.) Underw.
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Thelypteridaceae

Goniopteris biolley{Christ) Pic. Serm.

Goniopteris ghiesbreght{Linden) J. Sm.

Goniopteris hatchi{fA.R.Sm.) A. Léve & D. Léve

Goniopteris imbricatgLiebm.) A. Léve & D. Léve

Goniopteris liebmannifMaxon & C.V. Morton) Salino & .E. Almeida

Goniopteris obliterataC. Presl|
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Fern species richness followed a hush@aped elevational pattern with highest species
numbers per plot at midlevations between 1,500 and 2,100 m and a marked decline towards
both low and high elevations (Fig:3). The highest total species richnessglevational step

was 57 species at 1,500100 m and the lowest at 3,000 m with 15 species.

Terrestrials ¥=== R*=013"
All species W=—— PR3z 37%
Epiphytes &—— R2=() 25
501
401
L

304

201

Species richness

107

0 S00 1000 1500 2000 2500 3000
Elevation

Fig. 2-3. Richness patterns of ferns (number of species per plot) along the elevational gradient in Sierra de
Juarez, Oaxaca, Mexico. Values are given for alcisise(dots, continuous line), and separately for
terrestrials (downwardgointing triangles, shoidashed lines) and epiphytes (upwapdinting triangles,

long-dashed lines). Trend lines were set with locally weighted regressions (LOWESS).

Within the total of 195 species we found 141 growing as terrestrials and 129 as epiphytes,
whereas 75 were strictly terrestrial and 77 strictly epiphytic, which means that 39 species were
recorded within both life forms, excluding four hemiepiphytic specg&pecies with double
notations (as terrestrials and epiphytes) mainly belonged to the families Dryopteridaceae,
Polypodiaceae, and Hymenophyllaceae. Both major life forms followed different trends, with
epiphytic richness per plot mostly about doubléhefterrestrials, and with a pronounced hump
shaped peak, whereas terrestrials were more or less constant up to 2,500 m and decreasing
slightly at higher elevations (Fig-3).

Epiphytic species on average had a wider elevational range and frequencertbatridls

(elevational range of epiphytes: 510.3 + 580.8 m and terrestrials: 222.8 = 351.9 m; Wilcoxon
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test, P<0.01, frequency of epiphytes: 9.61 + 10.06, both: 10.35 + 10.21 and terrestrials: 5.77 *
6.85, ANOVA, F=4.8,df =2, P <0.01).

All other transects from Bolivia, Ecuador, Costa Rica, and Mexico showed a$happd
richness pattern and similar maximum richness atetfadations (more or less at the same
elevation). Only the transects located at the edges of the tropadal, in Mexico and the
southernmost transect, at Masicuri in Bolivia, presented lower richness values compared with
Costa Rica, Ecuador, and the other transect in Bolivia 2HigANOVA, F=20.27,df=7, P

< 0.001). However, the peak of maximum richness did actahse with increasing latitude

towards lower elevations
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Fig.2-4 Left: Patterns of fern species richness along eight elevational transects in the Neotropics, following
the latiudinal gradient from Bolivia-(9 and16° S) via Ecuador (~0°) and Costa Rica (9° N) to Mexico:

Los Tuxtlas (17° N) and Cofre de Perote (19° N), Veracruz and Sierra de Juarez, Oaxaca (18° N). Trendlines
were set with locally weighted regressions (LOWES#ght: Mean plot richness plotted against latitude.
Letters above indicated significant different groups following analysis of variance (ANOVA), and Tukey

posthoc test (P< 0.001).
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2.4DISCUSSION

With this study, we report the most detailed flased stdy on fern species richness along a
complete elevational gradient (3@)000 m) in humid tropical forest in Mexico. In 121 plots we
found 195 species mostly belonging to the families Polypodiaceae, Dryopteridaceae, and
Hymenophyllaceae, coinciding with @htransects in Mexico (Acebeyt al. 2017, Carvajal
Hernandezt al.2017, Kromeret al.2013), Central and South America (KlugeKessler 2005
Mehltreter 1995Salazaret al. 2015). The species recorded in this study represent 29% of the
total ferns otthe state of Oaxaca in a surface of ca. 95,360adad 18% of Mexico (Micke&

Smith 2004), this in only 4.8 ha of sampling. This shows the importance of the Sierra de Juarez,
as a national refuge for ferns, since in this sampling area occur more $pacigslarger areas

as the Yucatan Peninsula (ca. 125,008; kmegrated for three complete states in Mexico) with
only 65 species (Fernandez Carneealal. 2012) or the state of Tabasco (ca. 24,73%)kmith

169 species (Carvajlernandezt al 201§.

The highest species numbers were recorded aklaigtions at about 1,509,100 m.

This humpshaped pattern of fern richness is commonly found in tropical mountains and has been
explained by climatic factors, especially temperature, precipitatiorfogrflequency, e.g., from

the Andes (Kessler 2081Kromeret al.2005 Salazaet al.2015), Central America (Watkinst

al. 2006), Asia (Bhattaraget al. 2004 Grytnes& Beaman 2006), and Africa (Hemp 2002).
However, while species richness counts, egjligan the Neotropics, averageidD species in

plots of the same size as in this study, we found a considerably lower number of fern species at
mid-elevations (on average 25 species), which was comparable to nearby transects in \Jeracruz (
Kromeret al.2013 Acebeyet al.2017 CarvajatHernandezt al.2017). Higher species richness

is expected in riparian and ravine zones in the Sierra de Juarez, where ferns are more abundant
due to humid conditionKgssler 2010Kluge & Kessler 2014, CarvajatHernandez & Kromer

2015. Because this study excluded these habitats, the total number of species is likely to be
somewhat higher than found here.

In evaluating life forms, we observed that the elevational hump of species richness was
mainly driven by epiphytes. Apart from the extremes at the upper and lower ends of the gradient,
this life form had twice the number of species per plot as terrestrial taxa. This has also been
reported before (Kessler 20§ Kluge & Kessler 2005Watkinset al.2006 Kromeret al.2013

Salazaret al. 2015, Acebeyet al. 2017 and seems to be a consistent trop¥ade fern richness
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pattern. In our study, we additionally found that epiphytes had a wider elevational range and
were more frequent compared to terrestrigcsps, as also found for ferns in Bolivia (Kessler
2002). Dispersal might play a role in the broader distribution of epiphytes, because spores
released in the forest canopy are likely to disperse greater distancese{Paicki990).
Additionally, epiphytic and terrestrial niches operate at largely different scales: whereas
terrestrial microhabitats change due to, e.g., soil nutrients, soil moisture, and topographic
parameters over distances of several dozen meters (dbaé&2011 Cicuzzaet al. 2013),
epiphytic niche differentiation is driven by smadlale features due to tree crown architecture
(Krémeret al.2007). Hence, a study plot of 400 mz2 is likely to contain a wider range of epiphytic
than terrestrial microhabitats with the consequethee this plot usually contains a higher
number of epiphytes with a wider ecological variability.

Probably the most interesting result of our study is that, at least for neotropical ferns,
there appears to be no gradual downward shift in species richitiesscreasing distance from
the Equator, but a sudden reduction of species richness at the transitions from the tropics to the
subtropics, as already reported by Sal&tal. (2015). The causes of this sudden reduction in
fern richness are probably a#td to climatic conditions but may also include a historical and
evolutionary signal related to the tropical origin of many major fern groups (Kessle2016).
Although the regional fern diversity of humid montane forests in southeastern Mexigh,is hi
we found that at the local scale it is lower compared with similar ecosystems in Costa Rica,
Ecuador, and Bolivia. The confirmation of the Mexican Biogeographic Transition Zone (MTZ)
for ferns suggests that this zone is likely a consequence of clifaetiics. Colder temperatures
and especially the occurrence of frost act as climatically limiting factors of fern distributions with
increasing elevation (Bhattarat al. 2004 Kluge et al.2006) and may be limiting factors in the
latitudinal distributios of ferns with increasing distance from the Equator. Moreover, the lack
of appropriate data from the latitudinal range between Costa Rica and Mexico indicates that the
change in species richness may also either be abrupt further south or even moreagrassial
Central America. Therefore, more research is needed inside of this transition zone and in Central

America to have a complete overview of the latitudinal divepatyerns.
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Abstract

The dojective of this researclvas toassess the range size patterns of ferns and lycophytes
along elevational gradients at different latitudes in an ecographical transitio(ivixieo,

from 15° to 23° N and search for predictors of range sitderns and lycophytefsom a

set of environmantal factorsAll terrestrial and epiphytic species were recorded in 658 plots

of 400 nt along eight elevational gradients. To test if the range size within assemblages
increases with elevation and latitude, we calculated the latitudinal range usimgthezm

and southern limits of each species and averaged the latitudinal range of all species within
assemblages weighted by their abundances. We related climatic factors and the changes
with latitude and elevation with range size using linear miféects models.Species
richness per plot increased with elevation up to about-2800 m, with strong differences

in overall species richness between transects and a reduction with increasing latitude. The
mean weighted range size of species within assembli#eEmed with elevation, and
increased with latitude, as predicted by theory. However, we also found marked differences
between the Atlantic and Pacific slopes of Mexico, as well as low range size in humid
regions. The best models described abou8U®% of the variability in range size and
included the seasonality in both temperature and precipitation, and annual cloud cover.
Latitudinal and elevational patterns of range size in fern assemblages are driven by an
interplay of factors favouring wideanging species (higher latitudes with increasing

temperature seasonality; dryer habitat conditions) and those favouring species with
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restricted ranges (higher elevations; humid habitat conditions), with additional variation
introduced by the specific conditions$ individual mountain ranges. Climatically stable,
humid habitats apparently provide favourable conditions for srmadled fern species, and

should accordingly be given high priority in regional conservation planning.

KEYWORDS
distribution, diversitye | evati on, endemi sm, | atitude,
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3 LATITUDINAL PATTERNS OF SPECIES RICHNESSAND RANGE SIZE OF FERNS
ALONG ELEVATIONAL GR ADIENTS AT THE TRANS ITION FROM TROPICS T O
SUBTROPICS

3.1INTRODUCTION

One of the most striking patterms nature is the enormous variation of range sizes of
species, ranging from species which occur only in a few square meters to others that are
found across the entire globe (Brown al. 1996 Gaston 1998). This variation is not
random, but shows distinct patterns related to environmental and geographical conditions
as well as the evolutionary history and ecological requirements of the taxa (Smith 1993
Lomolino et al. 2006 Kreft et al. 2010).Accordingly, a number of ecogeographical rules
have been developed to capture these relationships.

One of these rules i s Rapoportodos rule (RR;
size of species is greater at higher latitudes, and that tropicaspesd to have smaller
ranges allowing more species to coexist in tropical versus temperate regions (Stevens 1989).
Originally conceived for latitudinal gradients, the idea that range sizes may be determined
by climatic seasonality was later extendel@vational gradients as well (Stevens 1992,
climatic variability hypothesis). While these patterns have been documented for a wide
range of taxa in many regions (Ad@&ediakoet al. 2000: insects; Ribas & Schoereder
2006: many groups; Morin & Lechowicz 2D:. trees; Pintoret al. 2015: lizards;

T o ma ¢ oet &l.@016: birds and marine bivalves), there are also a good number of
studies, mainly along elevational gradients in animals but also in plants, that do not
corroborate the rule or even reporting a reeepattern or mixed results suggesting that it
varies between taxa and continents (Ra#tadd. 1993 Ruggierol994 Rohde & Heap 1996
Bhattarai & Veetas 20Q@intoret al.2015 Ribas & Schoereder 2006hou 2019). Support

for the rule is also scarce the tropics (Rhode 199Blackburn & Gaston 1996).

Even if a pattern of range size distribution accords to RR, there are a number of
complications in understanding the underlying processes. The classic assumption is that
temperature conditions are morasonal at higher latitudes (Stevens 198®2). When
species adapt to these conditions, they widen their niche breadth (tolerance breadth; Stevens
1992 Slatyeret al.2013) and thus attain wider geographical ranges. However, the spatial
distribution ofclimatic conditions may vary with latitude or elevation, so that even if species

have constant niche breadths, this will result in different range size patterns. Furthermore,
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the classical interpretation of RR focusses only on temperature seasonalityhiawgm

seasonal variations in humidity may be equally important for explaining the range size
distributions (Gaston & Chown 199Bintoret al. 2015). Especially in the tropics, where

there is little seasonal variation in temperatures, variations inpgieg¢mn patterns may

play an important role. Finally, latitudinal and elevational climatic gradients, while sharing

many similarities, also have crucial differences. For instance, elevational ranges
(amplitudes) of species typically increase with elevaefianzen 1965tevens 19894992

Skl en§S &J R Kesslar 208) McC&nN92009), which would support RR.

However, geographical range sizes (total area) on average decrease with an increase in
elevation (Kessler 2000 Kessler 2002Kessler & Kluge 2008 Kessler 2010Steinbauer

et al. 2016). One explanation is that rugged mountainous terrain habitats with patchy

di stributions (6sky islandsdé) support fragme
speciation than species inhabiting extensive habitats without geographical barriers
(Kruckeberg & Rabinovitz 198%Kessler 200, Antonelli et al. 2009 McCormacket al.

2009). Besides, past climatic fluctuations determining the connectivity between sky islands

may be an important driver of diversification by leading to successive ©fgbepulation
expansion and fragmentation (Aflickering con
2018 Flantuaet al.2019). Clearly, understanding the spatial variation of species range sizes

along latitudinal or elevational gradients requires mortailgel understanding than

suggested by the conceptually simply RR.

Thus, putting species range sizes into a broader context, range sizes are influenced
by a wide range of geographical and evolutionary factors. For instance, species with
restricted range sés are often found in localized habitats, either geographically such as on
oceanic islands, or environmentally, such as on specialized geological substrates (Carlquist
1974 Kruckeberg & Rabinovitz 1985Major 1988 Kier et al. 2009). In addition, the
gedogical and evolutionary history of a region also plays an important role in determining
current species distributions (Browat al. 1996 Lomolino et al. 2006). For example,
Mexico is exceptionally rich in endemic species in numerous taxonomic groug$, whi
related to its high geological and environmental heterogeneity (Rzedowski Ti962
1972 Rzedowski 2006Myerset al. 2000 Brummitt et al. 2016).In particular, dry forest
and desert areas are characterized by high endemism and superendenhidavétsgof

nec and paleeendemics; Sosa & De Nova 2Q13bsaet al. 2018). Accordingly, lte arid
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Pacific side of the country is a center of endemism for many groups of plants and animals,
presumably due to the losigrm environmental stability of the lieg (Lott & Atkinson

2006 Rzedowski 2006). To a lesser degree, endemism has also been associated with humid
forests, which in Mexico are distributed as habitat islands forming an intracontinental
habitat archipelago (Lloreni8ousquet®t al. 1992).

Detemining the causes of the geographical distribution of range sizes is important
in a conservational context, because a small range size is one of the main predictors of
extinction risk of species (Purvet al.2000). In this sense, the current availabiifyarge
databases of species distributions and occurrence records offers outstanding opportunities
to document and understand range size patterns and lattgerscale patterns of
biodiversity across geographic and environmental gradients. Neverthelasg,biases
have been detected in large data banks, such as gaps in the available information,
uncertainties in species identification/taxonomy and distributional information, errors in
occurrence coordinates, and incomplete species richness for pootbtreexpegions
(Meyer 2016Meyeret al.2016 Qianet al.2018). Yet, the improvement of these data bases
in the last years, and their careful and critical use, depending of the study objectives and
region, make them an important tool in macroecology and biogeography.

Ferns and lycophytes (hereafter jointly refeed as #Afernso f or
taxonomically weHstudied and welsuited groups to investigate biogeographical questions
because of their spore dispersal (wbarne), which makes them largely independent from
biotic dispersal agents (Barrington 1993and thus links patterns of range sizes and
endemism mainly to abiotic factors. Additionally, ferns are a moderately sp@ti@goup,
still manageable to handle when seeking to conduct a full census within a study area, but
diverse enough to show ade range of range size patterns and to allow for quantitative
analyses. With more than 1,088 recorded species (J. D. A&jezopers. com., 2019), they
are well represented in Mexico, which has one of the-d@stmented fern floras in the
world (Mickel & Smith 2004). Generally speaking, ferns are physiologically more limited
by drought and low temperatures than angiosperms (Broetildd. 2009 Brodribb &
McAdam 2011), so that their diversity declines more steeply towards arid and cold climatic
conditions (Kreftet al. 2010). As a result, fern diversity peaks in tropical montane cloud
forests and declines towards lower and higher elevations and higher latitudes @edsler
2011 Salazaet al.2015 Khine et al.2019).
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Little is known about the digbution of range sizes in ferns. In Costa Rica, Bolivia,
and Kenia (Kessler 2001Kluge & Kessler 2006Zhou et al. 2019), fern ranges tend to
decrease with elevation, but the latitudinal patterns and the relationship to climatic factors
remain unexplom@ Nevertheless, considering that fern diversity peaks in the most humid
habitats, and that such very wet habitats have a localized and patchy distribution (Llorente
Bousquet®t al.1992 Killeen et al.2007, Sanginéd-ranccet al.2015), it seems reasdria
to expected that fern species adapted to such conditions have similarly localized and patchy
ranges.

In this study we explored the patterns of latitudinal range size of ferns along eight
elevational gradients located at different latitudes in the déextransition zone from the
tropics (south of Mexico) to the subtropics (30 km south of the Tropic Cancer Line), which
is considered a global biodiversity hotspot (Myetsal. 2000) and a center of fern
endemism (Brummitet al.2016). We asked whetherean range sizes of fern assemblages
vary with latitude and elevation, specifically hypothesizing that mean range sizes increase
with | atitude as Rapoportdés rule proposes
hypothesized that mean range sizegease with increasing environmental stress factors
such as low temperature, precipitation, and humidity, and high climatic seasonality (H3a).
Conversely, we predict that mean range sizes decrease with increasing humidity due to the
waterdependency of # study group, related to the geographical fragmentation of

environmentally suitable areas for specialized ferns (H3b).

3.2MATERIALS AND METHODS

3.2.1Study area

The Mexican transition zone is the complex area where the Neotropical and Nearctic biotas
overlap, and in a strict sense corresponds to the mountain highlands of Mexico, Guatemala,
El Salvador and Nicaragua (Halffter & Morrone 2017). We here present data from eight
elevational gradients at a range of 0 m to 3500 m elevation2®°1ftitude Non both the

Pacific and Atlantic (Gulf of Mexico) sides of Mexico (Fig+1, AppendixT 3-3). Three
transects have been considered in previous studies: Los T(pttlasence datgKromer

et al. 2013 Acebeyet al. 2017), Perote (Carvajddernandez & Kriner 2015 Carvajat
Hernandezt al.2017), and Oaxaca (HernaneRnjaset al.2018).
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Fig. 3-1 Location of the eight study transects and their fern species richness patterns at the transition
from tropics to the subtropics in Mexibetween 1523° N. Points represent the mean latitude of all

plots per site, indicated in every richness panel.

3.2.2Fern sampling

On each gradientye sampled the fern assemblages at regular elevational intervals-of 100
300 m (every 500 m at Perote), depending on acgkigsiBt each elevation, depending on

the suitability of the slope,-8 plots of 20 x 20 m (400 fhwere sampled with a consistent,
standardized methodology (Kessler & Bach 19Rfrger et al. 2014). The plots were
established in natural zonal forest, mlog special structural features like canopy gaps,
ridges, ravines, riparian areas, tree fall gaps, landslides, and other disturbed areas whenever
possible, which all change microenvironmental conditions and have special fern
assemblages. In each plot,faltn species and their abundances were recorded for terrestrial
(soil, rocks, and dead wood) and for epiphytic substrates. Species with long creeping
rhizomes were counted as patches. Epiphytes were sampled up to heights of 8 m with

trimming poles and eorded at greater heights by using binoculars, climbing lower parts of
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trees, and searching recently fallen trees and branches within and adjacent to the plots
(Gradsteiret al.2003 Sarmento Cabradt al.2015).

Samples of all fern species were colleced deposited in the University Herbarium,
University of California (UC) in Berkeley, USA, herbarium XAL of the Instituto de Ecologia,
A. C. (Xalapa, Mexico), MEXU of the Universidad Autonoma de México (Mexico City,
Mexico), CIB of the Instituto de Invagaciones Biologicas (Universidad Veracruzana,
Xalapa, Mexico), HEM of the Universidad de Ciencias y Artes de Chiapas (Tuxtla Gutiérrez
Garcia Mexico) and UAMIZ of the Universidad Autonoma Metropolitdntapalapa
(Mexico City, Mexico).Collections weredentified by A. R. Smith (UC), A. Hernandez
Rojas, and C. Carvajiernandez. Taxonomy primarily followed Mick& Smith (2004)
and the current classification for ferns and lycophytes established by the Pteridophyte
Phylogeny Group (PPG | 2016). Speciesira and authors were checked on the International

Plant names Index (IPNI).

3.2.3Explanatory variables

Ferns are closely dependent of climatic variables related to humidity because their sexual
reproduction is linked to the presence of water (Page 288@)because of their poor

stomatal control (Kessler 20@1Brodribb & McAdam 2011). Because water stress is not

only determined by water input into a system (by precipitation or fog), but also by
evapotranspiration which is related to high temperaturespeeifically included energy

and humidityrelated variables as predictors of species distribution and their range size.
Besides temperature and precipitation and their temporal variability, cloud cover is also a
suitable predictor in this context becauwseuds reduce solar radiation and provide extra
6occul td precipitati onHaftnBannuld9oB)nThus,eve exttactdtle e n e k |
the following climatic variables per plot from the global climate data base set CHELSA
(Kargeret al.2017): Annual man temperature and precipitation (Biol, Bio12), as well as
temperature and precipitation seasonality (Bio4, Biol5). Fiokhar t hEn v 6, we ext
annual cloud cover and its seasonality (CloudA, CloudS; Wilson & Jetz 2016). We checked

for collinearity betwen the climatic variables using the Variance Inflation Factor (VIF;

Naimi et al, 2014). Variables with values >6 where not used in the same model (for
example, Elevation and Annual Temperature), but all variables were included in different

models of the ame analysis. We also included the position in the country (Pacific and
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Atlantic side) as a fixed factor, because the sides are known to have different biogeographic
histories and habitat connectivity, leading to markedly different patterns of endemism for

many groups of organisms (Rzedowski 2006).

3.2.4Species ranges

We used the latitudinal range (range between the northern and southern range limits) of each
species as a simple gradual measure of range size. To quantify the latitudinal ranges of the
species, we used American species occurrences combined with our own records for a total of
173.110 species records. Data were obtained from the Biodiversity Information Facility
(GBIF, www.gbif.org accessed Augu§epember 2018) databank using tingbifépackage

in R (R Core Team 2019)Coordinates of fossil records and specimens from botanical
gardens or herbaria were excluded. To detect errors and suspicious patterns (outliers) within
the dataset, we mapped the aboates and checked the latitudinal range of each species
usingd mapt ool s6 ( BKotn 2018) Rahge Lsicew iware checked against
TROPICOS(Flora mesoamericana, Moran & Riba 1995atalogue of Lifelassler 2018

Mickel & Smith (2004), Labiak & Praml(2007), Vascet al. (2009), Larseret al. (2010),

Vasco (2011), Labiak (2011), Lehnert (2013), Smith & Tejero (2014), Létigh (2014),
Aranaet al. (2016), Barbos&ilva et al. (2016),Villasefior (2016), Kessler & Smith (2017),
Ponceet al. (2017) and Smitret al. (2018), and suspicious and wrong observations were
corrected (for example coordinates in the sea).With these latitudinal ranges, we calculated
the mean range size of all species (excluding especies varieties and species idahtified o
up to genus) in each individual plot as an index of range size within the assemblage (plot).
To account for different species abundances within assemblages, we also calculated a
‘weighted mean' including the number of individuals of the species, twswleighting

rare species. The aim of this weighting was to reduce the influence of species that do not
belong to the core communities at a site: Because of their spore dispersal, many fern species
can occasionally or temporarily occur outside of theiecanges, and such sink populations

can strongly impact species richness patterns (Kestsédr2011, 2014).
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3.2.5Statistical analysis
We used linear mixed effects models (LMMs) to control for theindependence among
data points in assessing changes in the species ranges with elevation, latitude, and in relation
to climatic variables (fixed effects), because these models allow foalspatiocorrelation
bet ween neighbors (Crawley 2007), and Likel!@
compare between a null model without the term of interest and the model including this term
to determine if one is a better fit to the data tHendther (Luke, 2017; Winter 2019). For
the model including climatic variables or many fixed effects we used the mixed function in
the packagéafexdthat performs a full suite of likelihood ratio tests for all fixed effects in a
model and constructs thercespondent comparison model providing p values for all fixed
effects in a model (Singmaret al. 2016 Winter 2019). All variables used in the models
were scaled. We also tested the random structure of our models using the restricted maximum
likelihood (Winter 2019) choosing the different transects and groups of plots in the same
elevation (Transect/Step) as random effects for the analysis of all transects together. The
analysis by individual transects waameperforn
elevation as a random effect to avoid overfitting the model with a complex random structure.
In order to evaluate the association between range size, latitude, elevation and the climatic
variables, we calculated the Spearman correlatiBasause climi@c variables interact in
complex ways in relation to latitude, elevation, and position in the country (Atlantic and
Pacific sides of Mexico, fASideod), and becaus:
to these factors (e.qg., different elevatios@dns of the transects), we additionally ran a model
with these climatic variables against the residual of the model including latitude, elevation
and side.

For model selection we used the dredge fu
2019). To decidewhether such a simplified model was an enhancement to the previous
model, we calculated the cAIC (conditional Akaike Information Criterion; Saefkeal.
2018), with a lower cAIC indicating a better model. The amount of variation explained by
the fixed (narginal R) and random effects (conditionaf)Rof each model was calculated
using the O6MuMINnd package Baftoh26D Residumls & Sc hi e
models were checked (see example in appendices). All analyses were performed with the
statistical platform R (R Core Teal014,019) , u
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to plot the models).

3.3RESULTS

In total, in the 658 plots along the eight study transects, we recorded 410 fern species and 8
varieties, representing about 40 % of the Mexican fern flora (Mickel & Smith 2004
Villasefior 2016J. D. TejereDiez 2019, pers. comAppendix T 32). Generally speaking,
species richness per plot increased with elevation up to abou20800m, but with strong
differences in overall species richness between transects and a reduction with latitude (Fig.
3-1 and3-2). No fewer than 17.1 % of the spesiwere recorded in only one plot, 26.2 %

in 2-5 plots, 22.5 % in 45 plots, and onl34.0 % in 16 or more plots.

The most speciesch families were Polypodiaceae (97), Dryopteridaceae (76),
Pteridaceae (44), and Hymenophyllaceae (31). Latitudinal rsirge of species ranged
from 0.6° inGoniopteris tuxtlensjsa localized endemic, to 138.3° in the widespread species
Cystopteris fragilis. Overall, mean latitudinal range size was 30.7°. The family
Dryopteridaceae presented the smallest mean range (4@&5+ 17.7° SD, latitude),
Polypodiaceae (24.7° £ 19.2°), and Pteridaceae intermediate ranges 38.5° + 20.3°), and
Hymenophyllaceae the largest ones (45.1° £ 15.0°)

Mean latitudinal range sizes of species in an assemblage increased with latitude
(X2(1) =7.71, p<0.01) on both the Atlantic and Pacific sides, and decreased with elevation
on the Atlantic side (X2(1) = 9.56, p<0.01). Overall, Pacific and Atlantic sides differed,
presenting smaller range sizes on the Atlantic side (X2(1) = 11.5, p<0.013-Bjg.
Including a random intercept and random slope models (Range size~Elevation) allowed us
to see different tendencies between transégisendixF 3-1).

The analysis of individual transects showed contrasting results with different
climatic factors relted to latitudinal range size along each transect (TaldleFig. 3-2).

The same was true when separating the data by side and by elevationalVgheup.
separating sides, variables related to humidity were important for the Pacific side, whereas

the seasnal variability in temperature and humidity were important on the Atlantec sid
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Fig. 3-3. Relationship between latitudinal range size of ferns, latitude, and elevation along eight
elevational transects in Mexico between-23° N(Spearman correlation). Pacific side, black circles;

Atlantic side, gray triangles. For weighted range sizes, only the seven transects were included.

Incorporating all transects and separating elevational groups, we found that in the
upper part of the mouains, temperature was crucial, in the lowlands, precipitation and at
intermediate elevations, the seasonal variation of precipitation. Also, using these elevational
groups but separated by sides, we found that on the Atlantic side, precipitation siasonali
was important at all elevations, whereas on the Pacific side seasonality in both precipitation

and temperature were important.
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Table 32. Model selection table derived from the model including the residuals of range size (and
weighted range size) explained by latitude, elevation and Side (Model les) using as random effect the
transectFull model: Residuals of model les ~ Biol+Bi#Bio12+Bio15+ CloudA+ Cloud3Biol,

Bio4: annual mean temperature and its seasonality, Biol2, Biol5: annual precipitation and its
seasonality and CloudA, CloudS: annual cloud cover and its seasonality.

Model Response Fix effects Df AlCc Delta Weight
variable
1 Residual of nonh Biol5+Bio4+ CloudA 7 4306.3 0.00 0.25

weighted range

size
2 Bio15+Bio4+CloudA+ 8 4306.3 0.04 0.25
Biol2
3 Residual of CloudS+CloudA+Bio4+Bio 8 4186.0 00.0 0.45

weighted range 1

size

4 CloudA+CloudS+Bio4 7 4186.4 0.42 0.37
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The use of all transects together allowed us to find general patterns and the
explanatory power increased significantly in terms of the variance described by the fixed
effects when combining all transects using side (Pacific and Atlantic) as fixed eftbet i
models (Table3-1)

Integrating all environmental variables in a global model (full model) including all
transects revealed that the most important terms were side, precipitation seasonality annual
cloud cover, and temperature seasonality (8i4.f, c and b), this model explained 62 %
of the variability in range size but even more (70 %) when using weighted yaaids 3
1, Appendix T 31). With this division, high seasonality in temperature was related to larger
range sizes on both sides, whereigé precipitation seasonality was related to small ranges
on the Atlantic slope and large ranges on the Pacific slope. Annual cloud cover showed a
negative relationship to range size on the Pacific side but not on the Atlantic sid& (Fig.
4c).

When the #ect of latitude, elevation, and side of the country was controlled using
the residuals of this modeMpdel les)against the climatic variables still some climatic
variables remained important (Tal3l), showing that they have and strong effect oneang
size, mainly the seasonality.

In general, small values of range size were found at intermediate values of
precipitation seasonality, low temperature seasonality, and a high annual cloud cover. The
humid Atlantic side presented a higher proportion of small range size species reltdig/e to
dry Pacific side (Fig3-4). All models were checked and no pattern was left in the residuals.
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Table3-1. Likelihood ratio test results with p values for all fix effects in the Linear mixed models (Coefficientigindscts, sides (A= Atlantic
and P= Pacific), and elevational groups, using Step or group of plots in the same elevation as randoRofaaltdransects together the Transect
/ Step random factor structure was used. Similar values in the margimglgd®d conditional R(R2c) indicates that a linear model is the adequate
model with the same coefficients. P: Pacific side, A: Atlantic side, Biol, Bio4: annual mean temperature and its seBiedrzalBjo15: annual

precipitation and its seasonalitydaCloudA, CloudS: annual cloud cover and its seasonality. Significance codes: *** P <0.001, * *P<0.01, *P<0.05

Transect Side Biol Bio4 Biol2 Biol5 CloudA Clouds R’m R%c
Triunfo (16.5) 490.06*** 80.92*** -15.85%** 0.21 0.34
Manantlan (19.6) -113.45*% -25.92%+* 0.38 0.38
Nayarit (21.4) 80.88*** 187.77* 156.06** -219.29** 0.41 0.59
ChiapasN (17.1) -14.94** -13.03* -73.85** 0.55 0.55
Oaxaca (17.5) 38.22*** | -95.07*** 11.14* 0.64 0.83
Tuxtlas a(18.5) 72.28* -22.82*%* -462.44** 0.34 0.34
Tuxtlas b(18.5) 38.21* 99.60* 0.45 0.45
Perote (19.4) 23.24* 46.97* 0.58 0.62
Cielo (23.1) -82.21* -242.12* -83.17* 0.38 0.57
Pacific all plots -15.48* -10.22%** -12.99%** 0.23 0.35
Atlantic- all plots -3.66* -5.49%** -7.06** -8.09** 0.56 0.77

Atlantic per elevational groups

0-700 -33.51%** -14.98*** -7.08* -12.84*** -44.82%** 0.40 0.40
701-1300 19.66** 10.12* -11.35%* 10.36* 0.76 0.82
13011800 -23.48** -56.58* 0.86 0.86
18011400 -17.88* -9.15%* -10.56** -33.46** -40.44** 0.71 0.71
2401-3500 73.30* -52.53*** 0.92 0.92

Pacific per elevational groups

0-700 138.13* 920.32* 824.89* -152.64* | -222.10** 0.68 0.68
701-1300 -188.60* -189.81* 0.24 0.24
13011800 -15.60** -18.95* 0.30 0.34
18011400 66.37** | 179.57** 63.85*** -119.05%+* 0.45 0.58
2401:-3500 0.46 0.46

By elevational groups (no division between Atlantic and Pacific)
0-700 | | | -11.09%* | | -8.14* | -9.68* | | 033 | 033




701-1300 -7.48** 0.58 0.85
13011800 -9.46*** -6.94* 0.46 0.68
18011400 -8.69** -6.87** 5.90** 0.50 0.71
24013500 32.66** 47.91** 0.76 0.83
All transects (no division
between Atlantic and
Pacific) -5.04** -10.12* -5.40*** -5.7** 0.23 0.93
All transects (Step as random effect)
A-

49.55%** -3.63* -10.88** -5.34*** -5.53*** 0.62 0.81
Best model(climatic variabley ~ P-
Random effect: Step) 47.95%+* 5.62**+* -10.85*** -2.96%** 0.59 0.76




3.4DISCUSSION

The main results of our study can be summarized in the following five points. First, overall
latitudinal range size increased with increasing latitude. Second, range size decreased with
elevation on the Atlantic slope but not on the Pacificeldpird, range size decreased in
areas with high humidity, low temperature seasonality, and intermediate precipitation
seasonality, as well as constant cloud cover. Fourth, there was a strong difference in range
size between the Pacific and Atlantic sidest was not captured by the climatic factors,

with ranges on the Pacific side being much broader. Fifth, we found great variation between
individual transects.

Our results confirm the first hypothesis, that on average, latitudinal species ranges
becomewi der at higher | atitudes, which is 1in a
1989). This pattern has been previously documented for algae (Santelices & Marquet 1998)
and other plant (Stevens 1992) and animal groups (Stevens 1996: marine fishes; fleishma
et al.1998: butterflies; Swaegees al.2014: dragonflies; Bohrat al.2017: snakes) mainly
in the northern hemisphere, and while not fundamentally novel, it is confirmative for ferns
and reflects the representativeness of our data. Because temparatupeecipitation
seasonality showed a linear trend with latitude, we can exclude the possibility that this
pattern was driven by a spatially unequal distribution of climatic seasonality, which would
result in different range sizes despite equal climathbe breadths (Gaston & Chown 1999
To ma § o &t klc2015). Rather, it seems likely that increasingly stressful and variable
climatic conditions require broader climatic tolerances of the species, resulting in wider
climatic niches and accordingly larganges (Janzen 1963tevens 1989).

In contrast, our second hypothesis that range sizes of ferns should decrease with
elevation (Zhouet al. 2019), was supported only on the Atlantic (Gulf of Mexico and
Caribbean) side of Mexico, whereas on the drieifleagside we detected no elevational
trend. A decrease of range size with elevation has also been found in ferns in Costa Rica
(Kluge & Kessler 2006) and Bolivia (Kessler 2002), as well as in other plants and animals
(e.g., Gifford & Kozak 2012Steinbaueet al. 2016), and is likely linked to topographic
complexity, leading to geographically fragmented species ranges which foster allopatric
speciation (Kessler 2001Antonelliet al.2009). This effect appears to be most pronounced

in wet tropical climate¢Kier et al.2009) or areas of favourable ocean currents that create
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refugia for endemics (Harrison & Noss 2017), as found on the Atlantic slope. In addition,
formation of endemic species might also be related to past climatic fluctuations that led to
sucessive periods of habitat connectivity and disruption (Flantua & Hooghiemstra 2018),
although this remains to be tested for the Mexican mountains.

The lack of this pattern on the Pacific side is puzzling, but may be related to its
overall aridity, since & found that fern range sizes increase with increasing aridity3Fig.
4e, f). Interestingly, for drougkadapted plant groups suchBsrsera(Rzedowski 2006),
Ipomoea(Lott & Atkinson 2006), or many ferns that prefer arid conditions suémnasmia
or chelantoid ferns likeArgyrochosmaGaga Myriopteris and Notholaena(Mickel &
Smith 2004), the Pacific slope of Mexico is a wealbwn center of endemism. The same is
true for insect groups like bees that thrive in arid environments éBgé 1993). It thus
appears that in the case of ferns on the Pacific slope of Mexico, the expected elevational
effect on species range sizes is overridden by stressful climatic factors.

In this regard, we found overall that latitudinal range sizes of ferres sveallest in
areas of high precipitation and cloud cover. Ferns are well known to have highest diversity
in wet habitats (Hemp 200Kluge & Kessler 2005Hietz 2010 Kessleret al. 2011),
presumably as a result of their less efficient control of stortrataspiration as compared
to angiosperms (Page 2Q@2odribbet al.2009 Brodribb & McAdam 2011). Accordingly,
it is reasonable to propose that wet habitats, which in Mexico are present mainly on the
Atlantic side (e.g., 406@000 mm/a at Los Tuxtlas;U@érrezGarcia & Ricker 201lor La
Chinantla; Meavet al.2017) and whose distribution decreases northwards, act as localized
refuges for many fern species that depend on such conditions. Because of the localized
distribution of the habitats, the spexiwill accordingly have localized ranges. In contrast,
species capable of surviving in dryer, more widespread habitats will have broader ranges.
Species range sizes decreased in areas with less seasonality of both precipitation and cloud
cover only on thétlantic side. This may reflect the generally more favorable conditions
for ferns on this side (Fi®-4).

In addition, we also found transespiecific patterns that are not captured by the
general relationships discussed so far. This supports the ideadividual mountain
ranges are unique depending on their geology, topographical profiles, and past climatic

fluctuati ons, resulting 1in individual A moun
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2018). We refrain from discussing the individual transettepns in more detail pending
replicated sampling in the different mountain ranges to confirm the patterns, but point out
that there appear to be rargecific patterns that merit future investigation.

Based on all of the above, we conclude that thelligion of range size of Mexican
ferns is driven by an interplay of factors favouring widaging species (higher latitudes
with increasing temperature seasonality; dryer habitat conditions) and those favouring
species with restricted ranges (higher atens; more humid habitat conditions), with
additional variation introduced by the specific conditions of the individual mountain ranges.
The interactions of these factors are complex and are strikingly different between the
Atlantic and Pacific slopes oMexico, so that under certain conditions, specific
relationships may be overshadowed by other relationships (1@jemet al. 2014). This
shows that understanding the distribution of species range sizes should not be simplified
too much and that undeastding the distribution of range sizes must take into consideration
a wide range of factors at various spatial scales. This is also relevant for conservation action,
in which rangerestricted or endemic species are frequently given priority due to thkerhi
extinction risks (Purviset al. 2000). Since climatic conditions are currently strongly
changing, understanding the underlying causal relationships rather than only the current
patterns of the distribution of rangestricted species is crucial to niagx informed
predictions about the future of many plant species. Our study points to the overriding
importance of climatically humid and stable habitat islands for fern conservation, while

acknowledging regional variation.
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CHAPTER 4

Phylogenetic diversity derns reveals different patterns of niche
conservatism and habitat filtering between epiphytic and terrestrial
assemblages
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Abstract

Much attention has been directed to understanding species richness patterns, but adding
phylogenetic diversity allows us to further analyze the evolutiosmad historical processes
determining current diversity patterns. We analyzed phylogenetic patterns of fern species
assemblages in 868 study plots along a wide range of elevatie#2000m) and latitudinal
(0°-23°N) gradients in the Neotropics to allavdeeper understanding of evolutionary
processes underlying current patterns of diversity and community assembly. Overall, we
found that phylogenetic diversity decreases with increasing latitude and elevation, but that
these geographical factors per see aveak explanatory variables. Incorporating
environmental variables strongly enhances the predictive model power, so that fern
assemblages are phylogenetically more diverse under wet and warm to cool conditions at
low latitudes and elevations. Further, \wes epiphytic fern assemblages are strongly
influenced by climatic factors, this is not the case for terrestrial ones, suggesting that
edaphic conditions and vegetation structure may have a stronger influence on the evolution
and diversification of terréisal ferns. In conclusion this suggests that the evolution of fern
assemblages has been strongly influenced by phylogenetic niche conservatism and

environmental filtering.

Key words:monilophytes pteridophytes; phylogenetjatterns biogeographylatitudinal,
elevational gradientropics.

Running title:Phylogenetic diversity of ferns along gradients of latitude and elevation
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4 PHYLOGENETIC DIVERSIT Y OF FERNS REVEALS DIFFERENT PATTERNS OF
NICHE CONSERVATISM A ND HABITAT FILTERING BETWEEN EPIPHY TIC AND

TERRESTRIAL ASSEMBLA GES

4.1INTRODUCTION

Biodiversity isdistributed very unevenly the globe and explaining geographical patterns
of species richness remains @é&mexampléofthis ogeogr 8
uneveness ide latitudinal gradienof increasing species richness from gidar regions
towards the tropicsa( classical pattern in biogeographygn Humboldt [1828] 2004,
Darwin 1859, Pianka 1966, Mittelbaehal.2007, Brown 201} Despiteof over 200 years

of rese&ch, the factors driving the observed patterns are still controversially discussed (e.g.,
Hillebrand 2004, Qianand Ricklefs 2011 Oliveira and Scheffers 2019 Recently
considered, partly interlinked explanations for such lasapde richness patterns &gayp to
involve mainly climaticvariables (e.g., Hawkirst al.2003, Currieet al.2004, Weigana:t

al. 2019, Abotsket al.2020), andhistorical and evolutionary processes (e.g., Ricklefs 2004,
Wiens and Donoghue 2004Fine 201%. In recent decades, eldéimal gradients have
increasingly gained attentioflor assessing the relative contribution tbe plethora of
proposed drivers of species richness pattéfasa long time, there was amquestioned

belief that elevational gradients simply mirror latinal gradients because both span a
transition from warm to cold climatic conditiort$owever Rahbek (1995) showed that this
perception was the result of an overemphasis on a few studies showing such monotonic
declines, and that across nearly all taxonagnizips the majority of studies find unimodal
richness patterns with maximum richness at some intermediate point of the graslient
confirmed by many studies since thigng., GrytnesandBeaman 2006, Graet al. 2007,
Kessleret al. 2011 Pandeyet al. 2020. Elevational gradients further differ from the
latitudinal gradient in that they are more concise (usually tens odkdtave many more
replications (Rahbek 2005, McCain 200@hich allows for disentanglinghe effects of
different ecological faors that vary in different ways along different elevational gradients
(Lomolino 2001). Latitudinal and elevational gradients thus both representsizatze
biogeographical gradients along which biodiversity changes in clear and often predictable

ways. Beause of the different spatial extents and specific ecological transitions of the two
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types of gradients, a combination of latitudinal and elevational gradients offers a unique
opportunity to disentangle the relative roles of different drivers of specie®ess patterns

(Qianet al.2020)

There is increasing evidence that local diversity is strongly connected to regional diversity,
raising the question of the historical component of local diversity patterns\iéems and
Donoghue 2004, Ricklef2005, Royand Goldberg 2007 Weigandet al. 2019. Biotic
assemblages alongd@ogical gradients maghus show phylogenetic patterns reflecting
historical differences between regions as well as inherited traits of clades contributing to the
assemblagg®Ricklefs 2005, Hawkinst al.2005, 2006). For example, the tropics may harbor
higher diversity across many taxa than temperate regions because the taxa have originated
there (fout of teh a. 2006) and hatl |2 @reated extbnt o rlastlp |
(Behrensmeyeet al. 1992, Kisslinget al. 2012),so thatmost extant clades are originally
tropical, leading to greater time and space availability for speciation. Moreover, a higher
amount of energy in the tropics leads to shorter generation timesthas higher

di versi ficat i iemnxtriantcetsi onhids\ittemthethl20A7noTurdirgy9 9
towards outetropical regions, adaptations are necessary to disperse and persist in cold and
climatically seasonal regions, and these have edolveo n | y i n S 0me t axa
conser Wehsarmillheanoghue 2004; fAhabi ttlatrepreserdtt er i ng
clusters of closely related species that tend to be ecologically more similar and should
therefore show higher competition (Darwin 1858yénderBareset al.2009).

As species assemblages may showramom patterns of species@ocurrences (Webét

al. 2002), the degree of relatedness betweeaconirring species in terms of phylogenetic
similarity may shed light on prevailing ecologigabcesses such as environmental filtering
(WeiherandKeddy 1995, de Bellet al.2006) and niche differentiation (StubdnsdBastow

Wilson 2004). The processes behind these assurssiate that either the probability of a
species to persist in an assdage may increase if it is distinct from other species in the
assembl age (oimoreeeffidantseppboitason ofnthe available resources to
reduce competitive interactions, see Daézl Cabido 1997, Hoopeat al. 2005) or that the
environment sts limits on the occurrence of species unsuited to these ambient conditions
and admit only species that are viable under the given environmental conditions (e.g. climate,

disturbance regimes).
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Ultimately, neither latitude nor elevation directly influenmganisms. Rather, the actual
drivers of the diversity patterns are ecological and historical factors that are associated with
latitude and elevation (Kérner 2007). For this reason, to truly understand how diversity
patterns have developed, it is usefuhbt just analyze patterns against elevation and latitude,
but also in relation to the covarying factors. The challenge here is identifying the crucial
factors among the dozens of potential ecological drivers, whose influence is also likely to
interact anong each other and to differ in importance along different parts of the geographical
gradientsPerrigoet al.2020. Historical factors such as the timing of mountain uplift (Hoorn

et al. 2013) are even more important to quantify. For this reason, a oafidn of
geographical (latitude, elevation), ecological, and (if available) historical factors is optimal
to understand the origin of diversity patterns.

In order to elucidate largecale richness patterns, we investigatedeanlutionarily well
delimited plant group (ferns) within a region of high diversity along Hathudinal and
elevatioral gradientsFerns are the secomdost diverse lineage of vascular plants on Earth
with a rather complex evolutionary history and an estimated age of 4®Utnaiso including
morerecent lineages with an approximately age of 40 ma to nearly 80 ma &heSondue

2016 Lehtonenet al. 2017). Due to theirdispersal and reproduction v&pores, fernsare
largely independent of biotic interactions and represesitable groupto investigatethe
phylogenetic aspect dfiogeographical questionBy evaluating the relationship between
climate andohylogenetic diversityon latitudinal and elevational gradientsur aim was to
provide insight into the mechanisms driving assembly of species from regional pools into
local assemlalges(Qian et al. 2020). The Neotropicoffer a unique opportunity for the
analysis of gradients of biodiversity becatisey contain one of the greatestnters of fern
species diversity (Tryomnd Tryon 2012) numerous mountainanges, and because the
mountain ranges are largely arranged in a north to south fashion.

We gathered a dataset of 868 study plots and 922 fern spmsangsa uniform sampling
protocol, spanning the latitudinal gradient from the equator to 23°N, between sea level and
mountain tops up to 4000 m. Thus, the latitudinal gradient covered by our study runs from
the inner tropics through the transition zone of subtropical regions, valimhied us to
integrate seasonal and dry climates, which are known to limit the diversity of ferns as

humidity-dependent organisms (Page 2002, Brodribb and McAdam 2011), so that we
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expected them to react in terms of species assemblage patterns and diedying
phylogenetic diversity.

In previous studies, we have already shown that along our studied elevational gradients
species richness (number of species per plot) of ferns show the characteristishayneg
pattern (Kessleet al. 2011, Salazaet al. 2015, HernandeRojaset al. 2020), and that
overall richness of the gradients decreases from the equator northwards (HeRdjadet

al. 2018). In light of the phylogenetic hypotheses outlined above, for the present study we
expected that the phylogetic diversity of fern assemblages should decrease with increasing
environmental stress. Within tropical humid mountain forests, where temperatures are
moderate and humidity is consistently high, ferns do not experience physical but competitive
limitations (Kargeret al.2014, Kessleet al.2014), whereas towards low and high elevations
(heat and frost) and towards high latitudes (increasing frost, drought, and seasonality),
physical limitations for fern growth and reproduction emerge, not only changimgess,

but also community composition and hence phylogenetic richness.

Specifically, we expected that

H1: Phylogenetic diversity decreases (i) latitudinally from south to north (i.e., tropics to
subtropics) and (ii) elevationally towards extreme endh@tlevational gradient; and that

H2: these trends are closely related to the physical environment, especially amount and
seasonality of precipitation.

4.2MATERIALS AND METHODS

4.2.1Study Area

We studied 11 elavational gradients between Ecuadoaf@’porthern Mexico (23°N)
(Fig. 4.1, Table4.1). Elevational gradients extended from almost sea level to timberline
(where present) and were selected in order to cover natural zonal forest with limited
human disturbance patterns. With the exception ofrimsect in Honduras, the gradients
have been described before, and further details may be found in previous publications:
Costa Rica: Kluge and Kessler (2005); Ecuador: Saktzar (2015); Los Tuxtlas:
Kromeret al.(2013), HernandeRojaset al. (2020); Perote: CarvajaHernandez and
Kromer (2015); Oaxaca: HernandBpjaset al.(2018); Triunfo, ChiapasN, Manantlan,
Nayarit, and El Cielo: Hernanddojaset al. (2020).
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Table4.1 Description of the study sites from the Equator to the limits of {hiegrio
Mexico

No. Transect Number of Latitude (mean between Elevational range (m
plots plots) asl)
1 Cielo* 56 23.106 N-99.204 W 2002000
2 Nayarit* a7 21.483 N,- 104.979 W 6002200
3 Manantlan* 77 19.577 N,- 104.249W 12002800
4 Perote* 38 19.558 N,- 96.903 W 0-3500
5 Tuxtlas* 89 18.568 N,- 95.125 W 1001700
6 Oaxaca* 121 17.659 N,- 96.427 W 300-3000
7 ChiapasN* 66 17.105 N,- 93.062 W 1002900
8 Triunfo* 163 15.643 N,- 92.822 W 2002400
9 Honduras 80 14.551 N,- 88.659 W 12002800
10 Costa Rica 99 10.120 N,- 84.021 W 100-3400
11 Ecuador 32 -0.596 S 77.87 W 5004000

*Transecs located in Mexico.

4.2.2Vegetation sampling

On each gradient, we sampled the fern assemblages at regular elevational intervals of 100
300 m (every 500 m at Ecuador and Perote), depending on accessibility of zonal natural
forest. At each elevation, up to 8 plots of 20 m x 20 m (400 m2) were samjifec w
consistent, standardized methodology (Kessler and Bach 1999, i€aed&t014), avoiding
special topographic and thus microclimatic changes like deep ravines and ridges. This size is
small enough to keep environmental factors and forest structwnes an less homogeneous
within the plots and is the minimum area required for representative pteridophyte surveys in
humid tropical forests (Kessler and Bach 1999). Within each plot, all terrestrial and epiphytic
ferns were recorded. The following climbingut grounerooting species and genera were
treated as terrestrialsomaridium ensiformd_.omariopsis, Lygodiumylickelia lindigii, and

M. bernouilii, Odontosoria, Oleandra, Olfersia, Polybotrya, and Salpichlaena. Since we
mostly did not climb the hostees, crown and high trunk epiphytes were recorded using
binoculars and collecting poles, and by searching recently fallen trees and branches within
the plot or adjacent locations (Gradstetral. 2003).
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1 Cielo

3 Manatlan

4 Perote v 5 Tuxtlas

6 Oaxaca FLIE 7 Chiapas

|| Aspleniaceae J| Oleandraceae
J| Cyatheaceae J] Ophiocglossaceae
Dennstaedtiaceae —| Plagiogiriaceae
8 Triunfo 9 Honduras [] Dicksoniaceae [] Polypodiaceae
"r\% [| Dryopteridaceae | Pteridaceae

| Hymenaphyllaceae 7| Saccolomataceae
J Lomariopsidaceae | Schizacaceae
[| Marattiaceae | Tectariaceae

10 Costa Rica 11 Ecuador [ Nephrolepidaceae

Fig. 4-1 Locaton of the 11 elevational transects including their phylogenetic tree showing

the most important families
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4.2.3Phylogenetic data

We measured the simple evolutionary relatedness within ecological communities or species
assemblages using the most compressive available time calibrated phylogeny that includes
the sequence data from six chloroplast region of 5057 tips of fern speciestiauo half of

the extant ferns, Nobegt al, in press). We excluded lycophytes because they are sister to
ferns plus seed plants and thus not closely related (PPG 1 2016). Only taxa determined to the
species level and some determined to genus (mainlfedaador, if they were the only
species of the genus recorded) were included. Of the total of 922 species, 632 (68.5%) were
represented in the phylogenetic tree (BppendixT 4-1). For the 290 species (31.5%) not
represented in the phylogeny, we seaddioe the putative closest relative in the phylogenetic

tree (based on morphology), avoiding to use the 632 species that had already been selected.
We analyzed three different data sets separately: all species, terrestrials, and epiphytes,
because both major fern life forms represent different ecological groups and thus react
differently to environmental drivers in terms of richness and compositierusad presence

only data because a few plots had no abundance information, to avoid personal biases in
abundance estimation, and because preliminary analyses showed that phylogenetic diversity
patterns were similar using both preseabsence and abunda&ncata. We used two
different measures for calculating phylogenetic diversity of the assemblages: mean pairwise
distance (MPD), which is an estimate of the average phylogenetic relatedness on basis of the
branches between all possible pairs of taxa irtal loommunity (plot assemblage) (Kembel
2010), and MNTD or mean nearest taxon distance, which is the mean distance separating
each species in the community from it closest relative. MPD is generally thought to be more
sensitive to tresvide patterns of pHggenetic clustering and evenness, whereas MNTD is
more sensitive to patterns of evenness and clustering closer to the tips of the phylogeny
(Kembel 2010, Cadotte and Davis 2016). Since these metrics of phylogenetic diversity are
not statistically indeperaht of species richness, we used the standardized effect sizes (SES)
of these metrics (sSMPD and sMNTD), which compare empirical values against randomized
null communities (Kembedt al. 2010) to standardize for unequal richness across samples
(Faith 1992)(for constructing an appropriate Null model see next section). Positive SES

values indicate phylogenetic overdispersion, or a greater phylogenetic distance among co

68



occurring species than expected by chance and thus high phylogenetic diversity. Negative
SES values indicate phylogenetic clustering, or smaller phylogenetic distances among co
occurring species than expected by chance (Keetbal. 2010). All phylogenetic metrics

and null model estimation were obtained by using the R package picante (Ketrabel
2010).

4.2.4Null model selection

Selecting an appropriate null model is crucial and requires knowing the model assumptions

and choosing the appropriate species pool (Gotelli and Graves, 1996, Gotelli, 200@&tWebb

al. 2011). Because all transebtislong to a coherent biogeographical region, we analyzed all
transects together taking the whole species list as the basic species pool. We tested two
procedures to gain 9999 randomly constructed assemblages using a fully constrained model

that randomizeshe community data matrix keeping richness and occurrence frequencies
constant (constrained model: Atrial swap al ¢
modi fication of the Aindependent swap algori
but perfeams much faster using the same constraints). This model assumes that a species
ability to colonize a plot is proportional to its frequency in the community matrix (Kembel

and Hubbell 2006). We also used a model without any constraints in the randomization
procedure, randomly shuffling the tips labels across the tips of the phylogeny (unconstrained
model , Ataxa | abel so) . Both models showed h
pattern differing only in the magnitude (Supplementad+H, so that we ére only show

results for the null assemblages constructed with the trialswap algorithm.

4.2 5Explanatory variables

As environmental variables, we included energiated variables (temperature) and
humidity-related variables, since the study grouplésely dependent on climatic factors
related to humidity because their sexual reproduction is linked to the presence of water (Page
2002) and because of their poor stomatal control (Kesslera2@dadribb and McAdam

2011). Besidemeantemperature angrecipitationandtheir temporal variability and extreme
values, weadditionally included cloud coveras a variablébecause clouds reduce solar

radiation and provide ext amVeénelktaasulDIB)oWepr eci pi
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extracted the followinglimatic variables per plot from the global climate data base set
CHELSA (Kargeret al.2017): Annual mean temperature and precipitation (Biol, Bio12), as
well as temperature and precipitation seasonality (Bio4, Bjah®) seasonal extremes
maximum tempeature of the warmest and coldest month, and the precipitation of the wettest
and driest month (Bio5, Bio6, Bio13 and Bio14). Annual cloud cover and its seasonality were
extracted f r odatasetlfGA, CGB\Eilsan ind etz 206). We checked for
correlatiors between these variables to control for multicollinearity in modelssanlided
variables from the datasbatwe r e hi ghl y correl ated to alread:
R>75). As a result, we used tfodlowing variables to construct tHall model: mean annual
temperature TEMP, temperature seasonality TEMPs, annual precipitation BRE@ean
annual cloud cover CA. Also, we ran models usingude, elevation, and elevation to the
squae (Elevation +Elevatior2) because of the mostly mped nature of fern elevational
gradients (Kesslezt al.2011)

4.2 .6Statistics

Because spatially proximate plots often share many species and to account for differences in
plot numbers between transects, for the analyses we combined the phylogenetic diversity
values of all plots in steps of 500 m, and used these means for furtherearéince our
individual data points (plots) were not randomly distributed between the latitudinal and
elevational limits, v used linear mixed effects models (LMMs) to control for the- non
independence among data points in assessing changesphylbgenetic variablesvith
elevation, latitude, and in relation to climatic variables (fixed effects), because these models
allow for spatial autocorrelation between neighbors (Crawley820Ve usedLikelihood
Ratio Tests (LRT) or bebwmdenwa hud madel withoeitdhie terin ot 0 ¢ o m
interest and the model including this term to determine if one is a better fit to the data than
the other (Luke 201 AVinter 2019). For the modeincluding climatic variables or many

fixed effectswe perforneda full suite of likelihood ratio tests for all fixed effects in a model
andconstuctedthe correspondent comparison model providing p values for all fixed effects

in a model (Singmanet al.2020, Winter 2019). All variables used in the models wsaraled

(mean = 0 and SD = 1J.0 account for the nemdependace of our datathe analgeswere

performed using the mean per elevational band every 500 m in elevaimgntherandom
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structuren 1 | TRANSECO indicating that tche aindt éirldep
stands for the intercept here. In other wottigre is goingo be multiple responses per

transect and #se responses will dependchaach transect baseline levedb decide whether

such a simplified model was an enhancement to the prewiodsl, we calculated the cAIC

(conditional Akaike Information Criterigrbaefken and Ruegam2018), with a lower cAIC

indicating a better modefdditionally, we calculatedhie amount of variation explained by

the fixed (marginal R) and random effects gaditional R2) of each model

All analyses were performed with the statistical platform R (R Core Team 2020) using the
packages oOdtahe 2@ 1(5BSngmedsaet a.2080),  Mu MI n6é6 ( Barton 2
0c Al C406 et(alS2018)fokveurM| n 6 waahdScheelzeth 201Barton 2019, and

60ggt r etab201/,Wuet al.2018, Yu 2020) to construct the phylogentic trees showed

here.

4.3RESULTS

Along the latitudinal gradient, not only species richness decreased, but the species set was
thinningout in a noArandom manner (Figl-1). Especially typical tropical fern groups like

tree ferns (Cyatheaceae) and filmy ferns (Hymenophyllaceae), but also the families
Gleicheniaceae, Lomariopsidaceae, Nephrolepidaceae, Marratiaceae, and Schizaceae faded
out, whereas especially phylogenetically young families like Dryopteridaceae and
Polypodiaceae kept their dominance within the species sets of the gradiesl{Fig

The core tropical gradients in Ecuador and Costa Rica showed overdispersion of sMPD
almaost throughout their elevational ranges, with decreasing values towards high elevation
sites around tree line (clustering, F&§2). Towards higher latitudes, overdispersion was
increasingly limited to miglevations and clustering dominating in the nariheost
transects. In contrast, values of sMNTD rarely revealed overdispersion and showed
unspecific patterns. Separation for major life forms showed that this overall pattern was
strongly driven by epiphytic species, whereas terrestrial communities shalved shifted

to more clustered communities.
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Fig. 42 Patterns of standardized effect sizes of the MPD (mean pairwise distance) and MNTD (mean
nearest taxon distance) for all fern species, and for terrestrial and epiphytic ones separately against
latitude and elevation. Values of SMPD and sMNTD are indicated by colors: red: negative values,
blue: positive values; color intensity increases with difference from zero.

Model relations of SMPD and sMNTD values to spatial and climatic variables shaated th
when considering all species, latitude and elevation per se did not have a strong effect on
the phylogenetic variables (Tab. 2). In terms of explained variance (marginal R?), models
of sSMPD only including spatial variables (latitude, elevation) had Wfoes of 0.13.17,
whereas when including climatic variables, values were much higher (R2m = 0.43) and
showed positive relationships. SMNTD showed no patterns, neither with latitude or
elevation, nor with climatic factors. Terrestrial assemblages owolyesth weak latitudinal

and elevational patterns of SMPD (R2m = 60®3), but none in relation to climatic factors,
whereas sSMNTD showed no significant patterns at all. Finally, the patterns of epiphytic
assemblages largely mirrored the overall patternsktPD, whereas for SMNTD, they
showed additional, albeit weak relationships with latitude and elevation (R2m-6.2Q)3

as well as with climate (R2m = 0.10).
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Table 42. Results of the Likelihood ratio test by phylogenetic variable with p valueslffixed

effects in the linear mixed models (coefficients), using the transects as random factor and the mean
per elevational band on 500 m. Only the models with delta=0 are showed (function dredge). TEMP
and TEMPs: annual mean temperature and its salitgorPREC: annual precipitation and CA:
annual cloud cover. *P <0.001, **P<0.01, *#<0.05.

ELEV LAT TEMP PREC TEMPs CA R?m R%c
All species  sMPD -0.006** 0.17 0.50
-0.007* 0.13 0.21
0.005* 0.008* 0.006* 0.43 0.47
SMNTD 0.004* 0.00 0.07
Terrestrials  sMPD -0.002* 0.13 0.20
0.003* 0.09 0.12

SMNTD - - - - - - - -
Epiphytes sMPD -0.012%* 0.14 0.54
-0.014* 0.16 0.31
0.016%*** 0.009* 0.47 0.47
SMNTD  -0.007 *** 0.13 0.52
-0.010* 0.20 0.29
0.008* 0.007* 0.10 0.15
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4.4Discussion

With these first phylogenetic analyses of a large dataset from a latitudinally wide range of
elevational transects in the Neotropics, we are able to detect relatively low, but clear and
significant phylogenetic trends of the taxonomic compositions of femnd their
environmental correlates. These relations do not only shed light on the environmental limits
set to distributions and niches of this group of vascular plants, but more importantly on their
evolutionary processes and abilities of its major bigrfs and taxonomic groups to originate

and adapt to increasingly stressful environments, as mirrored by the latitudinal and
elevational gradients.

An underlying consideration of our study is that neither of the two geographical gradient
types, latitude ahelevation, do explain anything per se. Rather, it is their climatic and spatial
structure which are relevant. While this is well known, in principle (Kérner 2007,&Di&n

2020), many studies still treat latitude and elevation as direct explanattoysfaNe here
interpret them as geographical gradients along which patterns of phylogenetic diversity may
be seen, but that are not directly driven by them. In the following, we therefore focus our
interpretations more on the underlying ecological facais® because these showed stronger
relationships with the phylogenetic patterns.

The first clear pattern was that SMPD showed clear positive relationships with mean annual
precipitation, temperature, and cloud cover, meaning that assemblages in lastdwkiudy
habitats tended to have higher relative phylogenetic diversity than those under cold, dry, and
sunny conditions. Interestingly, this pattern was only seen for sMPD and not for SMNTD,
indicating that it was driven by the presence or absenceepf phylogenetic lineages, rather
than by more recent radiations within distinct lineages. Indeed, examinations of the
distribution of individual families showed that this pattern is driven by phylogentically old
families such as Cyatheaceae, Dicksoniac&ennstaedtiaceae, Hymenophyllaceae,
Lomariopsidaceae, Marratiaceae, Nephrolepidaceae, Plagiogyriaceae, Saccolomataceae and
Schizaceae (Figd-1), which all showed a more or less sudden decline in diversity when
reaching subtropical climates in Mexico (®k§ and dry and cold habitats in general. In
contrast, evolutionary younger families such as Dryopteridaceae and Polypodiaceae, gained
dominance in colder and dryer habitats (BH.).

Overall, this pattern suggests a strong effect of phylogenetic oartservatism (Jablonski
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et al.2006, Janssoet al.2013), in which phylogenetically older fern lineages evolved under
humid tropical conditions, which were globally prevalent over much of the time period of
the original diversification of major fern lingas (Page 2002, Wiens and Donoghue 2004,
Becker et al. 2016). The extant lineages from this original fern radiation clearly still favour
such conditions, and their dropping out towards colder and dryer habitats thus has a strong
effect on phylogenetic mea®s emphasizing deep phylogenetic splits such as MPD (Kembel
2010, Weblet al. 2011). The underlying climatic gradients in both directions tell the-well
known story of diversity gradients in ferns, which are poorly adapted to withstand extreme
temperature and drought because of passive stomatal control (Barrington 1993, Bretdribb

al. 2009, Brodribb and McAdam 2011). This pattern of decreasing phylogenetic diversity
with increasing latitude and elevation and towards dry and cold habitats has beersfyreviou
documented in ferns (Kluge and Kessler 28 Hhd in other groups of organisms (e.g., trees:
Qian and Ricklefs 2011; herbs: Masaeteal 2019; hummingbirds: Graham et al. 2009;
microbes: Wangpt al. 2012), and is one of the major explanations fohhrgpical species
diversity in these groups. However, there appear to be differences between study groups and
geographical regions that may deserve closer examination. For instance, among forest trees
in eastern North America, Qiast al. (2020) found thiaphylogenetic patterns were clearer
along elevational than latitudinal gradients, which is not the case in our study, and-that tip
weighted phylogenetic measures (MNTD) showed clearer patterns thawédigbeéed
measures (MPD), which is the opposite ofatvlwe found. It is too early to derive
generalizations from such a contrast, but unsurprisingly it would appear that ferns and
angiosperm trees show different patterns of phylogenetic community structure reflecting
their different evolutionary histories.

Interestingly, we found that terrestrial and epiphytic fern assemblages showed very different
phylogenetic diversity patterns. Whereas epiphytic assemblages largely mirrored the overall
pattern, this was not the case for the terrestrial assemblages. Wet shapthis may at least

partly be driven by the fact that epiphytic ferns only occur in six major lineages: the
evolutionarily old Hymenophyllaceae and Psilotaceae, and the younger Pteridaceae (in the
vittarioid ferns), Aspleniaceae, Dryopteridaceaeal Bolypodiaceae (Schneidetral. 2004,
Schuettpelz and Pryer 2009, Noleral.in press). Of these, the Psilotaceae and vittarioids

are almost entirely tropical, the Hymenophyllaceae is mainly so, and the Aspleniaceae,
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Dryopteridaceae, and Polypodiacesre well represented in temperate regions, although
mainly with norepiphytic species. Thus, it is not surprising that a very clear pattern emerges:
the phylogenetically more basal lineages are tropical, and the phylogenetically younger
lineages are widespad. As a result, the loss of many families, especially the
Hymenophyllaceae, which is very abundant in wet tropical forests, towards arid and cold
habitats results in a strong phylogenetic signal that presumably, drives the pattern of SMPD
seen by us. kkeed, in the most arid and cold environments, only the family Polypodiaceae
remains as epiphytes (Sylvest¢ml. 2014, Sunduet al 2014). Thig from a fern historical
perspectivé young family (9630 my old, Schneideat al.2004, Schuettpelz and 2009,

Testo and Sundue 2016), has evolved numerous adaptations to both dry and cold conditions,
including water storage, poikilohydry, and frost tolerance (Barrington 1993, Watkals

2007, Sunduet al.2014).

Among terrestrial ferns, in contratiie pattern is much less clear. Essentially all fern families
have terrestrial representatives, and many fern families are exclusively terrestrial. Thus,
although some tropical fern families clearly avoid dry and cold habitats (e.g., Cyatheaceae,
Lomariopsdaceae, Lygodiaceae, Marattiaceae, Nephrolepidaceae, Oleandraceae,
Schizeaceae, Tectariaceae), there are enough other, phylogenetically old families that do
occur under such conditions (e.g., Anemiaceae, Equisetaceae, Ophioglossaceae), so that a
wide ran@ of phylogenetic lineages is represented in the majority of fern assemblages. As a
result of this, we did not find a clear phylogenetic structure as seen for the epiphytic ferns.
An even more striking result, is the fact that whereas among epiphytessidR©d a much
stronger signal relative to climatic factors (R?m = 0.43) than relative to latitude (R?m = 0.13)
or elevation (R2m = 0.17), the reverse was true for terrestrial assemblages, with low values
for elevation (R2m = 0.13) and even lower valuefimnatic factors (temperature only; R2m

= 0.09). This suggests that the community composition of epiphytic ferns is much more
strongly determined by climatic factors than that of terrestrial ferns. This makes ecological
sense, since epiphytic plants anedtly exposed to climatic factors and strongly depend on
water availability and drought avoidance to be able to survive in the canopy habitat (Zotz
2016). Terrestrial ferns, in contrast, appear to be much less dependent on climatic factors,
but rather a influenced by such factors as soil conditions or vegetation structure. For

instance, the distribution of many fern species is well known to be closely linked to soll
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conditions (Tuomistoet al. 2002, 2014) and microtopography, which influences
microclimae and light availability (Jone=t al.2011). Because these factors are unavailable

at the scale of our study plots, we were unable to include them in our study, but we suspect
that if such data were available, we would find that the latitudinal andieleaigpatterns of

the phylogenetic structure of terrestrial ferns seen by us are in fact driven by ecological
factors that are still undisclosed.

We found that overall, fern assemblages in the Neotropics show a pattern of phylogenetic
niche conservatisnwith phylogenetically more diverse assemblages under wet and warm to
cool conditions at low latitudes and elevations. This suggests that environmental filtering
(Donogue 2008, habitat filtering sensu Harper 1977) is a main process for structuring fern
assenblages. This is in accordance with findings that the global diversification of ferns was
strongly influenced by extinction events driven by unfavourable climatic conditions in the
past (Lehtoneret al. 2017), thus limiting many fern lineages to the renmgnsuitable
habitats. However, whereas epiphytic fern assemblages appear to be strongly influenced by
climatic factors, this is not the case for terrestrial ones, suggesting that edaphic conditions
and vegetation structure may have a stronger influen¢keoavolution and diversification

of terrestrial ferns. Thus, although the overall pattern of niche conservatism and
environmental filtering is in accordance with that observed in many groups of organisms, the
striking divergence of the actual factors etatining this among epiphytic and terrestrial
ferns opens exciting research opportunities for unravelling generalities of how community
assembly processes can be driven in similar (or different) directions by different sets of

environmental factors.
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5 SYNTHESIS AND OUTLOOK
5.1 Synthesis

Although elevationalatitudinal patterns of plant and animal diversity have been studied for
centuriesfactors driving the observed patterns are still controversially discussed (Hillebrand
2004, Qian & Ricklefs 2011). Tropical mountains offer an excellent natural experiment to
unravel these drivers of biogeographical patterns and the integration of melkypd¢ional
gradients along an extended latitudinal gradient is an outstanding opportunity to decipher
underlying mechanism of larggeale patterns of species richness. In this research, data
obtained from elevational transects in Mexico was unified w#ka from transects in
America, spanning 0° to 23°N degrees of latitude, mostly between sea level and mountain
tops (2084000 m a.s.l.). We aimed to describe species richness and range size patterns and
to understand the broad scale distribution of othggorrtant components of biodiversity,

such as the phylogenetic diversity and associated metrics, using a standardized methodology
that allows the comparison of elevational transects.

The results are presented in a series of chapters starting from the detailed analysis of one
gradient in Mexico (Chapter 2, published in 2018 in the American Fern Journal, Hermandez
Rojaset al. 2018). Overall, we found that the richness per plot was lmwpared to other
elevational gradients within the tropics closer to the Equator. This decline of species richness
towards the subtropics and temperate regions appears to be rather abrupt within Central
America, but additional data were needed to closedimaining gap of knowledge between
Costa Rica and Mexico.

In the central work or of this research (Chapter 3, HernaRagaset al.2020), we assessed

the richness and range size patterns of ferns and lycophytes along seven elevational gradients
at different latitudes and searched for predictors of range size from a set of environmental
factors. We found that species richness per plot increased with elevation up to about 1,500
2,000 m, with strong differences in overall species richness between transezteduction

with increasing latitude. The mean weighted range size of species within assemblages
declined with elevation and increased with latitude, and was highly correlated with the
seasonality of both temperature and precipitation, and annual dower. Thus, |
demonstrated that latitudinal and elevational patterns of range size in fern assemblages are

driven by an interplay of factors: factors favoring wideging species (e.g., higher latitudes
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with increasing temperature seasonality and drydiitht conditions) and those favoring
species with restricted ranges (e.g., higher elevations with more humid habitat conditions),
with additional variation introduced by the specific conditions of individual mountain ranges.
Climatically stable, humid hatiats apparently provide favorable conditions for smatiged

fern species, and should accordingly be given high priority in regional conservation planning.
Finally, this work showed that phylogenetic approaches should be seen as an integral
component oftudies of community structure. This allows to understand how communities
have evolved through time, and to deeply understand biogeographical processes (Losos
1996). This aspect is included as the final part of this research (Chapter 4, invitation to the
special issue on elevational gradients for Frontiers of biogeography, in preparation) that
was aimed to unfold the complex changes in the phylogenetic structure along elevation
(2004000 m.a.s.l.) and latitude @3° N). We compiled a comprehensidata set
including 11 elevational transects closing the gap of information observed in Chapter 2
(HernandezRojaset al.2018). At this point, | should highlight the relevance of this research

as a product of the work of many researchers that | have tier tmsynthesize to get a
complete view of biogeographic and phylogenetic patterns. Our results showed that latitude
and elevation per se are weak explanatory variables for phylogenetic diversity, but
incorporating climatic variables clearly enhances e@kplanatory power of the models.
Overall, the phylogenetic diversity decreased with increasing latitude and elevation, as
could be observed by the increased clustering of closely related species. Additionally, it is
worthwhile to look at taxonomic group$ ferns separately for the main lifeforms, as they

are not only ecologically different, but also not congruent in their evolutionary history. The
general pattern of phylogenetic diversity is mainly driven for the suppression of the old,
basal tropical, teestrial lineages rather than by recent evolutionary history and better
explained by climatic variables.

This research shows that an integrative approach including very basic ecological and
phylogenetic data and their analysis along an elevational amnddiafl gradients is
necessary to provide a more complete overview of factors determining species distributions.
5.2 Outlook

The origins of bi ogeography (the MAgeography
history of our species, but the moderrpagach of this discipline dates back mainly to
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Humboldt, Wallace and Darwin (Lomolino 2001). Up to date many studies on latitudinal and
elevational gradients exist, but nature is complex, especially in the tropics where many
regions are still unexplored certain aspects.

Although elevationalatitudinal patterns of plant and animal diversity have been studied for
centuries, factors driving the observed patterns are still controversially discussed (e.g.,
Hillebrand 2004, Qian & Ricklefs 2011). Recently nswered, partly interlinked
explanations for such largeale richness patterns appear to involve mainly climatic
variables (e.g., Heaney 2001, Kessler 200awkinset al. 2003, Currieet al. 2004), and
historical and evolutionary processes (e.g., RiskR004, Wiens & Donoghue 2004). My
contribution to this research with the Mexican data and the integration of other transects from
the Equator to Honduras was an opportunity to decipher drivers in range size, species richness
and its phylogenetic compdisin. | here show the importance of climatic variables more than
latitude and elevation per se, shaping the distribution and evolutionary history of ferns that
serves as a model of how land plants have evolved and adapted to their environment (Kessler
2010. Climatically stable, humid habitats provide favorable conditions for siauadjed fern

species and high phylogenetic diversity. These habitats should accordingly be given high
priority in regional conservation planning. Also, the pattern of speciesesshis more
complex that the simple decreasing with latitude. An abrupt change on species richness
occurred towards the north inside of the tropics around 20° N. Further, | found transect
specific patterns that are not captured by the general relatisriibqussed so far. Individual
mountain ranges are unique depending on their geology, topographical profiles, and past
climatic fluctuations, resul ting i n I ndi vi
Hooghiemstra, 2018) that should be analyzed in d&®eplicated sampling in the different
mountain ranges is necessary, specially to fill the gaps of knowledge in tropical countries
like Colombia or Venezuela. Additionally, it is necessary to complement the phylogenetic
approach, including the rates of s@dicin and extinction occurring in that megadiverse
areas. The tropics are museums and cradles of biodiversity and constitute a legacy of millions
of years of evolution, and deserves a deep understanding to promote better human practices.
With the developma of new technics, tools in informatics, statistics and the addition of new

information this understanding is now possible. However, it is still necessary to link the
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generated knowledge to the sphere of public policies and important social actorsdhat ha

Impact on forests.
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AppendixF 4-1 Comparison of mpdsing two null models: red constrained model (si@bp algorithm

using 9999 runs and 1000 iterations) black unconstrained model (taxa.labels using 999 runs and 1000
iterations). Presence data including 12 transects (the two transects from los Tuxdlasevgd).

Bigger points are the plots with significant value (p<0.05).
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Appendix F 5Cyathea fulva, Lomariopsis recurvata, Plagiogyria pectinata, PleogaitigoodioidesandAbrodictium rigidum
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Elaphoglossum leonardii and Polypodium muenchii.
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Appendix F 7Sphaeropteris horridaSticherus bifidus, Cyathea liebmarandAlsophila salvinii.
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Oaxaca, Mexidpper: Vegetation structure in the tropical forest of San Mateo Yetlger: Panoramic view
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Appendk F 9 Field work in La Esperanza, Coméltepeé, Cerro Marin, Valle ‘l\\‘ld(:i»bﬁai; Jaltianguis, Ixtlan de Juarez; Cerro Te)dacidalé
Santa Cruz Tepetotutla, San Felipe Usila and Cerro Quemado

119



Appendix F 10 Field work close to YankuaBtuador to know the standardized methodology used by the research group.
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AppendixT 2-1 Location of the study sites along the elevational gradient in Sierra de Juarez, Oaxaca, Mexico.

Locality, Municipality

Elevational band (m)

Coordinates

Type of forest

Cerro Tejon, Paso Nuevo la | 300 17.78685 N, 96.23103 | Rain Forest

Hamaca, Valle Nacional

Cerro Marin, Valle Nacional 500 17.82863 N, 96.25282 \ Rain Forest

Cerro Quemado, Vega del Sol| 600 17.79322 N, 96.17304 \ Rain Forest

Jacatepec

Yetla, Valle Nacional 1,000 17.72213 N, 96.3089 W Rain Forest

Puerto Antonio, Comaltepec | 1,300 17.67064 N, 96.33496 \ Transition Rain ForestCloud Forest

Cerro Redondo, La Esperanza
Comaltepec

1,500

17.62129 N, 96.34547 \

Cloud Forest

Santa Cruz Tepetotutl&an 1,800 17.71802 N, 96.5587 W Cloud Forest wit{Oreomunnedlexicana)
Felipe Usila
San Isidro, San Pedro Yolox | 2,000 17.60485 N, 96.41625 \ Monodominan{Oreomunnedores}
Santa Cruz Tepetotutla, San | 2 100 17.68011 N, 96.55075 \ Cloud Forest
Felipe Usila
2,200 17.68041 N, 96.55442 \ Cloud Forest
Jatianguis, Ixtlan 2,500 17.3804 N, 96.51286 W Pine Forest
Cerro Zacate, San Pedro Yolo] 2,700 17.61111 N, 96.53198 \ Oak Forest
Cerro Peldn, Comaltepec 2,800 17.58451 N, 96.51245\ Oak forest

CerroZacate, San Pedro Yolox

2,900

17.61381 N, 96.53339 \

PineOak Forest

Unknown, San Pedro Yolox

3,000

17.60825 N, 96.52305 \

Elfin Forest (tree line)
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AppendixT3-1 (Continuation). Likelihood ratio test results (Noveighted range sizes), with p values for all fix effects in the Linear mixed
models (Coefficients), by transects, sides (A= Atlantic and P= Pacific), and elevational groups, using Step or lpitsup tfgpsame elevation
as random factors. For all transects together the Transect / Step random factor structure was used. Similar valuggnal fiRzmpand
conditional R2 (R2c) indicates that a linear model is the adequate model with theosdiiiceents. P: Pacific side, A: Atlantic side, Biol, Bio4:
annual mean temperature and its seasonality, Bio12, Biol5: annual precipitation and its seasonality and CloudA, Cldwii@ichnovear and
its seasonality. Significance codes: *** P <0.00¥Px0.01, *P<0.05.

Transect (latitude) Side Biol Bio4 Biol2 Biol5 | CloudA | CloudS R’m R%c
Triunfo (16.5) 196.28** 0.32 0.39
Manantlan (19.6) -100.21%*| 50.15* |-19.52%* 0.31 0.31
Nayarit (21.4) 48.16*** 75.36** | -112.83** 0.60 0.72
ChiapasN(17.1) -7.45%* -37.43++* 0.48 0.48
Oaxaca (17.5) 0.46 0.62
Tuxtlas (18.5)b 72.28* | -22.82** | -462.44** 0.34 0.34
Perote (19.4) 23.24* 46.97* 0.58 0.62
Cielo (23.1) -77.93* -200.12* -56.49* 0.29 0.53
Pacific all plots -8.21%** | -7.40%** 0.40 0.52
Atlantic- all plots -3.64*** 0.22 0.63

Atlantic per elevational groups

0-700 -14.97* | -27.99** | -13.66*** -10.30** 0.47 0.58
701-1300 -5.16%** 3.73* 5.06** 0.56 0.65
1301-1800 0.54 0.58
18011400 0.31 0.65

22.24* -29.39* 0.54 0.64

Pacific per elevational groups

0-700 -62.97* 0.63 0.63
701-1300 81.45* 42.98 -62.16* 0.79 0.79
13011800 -6.39* 0.56 0.56
1801-1400 30.76*** | 91.91** | 29.59** | -67.49*** 0.36 0.67
2401-3500 0.38 0.38

By elevational groups (no division between Atlantic and Pacific)

0-700 -8.63* -7.19* -6.01* 0.31 0.59
701-1300 -2.53* 0.48 0.75
1301-1800 -2.17* -4.66** 0.50 0.59
18011400 -2.19* 0.17 0.43
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2401-3500 6.46* 0.43 0.64
All transects (no division
between Atlantic and
Pacific) -2.25* 0.18 0.67
All transects (Transect/Step as random effects)
A-19.20*** 3.7* -4.83* -2.49** 0.31 0.65

Best model(climatic
variables
Random effect:Step ) P-17.16*** 3.45%* -4.11%* | -2.36** 0.28 0.62
Latitude model

|A-7.30¢ | 3.42% ] 0.24 0.61
Elevation model

| | -1.65 | 0.13 0.62
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AppendixT 3-2. Species list of ferns arlgcophytes recorded along nine elevational gradients in the Mexican Transition Zone. Data are presented
with range size, north and south limits (in degress of latitude) and the frequency of every species (the number ofiigloth@nspecies was

recorced). Transects-f belong to the Atlantic side in the next order ChiapasN, Oaxaca, Tuxtlas a, Tuxtlas b, Perote, and El Ci8lbgtomyto

the Pacific side in the next order El Triunfo, Manantlan, and Nayarit.

Taxa zigge North limit South limit CHI OAX TX-a TX-b PER CIE TRI MAN NAY Total

No. Anemiaceae

1 Anemia adiantifoligL.) Sw. 25.01 28,89 3.88 0 0 0 0 3 0 0 0 0 3
2 Anemia phyllitidis(L.) Sw. 55,91 23.11 -32.80 0 0 0 0 0 0 6 3 0 9

Aspleniaceae

3 Asplenium abscissulvilld. 59.76 29.65 -30.11 0 3 15 9 0 0 9 5 0 41
4 Asplenium athyrioideBée 29.16 23.54 -5.62 1 0 1 1 0 0 15 0 0 18
5 Asplenium auriculatunsw. 51.51 22.00 -29.51 0 2 15 22 2 0 74 2 0 117
6 Asplenium blepharophoruertol. 12.24 21.02 8.78 0 0 0 0 2 0 0 6 0 8
7 Asplenium castaneuBchltdl. & Cham. 43.71 24.87 -18.85 0 0 0 0 4 0 7 0 0 11
8 Asplenium cirrhatunRich. ex Willd. 47.11 20.01 -27.10 2 6 0 0 0 0 0 0 0 8
9 Asplenium cristaturham. 48.49 23.95 -24.54 0 1 0 0 0 0 0 0 0 1
10 Asplenium cuspidatutam. 54.83 24.83 -30.00 0 8 17 26 0 12 36 0 8 107
11 Asplenium feelKunze ex Fée 50.07 21.62 -28.45 0 0 0 1 0 0 0 0 0 1
12 Asplenium flabellulaturKunze 46.87 20.87 -26.00 0 0 0 1 0 0 0 0 0 1
13 Asplenium formosumilld. 50.83 23.49 -27.33 0 0 0 0 0 0 0 4 0 4
14 Asplenium fragranSw. 54.06 23.95 -30.11 1 6 0 1 0 0 0 23 0 31
15 Asplenium hallbergiMickel & Beitel 9.30 25.21 15.91 0 2 0 0 5 0 0 0 0 7
16 Asplenium harpeodd§unze 49.65 19.92 -29.73 5 1 0 0 10 0 18 0 0 34
17 Asplenium hoffmannHiieron. 19.24 21.47 2.23 0 0 0 0 0 0 3 0 0 3
18 Asplenium lamprocauloRée 9.49 19.12 9.63 0 0 0 0 0 0 10 0 0 10
19 Asplenium miradorenskeiebm. 15.17 23.95 8.78 7 4 16 11 1 0 46 0 0 85
20 Asplenium monanthds 70.03 29.33 -40.70 20 5 1 0 4 33 0 28 23 114
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21
22
23
24
25
26
27
28
29

31
32
33
34
35
36
37
38

39
40
a4
42
43
44
45
46

a7

Asplenium munchi.R. Sm.
Asplenium nigripegFée) Hook
Asplenium polyphyllurBertol.
Asplenium potosinurHieron.
Asplenium praemorsu@w.
Asplenium pteropukaulf.
Asplenium pumilunsw.
Asplenium radicans.

Asplenium salicifoliunt..
Asplenium seilerC.D. Adams

Asplenium serrdangsd. & Fischer
Asplenium serraturh.

Asplenium sessilifoliurbesv.
Asplenium solmsBaker
Asplenium sphaerosporu/m R. Sm.
Asplenium uniserial®addi
Asplenium venturaé. R. Sm.

Hymenaspleniumiparium (Liebm.) L. Regalado & Prada

Athyriaceae

Athyrium arcuatuniiebm.

Athyrium bourgeauE. Fourn.

Athyrium skinner{Baker) C. Chr.

Diplazium diplazioideg¢Klotzsch & H. Karst.) Alston
Diplazium drepanolobiunA. R. Sm.

Diplazium franconid.iebm.

Diplazium hiansKunze ex Klotzsch

Diplazium lonchophylluniKunze

Diplazium plantaginifoliun(L.) Urb.

3.40

7.53
37.30
12.50
50.09
51.62
53.82
51.97

47.92
6.01

55.28
58.00
40.80

0.96
47.27
48.59

0.00

24.81

6.72
19.07
15.02
37.00

5.76
15.28
34.36
26.82

50.28

19.61
23.00
19.98
24.32
23.14
21.62
26.98
21.98

22.83
15.64

20.99
28.00
23.42
16.38
23.14
18.57
18.58

20.43

23.46
28.64
24.88
19.88
19.59
21.29
19.59
22.50

20.53

16.21
15.47
-17.32
11.82
-26.95
-30.00
-26.84
-29.99

-25.08
9.63

-34.29
-30.00
-17.38

15.42
-24.13
-30.02

18.58

-4.38

16.74
9.57
9.86

-17.12

13.83

6.01
-14.77
-4.32

-29.75
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48
49
50
51

52

53
54
55
56
57
58
59
60
61
62
63

64

65
66
67
68
69
70

126

Diplazium striatastrum.ellinger
Diplazium striatum(L.) C. Presl
Diplazium ternatuniiebm.
Diplazium urticifoliumChrist

Diplazium werckleanurhrist

Blechnaceae

Austroblechnum lehmanriiieron.) Gasper & V. A. O. Dittrich
Austroblechnum stoloniferu(Viett. ex E. Fourn.) Gasper & V.
A. O. Dittrich

Austroblechnum wardiagMickel & Beitel) Gasper & V. A. O.
Dittrich

Blechnum appendiculatulivilld.

Blechnum graciléaulf.

Blechnum occidentalke.

Lomaridium ensiforméLiebm.) Gasper & V. A. O. Dittrich
Lomaridium fragile(Liebm.) Gasper & V. A. O. Dittrich
Parablechnum falciforméLiebm.) Gasper & Salino

Parablechnum schiedeanui@chitdl. ex C. Presl)

Woodwardia spinulos®l. Martens & Galeotti

Culcitaceae

Culcita coniifolia(Hook.) Maxon

Cyatheaceae

Alsophila firma(Baker) D. S. Conant
Alsophila salviniiHook.

Alsophila tryoniangGastony) D. S. Conant
Cyathea aristatddomin

Cyathea bicrenataiebm.

Cyathea divergenkunze

23.63
49.84

9.21
13.89

10.77

50.23
41.91
23.40
57.25
52.58
54.51
46.93
40.63
38.40
20.06

15.92

42.80

25.41
40.76

5.65
11.40
23.22

34.06

21.23
22.75
21.05
21.02

19.27

20.5
24.08
19.83
27.32
23.06
23.13
19.83
22.79
20.64
20.98

29.33

20.02

23.95
20.69
18.57
18.42
20.18

20.98

-2.40
-27.09
11.84
7.13

8.50

-29.73083
-17.83
-3.58
-29.93
-29.51
-31.38
-27.10
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13.42
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71
72
73
74
75
76
7

78

79

80
81
82
83
84
85
86

87
88

89

Cyathea fulvgMart. & Gal.) Fée

Cyathea godmanijHook.) Domin

Cyathea liebmanniDomin

Cyathea microdontéDesv.) Domin
Cyathea schiedean&. Presl) Domin
Cyathea tuerckheimMaxon
Sphaeropteris horridglLiebm.) R. M. Tryon

Sphaeropteris myosuroidésiebm.) R. M. Tryon

Cystopteridaceae

Cystopteris fragiligL.) Bernh.

Dennstaedtiaceae

Dennstaedtia bipinnatéCav.) Maxon
Dennstaedtia cicutarigSw.) T. Moore
Dennstaedtia cornutéKaulf.) Mett.
Histiopteris incisa(Thunb.) J. Sm.
Hypolepis nigrescendook.

Pteridium arachnoideurtKaulf.) Maxon

Pteridium fee(W. Schaffn. ex Fée) Faull
Dicksoniaceae
Dicksonia navarrensi€hrist

Lophosoria quadripinnatd]). F. Gmel.) C. Chr.

Didymochlaenaceae

Didymochlaena truncatuléSw.) J. Sm.

Dryopteridaceae

25.61
5.94
3.81

45.40

16.37

14.93
6.60

14.50

138.26

48.13
50.67
42.02
54.03
38.02
58.31

22.95

53.96

65.29

52.73

21.48
19.96
18.39
21.88
20.37
23.95
19.96

23.00

83.27

23.08
22.95
19.52
20.38
20.32
24.65

28.50

21.09

21.29

22.79

-4.13
14.03
14.58
-23.52
4.00
9.02
13.37

8.50

-54.99

-25.05
-27.72
-22.50
-33.65
-17.70
-33.66
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90 Arachniodes denticulatésw.) Ching 48.45 21.05 -27.40 14 36 0 1 10 0 41 0 0 102

91 Bolbitis hastataE. Fourn.) Hennipman 9.98 19.90 9.92 3 0 0 0 0 0 0 0 0 3
92 Bolbitis portoricensigSpreng.) Hennipman 21.93 22.75 0.82 0 1 0 0 1 0 23 0 0 25
93 Ctenitis baulensig\. R. Sm. 0.89 16.57 15.68 0 0 0 0 0 0 2 0 0 2
94 Ctenitis equestrigKunze) Ching 15.26 24.06 8.80 0 0 1 0 2 0 39 37 4 83
95 Ctenitis excelsgDesv.) Proctor 38.92 19.59 -19.33 0 7 7 1 0 0 7 0 0 22
96 Ctenitis hemsleyan@aker ex Hemsl.Lopel. 13.73 21.03 7.30 3 6 0 0 3 0 34 0 0 46
97 Ctenitis interjectgC. Chr.) Ching 9.43 19.98 10.55 3 0 2 0 0 0 0 0 0 5
98 Ctenitis melanostictékunze) Copel. 14.55 23.23 8.68 5 5 9 9 0 2 0 0 0 30
99 Ctenitis mexican#. R. Sm. 2.73 21.28 18.55 0 0 0 1 0 0 0 0 0 1
100 Ctenitis nigrovenigChrist) Copel. 39.82 21.92 -17.90 0 4 0 0 0 0 0 0 0 4
101 Ctenitis salvinii(Baker) Stolze 2.48 17.98 15.50 0 2 0 0 0 0 0 0 0 2
102 Dryopteris futuraA. R. Sm. 4.43 19.02 14.58 2 0 0 0 0 0 0 0 0 2
103 Dryopteris nubigendaxon & C. V. Morton 8.36 17.61 9.26 0 4 0 0 0 0 0 0 0 4
104 Dryopteris patula(Sw.) Underw. 53.79 23.75 -30.04 0 0 0 0 0 4 4 0 0 8
105 Dryopteris wallichianaSpreng.) Hyl. 54.22 25.98 -28.23 14 16 0 0 7 0 0 7 0 44
106 Elaphoglossum affinéM. Martens & Galeotti) T. Moore 35.15 20.25 -14.89 0 5 0 0 0 0 0 0 0 5
107 Elaphoglossum alansmitHillickel 2.35 17.68 15.33 0 4 0 0 0 0 0 0 0 4
108 ElaphoglossunalbomarginatumA. R. Sm 2.01 15.74 13.74 0 0 0 0 0 0 1 0 0 1
109 Elaphoglossum dissitifroridickel 4.86 20.50 15.64 0 17 0 0 0 0 22 0 0 39
110 Elaphoglossum ellipticifoliumA. Rojas 1.90 15.68 13.78 0 0 0 0 0 0 18 0 0 18
111 Elaphoglossum erinaceu(fée) T. Moore 43.93 21.47 -22.46 0 0 16 15 2 0 29 0 0 62
112 Elaphoglossum glabellugh Sm. 47.25 21.95 -25.30 0 1 0 0 0 0 0 0 0 1
113 Elaphoglossum glaucuiih Moore 6.95 21.27 14.32 0 24 0 0 1 0 5 9 0 39
114 Elaphoglossum guatemalen@dotzsch) T. Moore 9.04 23.14 14.10 3 21 16 16 0 10 0 0 0 66
115 Elaphoglossum huacsaf&uiz) Christ 37.28 19.52 -17.77 0 0 0 0 3 0 0 0 0 3
116 Elaphoglossum leonardWickel 0.29 17.59 17.30 0 2 0 0 0 0 0 0 0 2
117 Elaphoglossum lonchophyllu(fée) T. Moore 10.99 19.52 8.52 0 3 2 0 0 0 0 0 0 5
118 Elaphoglossum monicadickel 5.10 19.65 14.55 0 0 0 0 0 0 2 0 0 2
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122
123
124
125
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127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

Elaphoglossum muscosyf®w.) T. Moore
Elaphoglossum paleaceuidook. & Grev.)Sledge
Elaphoglossum pardudilickel

Elaphoglossum peltatug®w.) Urb.
Elaphoglossum petiolatug®w.) Urb.
Elaphoglossum pringlgDavenp.) C. Chr.
Elaphoglossum sartoriiLiebm.) Mickel
Elaphoglossum seminuduvickel
Elaphoglossum setosuhiebm.) T. Moore
Elaphoglossum squamipédook.) T. Moore
Elaphoglossum squarrosugidlotzsch) T. Moore
Elaphoglossum tenuifoliugi.iebm.) T. Moore
Elaphoglossum vestitu@®chitdl. & Cham.) Schott
Elaphoglossum viridéE. Fourn.) C. Chr.

Elaphoglossum yourkeorumickel

Megalastrum galeotti{M. Martens) R. C. Moran & J.Prado

Megalastrum mexicanuf.C. Moran & J. Prado

Mickelia bernoullii(Kuhn ex Christ) R. C. Moran, Labiak &

Sundue

Mickelia hemiotigMaxon) R. C. Moran, Labiak & Sundue

Parapolystichum effusu®w.) Ching

Phanerophlebia gastonyiatsk.

Phanerophlebia juglandifoli§Humb. & Bonpl. ex Willd.)J. Sm

Phanerophlebia macrosor@aker) Underw.
Phanerophlebia nobili¢Schitdl. & Cham.) C. Presl|
Phanerophlebia umbonatanderw.

Polystichum alfaro{Christ) Barrington
Polystichum distang. Fourn.

Polystichum erythrosorumd. R. Sm.

Polystichum fournierA. R. Sm.

8.59
40.26
0.30
42.05
46.76
430
50.58
2.22
44.07
45.62
15.90
3.61
20.97
1.94
0.00
14.44
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148
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172
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Polystichum hartwegi{Klotzsch) Hieron.
Polystichum mickeliA. R. Sm.

PolystichunrachichlaenaFée

Polystichum speciosissimu@. Braun ex Kunze) Copel

Stigmatopteris longicaudat@iebm.) C. Chr.

Gleicheniaceae

Diplopterygium bancrofti{Hook.) A. R. Sm.

Hymenophyllaceae

Abrodictyum rigidum(Sw.) Ebihara & Dubuisson
Didymoglossum angustifrose
Didymoglossum hymenoid@sedw.) Copel.
Didymoglossum krausgiHook. & Grev.)C. Presl|
Didymoglossum ovalg. Fourn.

Didymoglossum reptar(§w.) C. Presl
Hymenophyllum asplenioid¢Sw.) Sw.
HymenophylluncrassipetiolatunStolze
Hymenophyllum crispudunth

Hymenophyllum ectocarpdrée
Hymenophyllum fragiléHedw.) C. V. Morton
Hymenophyllum fucoidgSw.) Sw.
Hymenophyllum hirsuturgi.) Sw.
Hymenophyllum polyanthos (Sw.) Sw.
Hymenophyllum lanaturiée

Hymenophyllum maxon@hrist ex C. V. Morton
Hymenophyllum myriocarpuidook.

Hymenophyllum pulchellu@chltdl. & Cham.

Hymenophyllum tegulari@esv.) Proctor & Lourteig

40.36

6.25
10.12
16.69

36.02

40.30

52.87
48.02
52.08
57.40
49.77
53.02
49.68
12.46
49.38
12.67
50.74
61.56
51.93
53.03
25.59

8.35
45.19
49.01

40.19

24.03
21.25
23.99
25.49

19.89

23.95

22.87
22.72
20.87
28.00
20.64
23.13
20.50
16.34
19.93
21.45
20.99
21.39
22.75
22.85
20.59
18.57
19.65
19.33

20.67

-16.33
15.00
13.87

8.81

-16.13

-16.35

-29.99
-25.30
-31.22
-29.40
-29.13
-29.89
-29.18
3.88
-29.45
8.79
-29.75
-40.17
-29.18
-30.18
-5.00
10.22
-25.54
-29.68

-19.52
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173
174
175
176
177
178
179
180
181
182

183

184
185

186

187

188

189

190
191
192

193

Hymenophyllum trapezoidalgéebm.
Hymenophyllum tunbrigengg.) Sm.
Hymenophyllum undulatuf®w.) Sw.

Polyphlebium capillaceurfL.) Ebihara & Dubuisson

Polyphlebium hymenophylloidéBosch) Ebihara & Dubuisson

Polyphlebium pyxidiferur(L.) Ebihara & Dubuisson
Trichomanes crispurh.

Trichomanes lucenSw.

Trichomanes polypodioidds

Vandenboschia collariatéBosch) Ebihara & K. lwats.

Vandenboschia radicar(w.) Copel.

Lindsaeaceae
Lindsaea arcuat&unze
Lindsaea lancedl.) Bedd.

Odontosoria schlechtendaliC. Presl) C. Chr.

Lomariopsidaceae
Lomariopsis mexicangolttum

Lomariopsis recurvat&ée

Lonchitidaceae

Lonchitis hirsutal.

Lycopodiaceae
Diphasiastrum thyoide@Humb. & Bonpl. ex Willd.)Holub
Lycopodium clavaturh.

Phlegmariurus capillarigSodiro) B. @llg.

Phlegmariurus cuernavacengignderw. & F. E. Lloyd) B. @llg.

38.26
68.07
47.95
51.95
51.09
51.87
52.81
44.74
51.90
45.24
58.52

46.31
51.80

11.38

2.45

5.15

39.56

51.85
122.27
28.08

9.43

20.43
25.98
23.95
21.95
21.93
20.20
22.79
17.72
22.01
19.739722
28.50

19.25
22.00

20.01

18.57

19.90

21.91

20.99
78.50
17.68

23.56

-17.82
-42.09
-24.00
-30.00
-29.16
-31.67
-30.02
-27.03
-29.89

-25.5
-30.02

-27.06
-29.80

8.63

16.12

14.75

-17.65

-30.86
-43.77
-10.40
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194
195
196
197
198
199
200

201
202

203
204
205
206

207
208

209
210
211
212
213

214

132

Phlegmariurus dichotomugacq.) W. H. Wagner
Phlegmariurus linifoliugL.) B. @llg.

Phlegmariurus myrsinite.am.) B. @lig.
Phlegmariurus pithyoide€Schitdl. & Cham.) B. @lig.
Phlegmariurus pringle{Underw. & F. E. Lloyd) B. @llg.
Phlegmariurus taxifoliugSm.) A. Léve & D. Love

Phlegmariurus wilsoni{Underw. & F. E. Lloyd) B. @llg.

Lygodiaceae
Lygodium heterodoxuidunze

Lygodium venustur@w.

Marattiaceae

Danaea moritzian&. Presl
Marattia excavataunderw
Marattia laxaKunze

Marattia weinmanniifoliaLiebm.

Ophioglossaceae
Botrypus virginianugL.) Michx.

Sceptridium decompositufil. Martens & Galeotti) Lyon

Polypodiaceae

Alansmia cultrataWilld.) Moguel & M. Kessler
Alansmia elasticgBory ex Willd.) Moguel & M. Kessler
Ascogrammitis anfractuog&unze ex Klotzsch) Sundue
Campyloneurum amphosten(itunze ex Klotzsch) Fée
Campyloneurum angustifoliu@®w.) Fée

Campyloneurum ensifoliuilld.) J. Sm.

48.45
44.67
37.27
19.64
11.44
48.48

36.21

11.23
52.31

53.46

9.18
18.23
38.61

94.45

15.54

45.35
32.82
36.17
43.52
55.02

43.45

23.11
22.75
19.58
23.11
20.01
23.16

19.07

19.68
24.90

23.95
17.63
20.46
21.48

65.00
24.99

20.00
20.35
19.03
23.95
25.00

27.30

-25.34
-21.92
-17.70
3.47
8.57
-25.32

-17.14

8.45
-27.41

-29.51
8.45
2.23

-17.14

-29.45

9.45

-25.35
-12.48
-17.14
-19.57
-30.02

-16.15
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215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

243

Campyloneurum phyllitidiéL.) C. Presl

Campyloneurum tenuipédaxon

Campyloneurum xalapensée

Ceradenia oidiophorgMickel & Beitel) A. R. Sm.

Ceradenia sacksBundue

Cochlidium linearifolium(Desv.) Maxon

Cochlidium serrulatunfSw.) L. E. Bishop

Galactodenia delicatulgM. Martens & Galeotti) Sundue &
Labiak

Loxogramme mexican@&ée) C. Chr.

Melpomene deltatéMickel & Beitel) A. R. Sm. & R. C. Moran
Melpomene firm#J. Sm.) A. R. Sm. & R. C. Moran
Melpomene leptoston{&ée) A. R. Sm& R. C. Moran
Melpomene moniliformifLag. ex Sw.) A. R. Sn& R. C. Moran

Melpomene peruvian@esv.) A. R. Sm& R. C. Moran

Melpomene pilosissim@. Martens & Galeotti) A. R. Sm. & R.

C. Moran

Melpomene xiphopteroidésiebm.) A. R. Sm& R. C. Moran
Microgramma nitida (J. Sm.) A. R. Sm.

Moranopteris basiattenuat@enm.) R. Y. Hirai & J. Prado
Moranopteris taenifoligdenm.) R. Y. Hirai & J. Prado
Moranopteris trichomanoideSw.) R. Y. Hirai & J. Prado
Mycopteris semihirsutéKlotzsch) Sundue

Niphidium crassifoliungL.) Lellinger

Pecluma alfredi{Rosenst.) M. G. Price

Pecluma atrgA. M. Evans) M. G. Price

Pecluma bourgeauan@. Fourn.) L. A. Triana

Pecluma consimili¢gD. C. Eaton ex Mett.) M. G. Price
Pecluma disperséA. M. Evans) M. G. Price

Pecluma divaricatdE. Fourn.) Mickel & Beitel

Pecluma hartwegianéHook.) F. C. Assis & Salino

58.86
11.98
20.50

0.42

0.00
36.92
52.24

5.28
11.55

9.57
36.61

5.56
42.96
48.66
47.19
42.54
23.05
32.74
35.80
43.83
41.60
52.37
17.77
12.62
19.32
35.92
43.53
38.03

14.62

28.75
21.26
23.95
17.68
17.59
20.42
24.36
19.65
20.38
17.58
18.77
21.03
20.22
17.25
19.74
20.05
-20.49
18.11
18.55
20.87
19.12
22.00
25.93
21.64
23.07
19.19
22.81
19.86

28.40

-30.11
9.28
3.45

17.26
17.58
-16.50
-27.88
14.37
8.83
8.02
-17.84
15.47

-22.74

-31.41

-27.45

-22.49

43.54

-14.63

-17.25

-22.97

-22.49

-30.37
8.17
9.02
3.75

-16.73

-20.72

-18.17

13.78
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244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

134

Pecluma hygrometricéSplitg.) M. G. Price

Pecluma longepinnulatéE. Fourn.) F. C. Assis & Salino
Pecluma rhachipterygiélLiebm.) F. C. Assis & Salino
Pecluma sursumcurrer{f€opel.) M. G. Price
Phlebodium aureurL.) J. Sm.

Pleopeltis alansmithi{R. C. Moran) A. R. Sm. & Tejero
Pleopeltis angustélumb. & Bonpl. ex Willd.

Pleopeltis astrolepigLiebm.) E. Fourn.

Pleopeltis collinsiiMaxon) A. R. Sm. & Tejero
Pleopeltis conzatti{Weath.) R. M. Tryon & A. F. Tryon
Pleopeltis crassinervatgée) T. Moore

Pleopeltis falla{Schitdl. & Cham.) Mickel & Beitel
Pleopeltis furfuracegSchitdl. & Cham.) A. R. Sn& Tejero
Pleopeltis lepidotrichdFée) A. R. Sm& Tejero
Pleopeltis lindeniangKunze) A. R. Sm& Tejero
Pleopeltis madrensig). Sm) A. R. Sm& Tejero
Pleopeltis mexicanéée) Mickel & Beitel

Pleopeltis michauxian@Weath.)Hickey & Sprunt
Pleopeltis muench{iChrist) A. R. Sm.

Pleopeltis platylepigMett. ex Kuhn) A. R. Sm& Tejero
Pleopeltis plebeigSchitdl. & Cham.) A. R. Sn& Tejero
Pleopeltis polylepigRoem. ex Kunze) T. Moore
Pleopeltis polypodioided..) E. G. Andrews & Windham
Pleopeltis pyrrholepigFée) A. R. Sm. & Tejero
Pleopeltis rzedowskian@lickel) A. R. Sm.& Tejero

Pleopeltissanctaerosae(Maxon) A. R. Sm& Tejero

Pleopeltis thyssanolep{#.. Braun ex Klotzsch) E. G. Andrews ¢

Windham
Polypodium arcanurvlaxon

Polypodium californicuniKaulf.

45.45
12.33
3.83
5.86
58.27
8.23
55.54
53.72
3.65
1.66
13.60
13.12
42.66
3.84
8.51
9.78
12.88
32.75
3.54
12.53
16.92
15.65
74.43
4.82
4.80
9.47
52.45
9.19

22.52

23.00
21.23
19.33
21.47
28.64
17.8
23.68
23.65
19.59
17.74
23.14
21.57
25.93
21.03
17.21
25.96
25.93
41.95
17.67
21.40
25.42
29.85
41.95
20.43
21.00
22.33
34.00
25.38333

41.93

-22.45
8.90
15.50
15.61
-29.63
9.46
-31.87
-30.07
15.94
16.08
9.54
8.45
-16.73
17.19
8.70
16.18
13.05
9.20
14.13
8.87
8.50
14.20
-32.48
15.62
16.20
12.87
-18.45
16.195552

19.41
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274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

289

290

291

292
293
294

295

Polypodium conterminarisebm.

Polypodium echinolepiBée
PolypodiumeperopeuteMickel & Beitel
Polypodium fissidenslaxon

Polypodium liebmanniC. Chr.

Polypodium martensMett.

Polypodium plesiosoruidunze

Polypodium pleurosoruri{unze ex Mett.
Polypodium puberulur8chitdl. & Cham.
Polypodium rhodopleuroKunze

Polypodium subpetiolatutdook.

Serpocaulon falcarigkze.) A. R. Sm.
Serpocaulon triserial¢Sw.) A. R. Sm.
Stenogrammitis delitesce(idaxon) Labiak
Stenogrammiitis hellwig{iMickel & Beitel) Labiak
Stenogrammitis prionodéMickel & Beitel) Labiak

Terpsichore asplenifolifl.) A. R. Sm.

Plagiogyriaceae

Plagiogyria pectinatgLiebm.) Lellinger

Psilotaceae

Psilotum complanaturBw.

Pteridaceae

Adiantopsis radiatdL.) Fée
Adiantum amplun®resl
Adiantum andicold.iebm.

Adiantum concinnurflumb. & Bonpl. ex Willd.

6.93
24,58
3.19
482
4.94
8.53
18.23
8.09
7.43
12.01
18.72
21.29
55.24
2.86
6.69
7.41

37.35

56.74

45.50

55.94
21.98
25.80

49.66

21.13
20.50
18.89
18.61
23.14
24.72
27.00
18.09
21.22
21.48
28.30
19.83
27.33
20.54
17.61
20.33
20.68

28.45

29.33

23.08
25.88
28.21

27.66

14.20
-4.08
15.70
13.78
18.20
16.19
8.77
10.00
13.78
9.47
9.58
-1.46
-27.90
17.68
10.92
12.92
-16.67

-28.30

-16.17

-32.87
3.90
2.41

-22.00
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297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
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313
314
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319
320
321
322
223
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Adiantum feell. Moore

Adiantum latifoliumLam.

Adiantum macrophyllurBw.

Adiantum patenyVilld.

Adiantum philippense.

Adiantum poiretiiWikstr.

Adiantum pulverulenturh.

AdiantumtenerumSw.

Adiantum tetraphyllundumb. & Bonpl. ex Will.
Adiantum trapeziformé.

Adiantum wilesianurtook.

Aleuritopteris farinosgForssk.) Fée

Ananthacorus angustifoliSw.) Underw. & Maxon
Aspidotis meifoligD. C. Eaton)Pic. Serm.

Astrolepis sinuatglLag. ex Sw.) D.M. Benham & Windham
Gaga angustifoligKunth) Fay W. Li & Windham

Gaga hirsutaLink) Fay W. Li & Windham

Gaga pellaeopsigMickel) Fay W. Li & Windham
Gastoniella chaerophyll@Desv.) Li Bing Zhang & Liang Zhang
Jamesonia hirtgKunth) Christenh.

Mildella intramarginalis(Kaulf. ex Link) Trevis.
Myriopteris lendigergCav.) J. Sm.

Myriopteris mexicangDavenp.) Grusz & Windham
Myriopteris notholaenoide@esv.) Grusz & Windham
Pityrogramma calomelandg..) Link

Polytaenium chlorosporuriMickel & Beitel) E. H. Crane
Polytaenium fegfW. Schaffn. ex Fée) Maxon
Polytaenium lineatunfSw.) J. Sm.

Pteris altissimaPoir.

10.09
48.37
47.40
47.97
46.55
67.07
51.83
60.17
50.18
53.32
13.69
35.54
49.79

7.41
58.58
23.62
20.42

4.53
55.12
36.72
25.60
47.33
13.49
53.31
59.73
11.29
25.04
51.68

55.36

23.14
22.69
22.86
30.47
23.65
31.26
22.83
28.72
22.97
23.59
23.95
28.50
22.79
28.56
35.00
28.44
29.20
24.00
20.50
19.99
25.18
47.00
29.23
28.56
28.88
17.83
22.02
21.98

25.68

13.05
-25.68
-24.54
-17.50
-22.90
-35.82
-29.00
-31.45
-27.22
-29.73

10.26

-7.04
-27.00

21.15
-23.58

4.82
8.78

19.47
-34.62
-16.73

-0.42

-0.33

15.74
-24.75
-30.86

6.53

-3.02

-29.71

-29.68
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325
326
327
328
329
330
331
332
333
334
335
336
337

338
339

340

341
342
343
344
345
346

347

Pteris biaurital.

Pteris cretical.

Pteris erosaMickel & Beitel
Pteris muricataHook.

Pteris muricellaFée

Pteris orizabaeMart. & Gal.
Pteris podophylleéSw.

Pteris pungensVilld.

Pteris quadriauritaRetz.
Scoliosorus ensiformigiook.) T. Moore
Vittaria flavicostaMickel & Beitel
Vittaria graminifolia Kaulf.

Vittaria lineata(L.) Sw.

Saccolomataceae
Saccoloma galeott{iFée) A. Rojas

Saccoloma inaequal@unze) Mett.

Schizaeaceae

Schizaea elegan¥ahl) Sw.

Selaginellaceae

Selaginella delicatissimainden
Selaginella extensdnderw.
Selaginella flagellatéSpring
Selaginella flexuos&pring
Selaginella harrisilUnderw. & Hieron.
Selaginella hoffmannitieron.

Selaginella martensBpring

58.21
80.42

7.69
38.61
10.43
14.22
47.53
48.20
47.73
12.12

477
53.14
61.93

4.14

49.96

48.54

13.87
9.94
40.83
47.72
7.61
14.87

46.52

22.39
45.67
21.48
19.61
18.93
25.24
20.47
31.00
23.11
20.63
21.27
23.14
29.89

17.19
21.97

18.57

28.37
24.63
23.16
17.72
22.52
23.68

22.56

-35.82
-34.75
13.78
-19.00
8.50
11.02
-27.06
-17.20
-24.62
8.51
16.50
-30.00
-32.03

13.05
-27.99

-29.98

14.50
14.69
-17.67
-29.99
14.92
8.81

-23.96
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Selaginella mickelivValdespino

Selaginella mosorongensiieron.
Selaginella oaxacan&pring

Selaginella pallescen€. Presl) Spring
Selaginella porphyrospora. Braun
Selaginella pulcherrimaiebm. ex E. Fourn.
Selaginella sertat&pring

Selaginella stellat&pring

Selaginella subrugoshlickel & Beitel

Tectariaceae
Tectaria heracleifoligWilld.) Underw.
Tectaria incisaCav.

Tectaria mexicangFée) C. V. Morton

Thelypteridaceae

Amauropelta concinn@illd.) Pic. Serm.
Amauropeltadeflexa(C. Presl) A. Léve & D. Léve
Amauropelta oligocarpgHumb. & Bonpl. ex Willd.)Pic. Serm.
Amauropelta pilosulgKlotzsch & H. KarstEx Mett.) A. Love &
D. Love

Amauropelta rudigKkunze) Pic. Serm.

Christella dentatgForssk.) Brownsey & Jermy

Christella normalig(C. Chr.) Holttum

Christella quadrangularigFéeHolttum

Goniopteris biolleyiChrist) Pic. Serm.

Goniopteris blandgFée) Salino & T. E. Aimeida

Goniopteris ghiesbreght{Linden) J. Sm.

Goniopteris hatchi(A. R. Sm.) A. Léve & D. Léve

Goniopteris imbricatgLiebm.) A. Léve & D. Léve

3.25
0.84
21.39
55.64
28.79
4.44
14.62
37.28
0.77

40.44
56.37

24.43

53.72
33.50
54.97
40.56
50.35
64.14
51.80
66.15
47.72
13.65
10.71

9.59

14.03

19.33
17.84
19.78
29.33
27.32
19.87
22.94
21.07
17.93

28.69
26.70

22.65

25.67
18.17
25.29
21.47
28.17
30.48
34.00
33.59
23.02
23.95
19.33
19.18

21.53

16.08
17.00
-1.62
-26.31
-1.47
15.43
8.31
-16.21
17.16

-11.75
-29.67

-1.78

-28.05
-15.33
-29.68
-19.09
-22.19
-33.66
-17.80
-32.55
-24.71
10.30
8.62
9.59
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373
374
375
376
377
378
379
380

Goniopteris liebmanni{fMaxon & C. V. Morton) Salino & T. E.
Almeida

Goniopteris obliteratgSw.) C. Presl|

Goniopteris paucipinnatéDonn. Sm.) Salino & T. E. Almeida
Goniopteris resiliengMaxon) Salino & T. E. Aimeida
Goniopteris rhachiflexuosgRiba) & T. E. Almeida
Goniopteris schaffneifFée) Salino & T. E. Aimeida
Goniopteris tuxtlensigéT. Kromer, Acebey & A. R. Sm3alino

& T. E. Almeida

Macrothelypteris torresianéGaudich.) Ching

3.83
14.23
6.00
4.04
0.26
7.00
0.06

69.49

19.33
22.86
21.28
19.33
18.61
24.00
18.58

34.97

15.50

8.63
15.28
15.30
18.35
17.00
18.52

-34.52
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