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SUMMARY

Tropical-alpine treelines are characterized by ahsiouous forest patches forming abrupt
boundaries with the adjacent grassland vegetafitis also holds true for the tropical-
Andean forests formed Bolylepisspp.Polylepisforests have been listed as one of the most
endangered forest ecosystems of the world for wihiitient conservation strategies are
urgently needed. Although the peculiar vegetatiatigopn has frequently been attributed to
anthropogenic disturbances, quantitative or expamntad studies on the consequences of land
use and environment for the current treeline pasitire limited. Knowledge on regeneration
processes is crucial to the understanding of tredlrmation and future stand development,
however, recruitment patterns with associated enwmiental and human factorsRolylepis
treelines still remain poorly understood becausstrpeevious studies derive from temperate,

as opposed to tropical, ecosystems.

The studies which comprise this thesis deal with ithpact of altitude, canopy cover,
litter depth, grazing and burning on the reproducif two Polylepisspecies in the Paramo
de Papallacta, Ecuador. In particular, | analyse@dring, fruit set, seed viability, seedling
emergence and survival as well as stand strucfuRelylepis incanaandP. pauta The data
on natural regeneratian situwere supplemented by sowing experiments at therupgeline
and after burning in order to discriminate effeatsnicrosite conditions from those of seed
availability. Due to the abundance @fnoxis acostae central EcuadoriaRolylepisforests,
this species was additionally included into theeasment of post-fire regeneration. As well as
contributing to the general theoretical framework toeeline ecology, this study aims at
providing recommendations for the practical appiccaof the scientific results. Based on the
presented data, potential reforestation and coaserv activities are described in the

synthesis section at the end of this work.

In P. incana the numbers of inflorescences, seedlings andngmpper m? decreased
significantly with increasing altitude. The upslogecrease of tree height indicates growth
limitations of the adult trees, which also affdut dlevelopment of flowers and fruits. Sowing
experiments at the upper distribution limit revelale very low seedling emergence and
survival, in comparison with results obtained ierhouse and field experiments at lower
altitudes. Sowing did not lead to higher seedlinghbers than in the control plots. | conclude
that low seedling numbers at high altitudes arectimesequence of hampered germination due

to harsh climatic conditions. In addition, loweflamescence numbers indicate a reduced seed
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production, which might lead to lower seedling nem#h The number of asexual ramets,
however, showed no altitudinal trends, which impl@ higher importance of vegetative

reproduction at the upper treeline.

The number oP. pautainflorescences also decreased significantly ugslopt | found
no evidence that seedlings, saplings or stand tsteicwere influenced by altitude —
presumably due to the low altitudinal range of thpecies, which covers only some 400
vertical metres. However, seedling emergence follgnsowing experiments at the upper
treeline was clearly lower than at lower altitudasd sowing increased seedling number
exclusively in the sheltered conditions prevailingexisting forest stands. Following a linear
regression, in both forest types the position efcbrrent upper treeline in Ecuador coincides
with a decline in inflorescence numbers to zerataut 4100 m asl foP. incana and at
about 4200 m asl fdP. pauta Nevertheless, | found no evidence of a changead viability

with altitude.

Canopy cover affected seedling, sapling and ramehbers significantly in both
Polylepisspecies. While seedlings prevailed in the foretgrior, sapling and ramet numbers
were highest at the forest edge. Thus, the obsdifeestages show pronounced responses to
edge effects. Climatic measurements indicated colilé less extreme conditions below the
canopy in forests compared to on the open paranmgugbest that these microclimatic
differences affect seedling emergence, and paatiguso in the highest forest stands. As
artificial sowing at these altitudes hardly incredseedling emergence within the forests, if at
all, the differences in seedling numbers alongetige cannot be attributed to differences in
seed rain. However, seed rain might be an imporfactor for the regeneration of both
Polylepisspecies at lower altitudes. Sapling and ramet rusjlin contrast, responded rather
to light conditions than to thermal effects. Henttes species might be considered as being
light demanding, which is supported by the low petage of stems in narrow diameter
classes in the forest interior. Consequently,Rblylepisforests of the Paramo de Papallacta
mainly rejuvenate at the forest boundaries or ipsgdhe overall ramet number was clearly
higher inP. incanathan inP. pauta which emphasizes the relevance of asexual reptiadu

in this species.

Study sites are grazed but only to a limited extémgulate trampling had a positive
impact on the seedling abundance of dehylepisspecies, presumably due to the removal of
the litter layer. This corresponds to a signifitartiigher seedling emergence after litter

removal in the sowing experiments. However, aitfititter addition did not lead to declining
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seedling numbers, which might be ascribed to erpental difficulties in establishing a deep
and dense litter layer. Herbivore browsing was @&an the study area and there was no
evidence for a negative impact on tree recruitneerstand structure. Hence, grazing at low to

moderate intensities proved to be a sustainabtéuar practice in these forest communities.

In contrast, seedling emergence after burning wearlg reduced. Sowing increased
seedling numbers of. incanaboth in the burned and the unburned plots, whigrew
exclusively located in the lower distribution rangfethe species. Reduced seedling numbers
thus have to be attributed to the decrease in saedafter canopy burning and to the
destruction of the seed bank by fire rather tharclimatic constraints. Nevertheless, the
extreme climatic conditions at higher altitudes migurther aggravate the negative
consequences of burning. In contrast, sapling nusntlearly increased after burning, again
due to the improvement of light conditions. In terof its behaviour after burning, incana
might be characterized as an obligate seeder wgth thee mortality and low ramet numbers
in the burned treatments compared3ynoxis acostawith its vigorous resprouting capacity,
which might explain the high percentage of theelapecies in the study ard@olylepis
pauta also showed lower seedling emergence after burrattgough this result was not
significant. There was no impact of sowing, whiclgim be ascribed to the fact that burned
areas and unburned plots were located at the ugipibution limit of the species, where

germination is strongly hampered by climatic coaistis.

In summary, my results on tree regeneration cleartiicate different regeneration
patterns at the upper treeline in comparison testoboundaries at lower altitudes. The low
recruitment at the highest distribution limit chaeaizes this treeline as being natural due to
the harsh climatic conditions. A further upslopegration by means of sexual regeneration
seems unlikely, unless climatic conditions chan@@nsequently, the climatic growth
limitations at the upper forest borderRfincanaandP. pauta which affect growth of adult
trees, saplings and ramet populations, equally leasmie production of flowers and seeds as
well as seedling recruitment. In contrast, forestirimaries below this altitude did not show
any limitations in generative or vegetative reprichn, and the forest edge actually proved to
be a zone of high natural recruitment. | concludd these forest borders have to be attributed
to human influences. As there were no negativecesffef cattle grazing or woodcutting in the
study area, | suggest that fire is the main fadtoving boundary formation at lower altitudes.
This is particularly probable as fire most commoaljects the otherwise reproductively

dynamic edge zones, thus leading to a delay ofremiitment. According to these findings,
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the patchy discontinuous vegetation pattern fourmlopical-alpine treelines in Ecuador is a

consequence of the burning regime.

The study provides recommendations for forest awasen and restoration.
Compulsory fire prevention will be the most impaoittaneasure in order to maintain and to
increase the forest cover by natural regeneratioreover, the establishment of firebreaks
through the mowing of tussock vegetation aroundetkisting remnants might be helpful in
order to prevent grass paramo fires from spreaitirigrest fragments. In contrast, changes in
the grazing regime will not be necessary. The p@sitonsequences derived from changing
light conditions and litter removal provide relevadmowledge for sapling production in
nurseries and for plantation. Reforestation aetisitshould consider the importance of the
shelter from extreme climatic conditions providedthe remaining forest stands, which is
particularly important at higher altitudes. Abov808 m asl, any restoration effort will be
difficult and time-consuming. Hence, conservatidnttee remaining stands should be of a
higher priority.



ZUSAMMENFASSUNG

Tropisch-alpine Waldgrenzen sind meist durch eiabrupten Wechsel zur umliegenden
Grasvegetation charakterisiert, und die betreffand#&/aldbestande bestehen aus
kleinflachigen unzusammenhangenden Populationem Bleichen Muster folgen auch die
tropisch-andinen PolylepisWalder Siudamerikas.Polylepiswalder gehéren zu den
bedrohtesten Waldtkosystemen der Erde — daher wearidkeungsvolle Naturschutzstrategien
dringend bendtigt. Obwohl die besonderen Vegetatmarster haufig menschlichen Stérungen
zugeschrieben wurden, ist die Wirkung von Landnudzuwnd Standortfaktoren auf die
aktuelle Physiognomie der Waldgrenze bisher kauntersacht worden. Insbesondere
quantitative Erhebungen und experimentelle Arbeftdrien fast vollstandig. Die Kenntnis
der Regenerationsprozesse konnte nitzliche Hinwgls Waldgrenzenbildung und die
zukinftige Bestandsentwicklung liefern; allerdireysd die Verjiingungsmechanismen an der
Waldgrenzeund die zugrundeliegenden abiotischen, biotischehanthropogenen Einfliisse
nach wie vor kaum verstanden, da die Mehrzahl deiigbaren Daten aus temperaten und

nicht tropischen Breiten stammit.

Die vorliegende Arbeit untersuchte den Einfluss vdidhe UNN, Kronendeckung,
Streutiefe, Beweidung und Feuer auf die ReprodoktiweierPolylepisArten im Paramo de
Papallacta, Ecuador. Hierfir wurden Bliten- undchthildung, Keimfahigkeit, Keimung
und Keimlingstberleben sowie die Bestandsstrukiom Rolylepis incanaand P. pauta
analysiert. Daten zur natirlichen Regeneration amanddrt wurden durch
Aussaatexperimente an der oberen Waldgrenze bzt Beinden tberprift, um zwischen
Habitatunterschieden und Diasporenverfugbarkeitensoheiden zu konnen. D&@ynoxis
acostae in PolylepisWaldern Zentralecuadors sehr haufig ist, wurdesaliért in die
Betrachtung der Regeneration nach Branden einbazofkeben einem Beitrag zur
allgemeinen Theorie der Waldgrenzenokologie hadedigrbeit zum Ziel, Empfehlungen fur
die praktische Anwendung der wissenschaftlicherebmgsse zu liefern. Dementsprechend
wurden Aufforstungs- und Naturschutzaktivitatenniatiert, die in der Synthese am Schluss

dieser Arbeit beschrieben sind.

Bei P. incananahm die Anzahl der Blutenstande, Keimlinge undgpfianzen mit
zunehmender Hohe ab. Die Abnahme der Baumhohe reit ldohenlage zeigt
Wachstumsbegrenzungen an, welche offensichtlicih aig Bliten- und Fruchtentwicklung

beeinflussen. Aussaatversuche an der oberen Venbgegrenze erbrachten sehr geringe
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Keimungs- und Uberlebensraten im Vergleich zu Enggden aus Gewéchshaus- und
Feldversuchen in tieferen Lagen. Kinstliche Aussaatder Waldgrenze fihrte nicht zu
hoheren Keimlingszahlen als in den Kontrollflachéfan kann daraus schlie3en, dass die
geringen Keimlingszahlen in grof3er Héhe zum einenFiblge von extremen klimatischen
Bedingungen in den oberen Waldbestanden sind. Zoderan weisen die geringeren
Blutenstandszahlen in den oberen Bestanden daranf tass auch verringerte
Diasporenproduktion eine Rolle spielen kann. DidlZasexuell gebildeter Ramets zeigte
dagegen keine Abhangigkeit von der Hohenlage, wsgesamt zu einer erhdhten Bedeutung

von vegetativer Reproduktion an der oberen Waldggdiahrt.

Die Zahl derP. pautaBliutenstande nahm ebenfalls mit der Hohenlagengbyend ein
Einfluss der Hohe auf Keimlinge, Jungpflanzen oBestandsstruktur nicht nachgewiesen
werden konnte. Das ist wahrscheinlich auf die sébreaHohenamplitude zurlickzufthren,
denn die Art besetzt nur 400 H6henmeter. Trotzdearew die Keimlingszahlen nach
Aussaatversuchen an der oberen Waldgrenze deutiezdtriger als in tieferen Lagen und
Aussaat fuhrte ausschlie3lich in den geschitztedingengen innerhalb der vorhandenen

Bestande zu hoheren Keimlingszahlen.

In beiden Waldgesellschaften fallt die Lage derrebeWaldgrenze mit der HoOhe
zusammen, an der die Blutenstandszahl gemal3 Im&gression null ergeben wirde,
namlich bei 4100 m UNN fiP. incanaund 4200 m UNN fuP. pauta Eine Anderung der

Diasporenqualitat mit der H6he konnte hingegentmelthgewiesen werden.

Die Kronendeckung hatte signifikanten Einfluss dig Keimlings-, Jungpflanzen- und
Rametzahlen beider Arten. Wahrend Keimlinge hawpigéh im Waldesinneren aufkamen,
waren Jungpflanzen- und Rametzahlen am WaldrantiGahsten. Waldrandeffekte wirkten
sich also deutlich unterschiedlich auf die beobeteim Lebensstadien aus. Klimamessungen
belegten kihlere, aber ausgeglichenere Bedinguagtar der Kronenschicht verglichen mit
der umgebenden Grasparamo-Vegetation. Daher lassh schlussfolgern, dass
mikroklimatische Unterschiede die Keimung beeirdkrs insbesondere in den hoéher
gelegenen Waldbestéanden. Da Aussaat in diesen Héleem Uberhaupt, nur innerhalb der
Walder zu einer hoheren Keimungsrate fihrte, lasseth die unterschiedlichen
Keimlingszahlen in den Waldrandtransekten nichtselige3lich auf evtl. kleinrAumige
Unterschiede im Diasporenregen zurtckfuhren. Teatzdkann der Diasporenregen ein
wichtiger Faktor in tieferen Lagen sein. Im Gegénsdazu waren Jungpflanzen- und

Rametzahlen eher von den Einstrahlungsbedingun¢gernvam thermischen Mikroklima
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abhangig. Beide Arten sind also Lichtarten, washadarch den geringen Anteil von
Stammen in den unteren Durchmesserklassen im Wadin unterstitzt wird. Folglich
verjingen sich did?olylepisWalder des Paramo de Papallacta Uberwiegend ardrévial
oder in Bestandslicken. Die GesamtzahllemcanaRamets war deutlich héher als Bi

pautg was die Bedeutung vegetativer Regeneration sediArt hervorhebt.

Viehtritt hatte eine positive Wirkung auf die Keingszahl. Dies ist wahrscheinlich auf
die Verringerung der Streuschicht zurtckzufiihreasvauch durch die signifikant héhere
Keimungsrate nach experimenteller Streuentfernangen Aussaatversuchen bestatigt wird.
Trotzdem fuhrte kinstliche Streuzugabe nicht zereWerringerung der Keimlingszahl, was
durch unzureichende Streutiefe und -dichte in depeEmenten begriindet sein kénnte. Die
Nutztiere fralen im Untersuchungsgebiet nur sedterzweigen oder Blattern, und es gab
keine Hinweise auf negative Auswirkungen auf Veguimg oder Bestandstruktur. Die
vorherrschende Beweidung bei niedriger bis mittlehetensitat stellte sich also als
nachhaltige Landnutzung dieser Waldgesellschafeaus.

Im Gegensatz dazu war die Keimung nach Brandenicleuteduziert. Experimentelle
Aussaat erhdhte die Keimlingszahlen \®nincanasowohl in den gebrannten als auch in den
ungestorten Flachen, wobei dieses Experiment inerant Verbreitungsbereich der Art
durchgefuhrt wurde. Die nach Brand verringerten ndeigszahlen missen daher der
Verringerung des Diasporenregens nach Kronenbramdl der durch Feuer zerstorten
Diasporenbank zugeschrieben werden und nicht mliknekischen Einflissen. Trotzdem ist
es madglich, dass die extremen klimatischen Bedigganin gré3erer Hohe die negativen
Konsequenzen von Branden noch verstarken. Dagegendve Anzahl der etablierten
Jungpflanzen in den gebrannten Flachen deutlichehhidhas wiederum auf die besseren
Einstrahlungsbedingungen zurlickzufuhren ist. Baeligles Verhaltens nach Bréanden lasst
sich P. incanaals “obligate seeder” mit hohen Mortalitatsratew weringen Rametzahlen in
den gebrannten Flachen charakterisieren. Im Gegedsau verflgiGynoxis acostaéiber
eine ausgepragte Fahigkeit zur Stockausschlagsig/dwas ihren hohen Anteil im
Untersuchungsgebiet erklaren kénnte. Alhpautawies geringe Keimlingszahlen nach
Branden auf, was jedoch nicht statistisch abgedicierden konnte. Bei dieser Art hatte
Aussaat keinen Einfluss auf die Keimlingszahlensidh die gebrannten und nicht gebrannten
Flachen an der oberen Verbreitungsgrenze der Aanden.

Zusammenfassend zeigen die Ergebnisse zur Regenerdgutliche Unterschiede

zwischen der oberen Waldgrenze und Waldrandernieiferén Lagen auf. Die geringe
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Verjingung an der oberen Verbreitungsgrenze cherialdrt diese Waldgrenze als natdrlich.
Eine weitere Aufwartsausbreitung Uber sexuelle Region ist unwahrscheinlich, solange
sich das Klima nicht andert. Die klimatischen Waohsbeschrankungen, welche sich auf
Altbdume, Jungpflanzen und Ramets auswirken, betrém Falle vonP. incanaund P.
pauta offensichtlich auch die Bluten- und Diasporenbiidusowie die Keimlingsdynamik.
Waldrander unterhalb dieser oberen Waldgrenze widagegen keinerlei Beschrankungen in
der generativen oder vegetativen Reproduktion bmf.Gegenteil: die Waldrander waren
sogar Zonen aul3erordentlich hoher natirlicher WAgging. Folglich sind diese
Vegetationsgrenzen menschlichen Einflussfaktorenugchreiben. Da es keine negativen
Auswirkungen der Beweidung mit Kihen im Untersudsgebiet gab, ist Feuer als
Hauptfaktor fir die Randbildung in tieferen Lagemzasehen. Dies ist vor allem deshalb
wahrscheinlich, da Feuer meist die reproduktive dzane schadigt und so zu einer
verzogerten Verjungung fuhrt. Aufgrund dieser Ergsbe ist die mosaikartige
unzusammenhéngende Vegetationsstruktur tropischeslp/Naldgrenzen in Ecuador mit

hoher Wahrscheinlichkeit eine Folge des Feuerregime

Die vorliegende Arbeit hat naturschutzrelevante ddgdng. Verbindliche Feuer-
regelungen stellen die vordringlichste Malinahme Ednaltung bzw. Ausdehnung der
Waldflache durch natirliche Regeneration dar. Ad&er kann die Einrichtung von
Feuerschutzstreifen durch das Abmahen der Grasategetrund um die Waldfragmente
hilfreich sein, um ein Ubergreifen von Grasparamioden auf die Walder zu verhindern.
Demgegenuber wird eine Verdnderung des Beweidugigses nicht als notwendig erachtet.
Der Einfluss der Einstrahlungsbedingungen und déreu8erringerung ist bei der
Jungpflanzenproduktion in Baumschulen und bei Astimmgen zu beachten. Auf3erdem
sollte bei Aufforstungsaktivititen die ausgleichendwWirkung der verbleibenden
Waldbestande auf das Mikroklima bedacht werden, Wwasonders in hdheren Lagen
bedeutend ist. Uber 3900 NN werden jegliche Wiagiéorstungsbemithungen schwierig
und zeitaufwéndig sein. Daher sollte in den horddegenen Bestanden strenger Schutz der

verbleibenden Waldfragmente allerh6chste Priohigdten.



RESUMEN

La linea de bosque tropical se caracteriza porrtpaeches de bosques discontinuos, los
cuales forman bordes abruptos que limitan con jelnph Esta caracteristica esta presente en
los bosques tropicales-andinos Belylepis spp. Los bosques deolylepisson uno de los
ecosistemas forestales mas amenazados del murglorgente buscar estrategias eficientes
para su conservacion. Aunque el patron peculiar ladlevegetacion se ha atribuido
frecuentemente a la intervencion humana, se hactuefdo hasta el momento solamente
pocos estudios cuantitativos o experimentales qu#edican a las consecuencias del uso de
tierra y del medio ambiente sobre la posicién datada linea de bosque. El conocimiento de
los procesos de regeneracion es indispensable graeader la formacion de la linea de
bosque y el desarrollo de los bosques en el futBeocuenta con pocos estudios sobre la
regeneracion en la linea de bosque y los factorasiucrados, como aquellos realizados en
ecosistemas temperados y no tropicales.

El objetivo del presente estudio fue el investighimpacto de la altitud, el dosel, la
profundidad de hojarasca, el pastoreo y la querbeeda regeneracion de dos especies de
Polylepis en el Paramo de Papallacta, Ecuador. En particataranalizaron la floracion,
produccion de semillas, viabilidad de semillaspgeacion y supervivencia de las plantulas
tal como la estructura poblacional Eelylepis incanay P. pauta Ademas de la regeneracion
naturalin situ, se realizaron experimentos de siembra en eldisuperior de la distribucion
de las especies y después de las quemas parguiistos efectos del habitat y de la lluvia de
semillas. Debido a la abundancia@gnoxys acostadentro de los bosques Belylepisen el
centro del Ecuador, se incluyd a esta especielpanaestigacion de la regeneracion después
de la quema. Con el fin de contribuir a la teodaegal de la ecologia de la linea de bosque,
se intentd dar recomendaciones para la aplicaqiactipa de los resultados cientificos. En
base de los datos presentados, se proponen adtsidie reforestacion y de conservacién en

la sintesis proporcionada al final de este estudio.

En P. incana el niumero de inflorescencias, plantulas y planfagnes por metro
cuadrado se redujeron significativamente con liduelt La disminucion de la altura de los
arboles con la altitud indica limitaciones del am@ento de las plantas adultas, la misma que
influye en el desarrollo de flores y semillas. Despde la siembra experimental realizada en
el limite superior de las especies, la emergendea supervivencia de las plantulas fueron

menores que en otros experimentos efectuadoscmglo y en viveros a menores altitudes.
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La siembra no incrementdé el numero de plantulasc@nparacion de los cuadrados de
control. En conclusién, a mayor altitud hay menant@lad de plantulas por la limitada
germinacion a causa de las extremas condicionegtotias. Ademas, el menor nimero de
inflorescencias indica una reducida produccioneataiéas que también podria provocar una
menor cantidad de plantulas. Sin embargo, el numenebrotes generados asexualmente no
mostré una tendencia altitudinal indicando queelaraduccion vegetativa sea mas relevante

en la linea de bosque que la regeneracion gereerativ

El ndmero de inflorescencias & pautatambién disminuy6 con la altitud, pero no se
encontré influencia altitudinal sobre las plantuldas plantas jovenes o la estructura
poblacional del bosque. Esto podria ser debidodistabucion menos amplia de la especie,
cubriendo solamente alrededor de 400 metros dadaltNo obstante, la germinacion después
de la siembra experimental fue claramente menorejuealtitudes menores y la siembra
aumentd el numero de plantulas exclusivamente ediciones de mayor temperatura dentro
de los bosques. Segun una regresion linear, |@iposactual de la linea de bosque coincide
en las dos especies con la reduccion del nimenafldeescencias a cero que se estimo para
P. incanaa 4100 msnm y parB. pautaa 4200 msnm. No se detectd ningun cambio en la

viabilidad de las semillas con la altitud.

El dosel tuvo un impacto significativo sobre el mimmde plantulas, plantas jovenes y
rebrotes en ambas especies. Se encontr0 mayor muaeplantulas en el interior de los
bosques mientras que en el borde predominaronldasap jovenes y los ramets. Las etapas
de vida observadas mostraron un comportamientaedife en relacion con los efectos de
borde. Las mediciones climaticas indicaron condiesomas frias pero menos extremas bajo
el dosel en comparacion con el paramo abierto.sEdifarencias climaticas podrian tener
efectos negativos sobre la germinacion y es mdsapte en mayores altitudes. La diferencia
en el numero de plantulas a lo largo del limitdodeque no se pueden atribuir a la lluvia de
semillas, ya que haya aumentado exclusivamenteradel® los mismos con la siembra

experimental.

No obstante, la lluvia de semillas podria ser ke para la regeneracion de ambas
especies en altitudes mas bajas. Por otro ladoplastas jévenes y los ramets son
influenciados por las condiciones de luz que pactes térmicos. De esta manera, las
especies se consideran de alta demanda de luzntammde el hecho de que se encuentra un
porcentaje bajo de troncos delgados dentro delusosgn consecuencia, los bosques de

Polylepisdel Paramo de Papallacta generalmente se regeserkrs bordes o en claros de
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bosque. El nimero total de rametsRiencanafue superior que el de. pauta demostrando
la importancia de la reproduccion vegetativa eprilmera especie.

En los sitios de estudio existe pastoreo de gamadono con intensidades bajas y
medias. El pisoteo de ungulados tenia un impactaipo sobre la abundancia de plantulas en
ambas especies dRolylepis que supuestamente es a causa de la eliminaciém apa de
hojarasca. Esto coincide con un numero signifieatiente mas alto de plantulas en los
tratamientos sin hojarasca de los experimentossenbra. No obstante, la adicion artificial
de hojarasca no disminuyd el namero de plantulase podria ser por dificultades

experimentales estableciendo una densa y profuapmade hojarasca.

El ramoneo de herbivoros se observé escasameriedesa de estudio y no se probd un
efecto negativo alguno sobre la regeneracion astiaucura poblacional de los bosques. El
pastoreo de intensidades bajas a medias se pued&e@ar como sustentable en estos

ecosistemas.

En cambio, el aparecimiento de plantulas despuéa deema fue claramente reducida.
La siembra aumentd el nimero de plantula® daencanatanto en los cuadrantes quemados
como en los no quemados ubicados en bajas altitb#s implica que el bajo nimero de
plantulas son consecuencia de la lluvia de semillasos fuerte después de la quema del
dosel y también de la destruccion del banco delssnpor el fuego, mientras que efectos
climaticos no tuvieron un impacto en este caso.e8ibargo, los impactos climaticos podrian
desempeiar un papel en bosques quemados situadalitetes mayores. Al contrario,
plantas jovenes se observaron claramente de fodsamecuente después de las quemas que
es por causa del aumento de la radiacion solas amtacionada.

La regeneracion de. incanadespués de la quema depende casi enteramentmitlase
mientras que se observd un porcentaje alto de hdadaen los adultos y bajo en rebrotes.
Gynoxys acostagene alta capacidad de rebrotar después del fupgoposiblemente causa

la abundancia de esta especie en el area de estudio

En los bosques d@. pautase encontr6 también un numero reducido de pl&tula
después de la quema, aunque este resultado nangpeotm estadisticamente. En la siembra
no se observo un efecto alguno por el hecho ddogueuadrantes quemados y no quemados
se ubicaron en el limite superior de esta espeni€londe la germinacion es limitada por los
efectos climaticos.

En resumen, los resultados presentados indicaranotarte patrones diferentes de

regeneracion en la linea superior de bosque en amaeipn con los bordes de bosques en
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altitudes mas bajas. La regeneracion en el lingtdistribucion mas alto, demuestra que esta
linea de bosque es natural por las condicionesatiias. No es probable que por
regeneracion generativa se de el crecimiento deesgecies cada vez a mayor altitud,

suponiendo que el clima principalmente no cambie.

En consecuencia, las limitaciones climéticas earetimiento al limite superior de.
incanay P. pautaque afectan el crecimiento de las plantas adyitg®enes (rebrotes)
también disminuyen la produccidn de flores y samsjllinhibiendo los procesos de
germinacion. En cuanto a los bordes del bosqueadbg en altitudes mas bajas, no
presentaron ninguna limitacion la reproduccion gaine 0 vegetativa. Ademas, se probod
gue estas zonas son de alta regeneracién natorab €onclusion los bordes son producidos

por la intervenciéon humana.

No se observaron efectos negativos del pastoree la thla de madera en el area del
estudio. El fuego es el mayor factor para la foigraade bordes de bosque en altitudes
menores porque la frecuencia de las quemas afeettaimente el limite del bosque. Esto
causa un retraso grave de reproduccion por seori@ mas productiva en cuanto a la
regeneracion. En base a estos resultados, labdistin discontinua de los bosques tropicales

alto-montanos podria ser el producto del régimefuelgo en estos bosques.

Ademas, el estudio tiene relevancia para la coas&m y reforestacion de los bosques
de Polylepis La prevencion de fuegos forestales parece laidatt mas importante para
conservar el area forestal y al mismo tiempo ineanfpara permitir la regeneracion natural.
El establecimiento de corredores rompe-fuegosacdd el pajonal junto a los remanentes de
bosque, evitaria que los fuegos de pajonal sergktie hacia los bosques. Por otro lado, el
cambio del sistema de pastoreo no parece necegdriopacto positivo de la luz y la
eliminacion de hojarasca son conocimientos rel@gphra la produccion de plantines en

vivero y para la reforestacion.

Es importante que en actividades de reforesta@aossidere el abrigo que brindan los
remanentes de bosque en particular en las zores Al conservacién de los remanentes
debe ser prioritario porque a altitudes mayores3860 msnm todos los esfuerzos en

reforestacion seran dificiles y tomaran mucho temp
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1 INTRODUCTION

REGENERATION AT TROPICAL-ALPINE TREELINES

Treelines are among the most conspicuous vegetptterns in plant ecology, but despite
numerous research efforts the underlying mechanisindreeline formation are still
controversially discussede.g. Tranquillini 1979, Stevens and Fox 1991, Sveintg8on
2000, Koérner 2003a). Climatic measurements at & wahge of treelines have revealed a
close correlation between thermal thresholds aedlitre position (5-7°C mean growing
season temperature; Korner 1998, Koérner and Padeeéd), implying the presence of a
common climatic driver, which operates both at tbgional and global scale (Jobbagy and
Jackson 2000). However, any treeline position igroflocally modified by anthropogenic
disturbance (Miehe and Miehe 1994) or biotic intdoms such as herbivory (Cairns and
Moen 2004). In addition, substantial influence xerted by the tree species themselves
(Korner and Paulsen 2004).

Concerning possible mechanisms of treeline formati@rner (2003a) distinguishes five
principle hypothesises. Th&tress hypothesigefers to growth limitations due to repeated
damage by frosts; whereas tdesturbance hypothesiattributes reduced tree growth to
mechanical damage by wind, snow break, herbivorypathogens. Thearbon balance
hypothesiselates insufficient tree growth at treelines tack of photosynthetic C{fixation
(“carbon source-related®.g. Carberaet al. 1998), while the sink-relategrowth limitation
hypothesisattributes this to limited synthesis of complegamic compounds for plant tissues
and structures. Recent studies provide evidenceafaink-related limitation in biomass
production as carbon supply at the majority of lines does not seem to be a constraint
(Hoch and Korner 2003, 2005; Korner 2003b). Andcalfiyn the regeneration hypothesis

ascribes treeline formation to regeneration failure

An investigation into the dynamic processes belmatiral regeneration at treelines may
therefore provide useful hints for the understagdai treeline formation. Differences in
species’ dispersal and recruitment behaviour camong other factors, explain historic
treeline shifts (Dullingeet al. 2004). In particular, seedling emergence and salrnay be
critical for tree recruitment at higher altitudé&/'drdle 1985, Cuevas 2000, Germiebal.
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2002, Holtmeier 2003, Smitlket al. 2003). The focus on regeneration has two major
advantages in comparison to mere consideratiorraitg patterns of adult trees. Firstly, it
broadens the view from the ecophysiology of adidinp individuals to a perspective of
population dynamics and thus allows for the prapectof future stand development.
Secondly, the various life stages a plant passesdh during generative reproduction show a
very high plasticity to environmental factors (Fenr2000, Kdrner 2003a). Hence, the
dynamic processes are visible within much less tim@mparison to the observation of adult
populations that are characterized by very low gnowates (Colmenares 2002, Koérner
2003a). However, one has to bear in mind that mgdion is not compulsory for the
existence of forest stands at high altitudes asstermay persist without natural recruitment
for centuries after they have established undesymably, more favourable conditions in the
past (Korner 2003a). Hence, the absence of regemerat present does not necessarily
explain the formation of treelines, and should eathe considered as an indicator for future
stand development.

Unfortunately, most of the data on recruitment m&elines derive from temperate
latitudes (Tranquillini 1979, Hattenschwiler and i8mL999), whereas very little information
is available for tropical treelines (Rundaglal. 2003, Byers 2000, Hoch and Korner 2005). At
temperate latitudes, treelines are characterized bgther continuous transition of growth
forms towards the upslope plant communities. Intrem, tropical treelines are usually abrupt
and formed by scattered forest patches (Miehe aimthévi1994, Kérner 2003a). The reasons
for this discontinuous distribution pattern in tinepics have been subject to a long-standing
debate (Ellenberg 1958, 1979, 1996; Walter und Nedi969, Miehe and Miehe 1994),
which has focussed particularly on the high-Andemmnus Polylepis (Rosaceae, tribe:
Sanguisorbeae). This genus comprises 28 specigsbuatied throughout the Andean
cordillera from northern Argentina to Venezuelah®@at-Lebuhnet al. 2006).Polylepisspp.
occur in woodlands up to 5200 m asl and thus ragether with the conifers of the
Himalayan Mountains as the highest natural occgrrirees. Due to their restricted
distribution in small fragmented remnants subjedtettuman disturbances such as grazing,
fire and woodcutting,Polylepis forests have been listed as one of the most eedetg
woodland ecosystems in the world (UNEP-WCMC 2004)e conservation and restoration
of Polylepisforests is currently given high priorite.g. Kessler 1995, Fjeldsa and Kessler
1996, Sarmiento 2000a, 2000b; Purcell and Brels20f@#, Aucca and Ramsay 2005).

Earlier publications attributed the existence dtwredPolylepiswoodlands far above

the closed forest line to special edaphic and migmatic conditions at the forested sites, and
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denied the possibility of a higher forest extensiothe past (Troll 1959, Walter und Medina
1969, Simpson 1979). More recent studies emphaseetnpact of human disturbances as a
principal cause of the discontinuous distributi@aljido and Acosta 1985, Leegaard 1992,
Laueret al. 2001, Sarmiento and Frohlich 2002), which wasaalyegproposed by Ellenberg as
early as 1958. However, there is, at present, Mgy quantitative evidence for anthropogenic
influence onPolylepis distribution. The implications from palynologicdhata for the Andes
remains contradictory mostly due to the fact thalylepispollen is easily confused with that
of Acaena— a closely related genus of the same tribe, wisidterbaceous and not restricted
to woodlands (Kessler 1995, Chepstow-Lustyal. 2005). A recent study from Bolivia
consideredPolylepisforests as an important component of the Altiplaagetation of the last
glacial maximum (Chepstow-Lusgt al. 2005), but pollen diagrams from central Ecuaddr di
not provide conclusive evidence of higher forestectage in historic times (Willet al. 2002).
Teich et al. (2005) describe that animal browsing might retardodland recovery of
Polylepiswoodlands in Argentina. Kessler (1995), who studtesl diameter distributions of
stands submitted to grazing and burning in comparido stands under more or less
undisturbed conditions, describe, at most, weakiémices of grazing by ungulates such as
sheep, goats, cattle and camelids. In contrasshbeed the detrimental effect of burning on
tree recruitment. A combination of both disturbanegimes proved to cause the most severe
degradation. Hensen (2002) also attributes theentiRolylepis distribution in the Eastern
cordillera of Bolivia to human disturbance, as danRonet al. (2006), who revealed that the
low cover of P. australisin Argentina is at least in part caused by antbgemic factors.
These assessments, however, rely on rather lodah@m-formal observations of recruitment

patterns, whereas a systematic quantitative apprisaas yet largely absent.

In Bolivia and Peru, recent assessments of seedimsapling numbers revealed no
relations between generative regeneration andi@étior the position of the upper treeline
(Byers 2000, Hoch and Korner 2005), although nontjteive results are reported. In
contrast, a variety of studies — both from tempeeeatd tropical forests — show the relevance
of edge effects to regeneration (Chetnal. 1992, Benitez-Malvido 1998, Lauranee¢ al.
1998, Abeet al. 2002, Burton 2002, Sanfoet al. 2003, Hewitt and Kellman 2004), which
may also influence the life stages of single pkpecies differently (Harpeat al. 2005) and
depend on the particular disturbance regime (Wesdt al. 2004). Similar patterns might
also be expected at treelines, but | know of noliplied studies on edge effects at tropical

treelines.
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The availability of safe sites, where conditione auitable for germination and seedling
establishment, determines the success of sexualitreent and varies considerably among
different tree speciee(g. Crow 1992, Bonfil and Soberdon 1999, Narukawa amathamoto
2002, Moriet al. 2004). The presence of safe sites depends onfispeavironmental and
human influences and can therefore provide usefidrmation on dynamic processes in
seedling populations. IRolylepis litter, shelter by rocks and competition with lbeezeous
vegetation have been expected to influence seedlingoer and establishment: Smith (1977)
suggested a positive effect of sheltered microséied a negative effect of interspecific
competition on seedling survival. Renison and Clago (1998) analysed the impact of
substrate (sand, litter and soil) on seedling eerarg ofP. australis but they did not find
significant differences between the substratebpalih germination was highest on bare soil.
Seedling survival was not influenced by microsibaditions, but growth was limited at so-
called “degraded microsites” (Reniseh al. 2005). In addition, sapling growth was highest
under sheltered conditions (Renisetral. 2002a). However, the safe sitesRaflylepisremain

poorly understood and further research is needed.

In summary, available knowledge on the regeneraticology ofPolylepisis still not
sufficient to understand the observed distribupattern of the remaining stands and to assess
the potential of future forest development. Thamf@ focus on regeneration is given in the
present study in order to complement the knowleafgihe dynamic processes Rolylepis

forests and the human and environmental factoised.

OBJECTIVES AND OUTLINE OF THE STUDY

The overall objective of this study was to detemnthe main environmental and human
influences on the regenerationRdlylepis incanaKunth andP. pautaHieron. in the Paramo
de Papallacta, Ecuador. | studied the regener&tits of these species and possible impacts
of altitude, canopy cover, litter depth, vegetatimver, grazing and burning in order to assess
the importance of these factors on future stane@ld@ment and to provide an explanation for
the present distribution patterns. In particuldowering, fruit set, seed viability, seedling

emergence and survival as well as stand strucfutreespecies were analysed.

This study comprises five chapters. The first oneludes an overview of the area,
species and forest stands. In the following chapterdings on the environmental and human
influences on treeline regeneration are preser@ddhpter 2 assesses regeneration in the

interior forest at different levels of altitude agdhzing. It presents figures for inflorescences,
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seedlings, saplings and ramets as well as seeitycaradl stand structure of 15 forest stands in
the study area. The chapter elaborates on thenioiipquestions: (1) How does altitude affect
flowering, fruit set, seed quality and seedlingabBshment of botHPolylepis species? (2)

How is stand structure influenced by altitude? \(B)at is the impact of trampling on these

parameters?

The third chapter deals with seedling, sapling amdet numbers along 36 transects
running perpendicular to forest edges in order ¢seas the impact of canopy cover on
recruitment patterns. F&. incana which covers a wide range of altitudes and ganels,
the impact of these factors was analysed in owéedt the findings of the second chapter. In
particular, |1 assessed the following questions: KiIbw do seedling, sapling and ramet
numbers differ among edge, open and interior hel5ité2) Is there any impact of altitude or

grazing by domestic and wild ungulates on recruitthe

The fourth chapter derives from an experimentadystarried out on 18 permanent plots
located at the interior, the boundary and outdimgeforest at the upper distribution limit of the
species. | analysed the impact of canopy coveremxgntal sowing and litter depth on
seedling emergence and survival Bf incana and P. pautafocusing on the following
guestions: (1) Is seedling emergence of tRolylepis species at the tropical treeline
influenced by experimental sowing, canopy cover l#tel depth? (2) Is there any impact of

canopy cover or litter layer on seedling survival?

Chapter 5 compares seedling emergence and suiviv@lburned and 6 undisturbed
permanent plots after experimental sowing. Due he importance ofGynoxis acostae
Cuatrec. in the study area, the regeneration patiafrthis species were compared with those
of Polylepis incanaThe fifth chapter analyses the impact of burnsmying and litter depth
in order to give answers to the following study sfiens: (1) What is the impact of burning
on seedling emergence, and is there any influehexmerimental sowing, litter removal or
study species? (2) Is there an interaction of ssgdiurvival with burning or litter depth in
any of the two species? Only the dataPofincanaare presented, because here burned sites
with comparable conditions concerning altitude, ifp@s within the forest (all plots were
located in forest gaps) and absence of woodcuttieige available. A similar experiment was
performed forP. pauta but due to ecological differences between thesplbe data were
difficult to interpret. However, a short overview the P. pautaresults is given in the

synthesis and the respective statistical analgsiown in the appendix.
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The sixth chapter provides a synthesis of the tespresented. It summarizes
environmental and human influences of the regeioeratf P. incanaand P. pautaand
provides comprehensive conclusions. In additiorgoittains recommendations for possible

conservation and reforestation activities in thelgtarea.

STUDY SITE

Geology and land use

The Paramo de Papallacta comprises an area of 8B0WmM? located in the eastern cordillera
of the Ecuadorian Andes between the Cayambe anidakat volcanoes at altitudes between
c. 3500 and more than 5700 m asl (Figure 1). Tlodogy of the area is characterized by plio-
pleistocene vulcanites covered by pyroclastic aulian sediments (“cangahua”; Lauggral.
2001). Soils have been classified as Andosols, avighightly acidic pH and a high content of
allophanes (Laueet al. 2001). Properties of the top soil along the atihal gradient are
given in chapter 2. The reported soil-chemical datawithin the range reported from other
Polylepisforests in Ecuador (Fehse 1999). The high conténtotzanic ashes in the soill
causes a high aggregate stability, which preveais degradation following agricultural

activity (Podwojewski and Germain 2005).

Following the nomenclature of Lauest al. (2001), the study area covers the
geoecological subunits of the Paramo de Papalitsetih (Paramo de Papallactansu strictp
and the El Tablon-Paramo de Guamani. The ParanRaplallacta is a plateau-like landscape
characterized by young glacial lakes, bogs and mesaformed by an icecap during the
Younger Dryas (Clappertogt al. 1997). This subunit is largely covered by the saia and
Cayambe-Coca reserves and is of major importantketavater supply of Quito (Pugh and
Sarmiento 2004). However, conflicts between landersisand conservation agencies
concerning burning and hunting activities are stdimmon (Mena Vasconez 1995). The
Paramo de Guamani is situated on the western shifpée® eastern cordillera and consists
mainly of U-shaped valleys that deepened in therssowf erosion processes of huge
cangahua layers. The proximity to the Antisana,Gagambe-Coca as well as to the Cotopaxi
reserves gives this subunit pivotal importanceras@logical corridor between the reserves
and as a buffer zone between the Antisana reseiveh@ capital Quito. However, there are

no protected areas in the Paramo de Guamani asifrtbst area is privately owned.

The destruction oPolylepisforests presumably began more than 10 000 yearsval

the use of fire by early hunters (Kessler 1995xdntral Ecuador, village-based agro-pastoral
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economies have existed since 3000-4000 years BiRsl{ 1982).Polylepis forests are

thought to have played an important role in predmsp Andean cultures (Capriles and Flores

Bedregal 2002). The high population density inpleeiod of Andean high cultures gave rise

to an already reduced forest cover before thearadf the Spaniards, at least in Bolivia and

Peru (Kessler 1995, Hensen 2002).
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Figure 1 Study area and position of the investigated tostands. 1-15 Forest numbers

according to chapter 2. Transects (Chapter 3)rdngects 3, 4; 2: Transect 5; 4: Transects 7,
8; 5: Transect 9; 6: Transects 1, 2, 6; 7: Tran$8¢8: Transects 13-16; 9: Transect 17; 10:
Transects 19-21; 12: Transect 27; 13: Transect®30284: Transects 25, 26, 31; 15: Transect
35; 16: Transects 22-24; 17: Transects 32-34; Y8ndect 36; 19: Transects 10, 11, 12.
Permanent plots (Chapter 4):R:incana 13: P. pauta Permanent plots (Chapter 5): 6.

After the Spanish conquest, the land use histothefstudy area is characterized by the

former hacienda system, which was already estalish the study area in the"™6entury,

and was abandoned following land reform in the 968larcon and Segovia 2001). The

introduction of European land-use practices hasilyeaccelerated forest destruction (Ulloa

and Jgrgensen 1993, Hensen 2002). Before the 18&®study area was used for sheep

grazing, which caused severe degradation of thenpavegetation (Grubb 1970). Over the
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last 40 years, cattle farming has been the mostrawmland use practice, and according to

interviews with land owners, farmers and park rasdkee management system has persisted

at comparable intensities during this period.

Figure 2 (a) Silvipastural use in standR, incana and fence posts froRolylepiswood. (b)
Woodcutting and charcoal production in standP6,incana (c) Wildfire in stand 6. (d)
Charcoal production in stand 6. Stand numbers tefErgure 1.

In the Paramo de Papallactensu strictp there are only a small number of human
settlements with El Tambo (about 20 households)Raidguillo (about 15 households) being
the most relevant of those situated in the distitiourange of théolylepisforests. However,
the establishment of an oil pipeline, hydroelecpliants as well as a new road to Papallacta
have all led to significant human disturbancesha area, and despite patrolling of park
rangers wildfires are frequent. Grazing in thedages is restricted to fenced areas around
the settlements, and livestock is only in a fewesaallowed to penetrate deeply into forested
areas. A couple of meadows are maintained applgisgvipastural system, in which large
overstorey trees of the former forest are left ditagp whereas the herbaceous layer is sown
with pasture species suchRastucaspp.,Lolium perenner Dactylis glomerataCattle form

the main livestock, but more recently farmers halg® attempted to introduce camelids and



26 INTRODUCTION

goats. Grazing intensity is low (0.13-0.15 animar pha) with the exception of the

silvipastural fields where animal load is at 1.2%@als per ha.

The upper parts of the Paramo de Guamani are diladaveen the Itulcachi, Inga Bajo
and Inga Alto estates (Alarcon and Segovia 200hge fbrmer represents one of the oldest
haciendas in Ecuador, which was founded in tH&ciitury. The Inga property derives from
a former hacienda established in 1830. All propsrtvere handed over to the village people
during the land reform of the 1960s giving the lggapulation a leaseholder status whilst
people from Inga Alto obtained land titles in 19(/arcon and Segovia 2001). There are
only a few houses in the area which provide shélgen rain to the farmers. The whole area
is used for cattle grazing (Alarcon and Segovia1200rissman 2003). Overall grazing
intensity ranges between 0.15 and 0.44, but duthdgolack of fences along the property
boundaries, cattle roam freely in the whole areduiting the forests depending on fodder
availability. In addition, about 60 horses are kiepthe paramo belt and also small numbers
of wild ungulates such as white-tailed de€dg@coileus virginianus or mountain tapir
(Tapirus pinchaquemay be found in the area. The grazing is accoiegany burning of the
grass paramo in order to promote resprouting ohgeu more palatable leaves. There is no
obvious systematic approach concerning the firemegbut fire frequency at any given plot
may be estimated at one fire event every five to years (pers. obs.). These fires only
scarcely affect entire forests patches in the dvatmany forest edges show clear signs of
burning (Figure 2c). Following the recent constittof a new access road in 2001 (Segovia
2002), charcoal production followed by the estdiohient of meadow and farm land has taken
place in the Paramo de Guamani. Such practiceslédve a notable decrease in forest cover
(Segovia 2002; Figures 2b, d).

Climate

Due to the equatorial position of the Paramo deaRagia, the climate shows little annual
variation which is exclusively dictated by the falhseasons. However, there are pronounced
local differences affected by altitude, slope amduiation patterns (Laueet al. 2001).
Temperature measurements carried out in the codithés study revealed an altitudinal lapse
rate in mean soil temperature of 0.73 K/100 m enwestern slope, and 0.78 K/100 m in the
eastern part (Figure 3; chapter 2). On the wesstope, the highest rainfall is received
between March and May, and September and Novemidelst on the eastern slope the

rainfall season is between June and August (Leuak. 2001).
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The nearest climate station (Papallacta, 3160 hrgsbrts a mean annual temperature of
8.3°C and a mean precipitation of 1433 mm (Bendia Rafigpoor 2001). Along the upper
treeline at 4017 m asl, mean soil temperaturedapsh of 10 cm was 5.9°C, compared to the
ground level temperature of 5.4°C (minimum -2.3M@ximum 32.3 °C: according to own
measurements within R. pautaforest stand performed between March 2005 andu@aepr
2006). This exceeds the values reported by BendikRafigpoor (2001) by more than 1 K.
Within the sampling period, 19 days with night fowere recorded.

T m Soil A Atmosphere

11 — S0il —— Atmosphere

3500 3600 3700 3800 3900 4000 4100
Altitude (m asl)

Figure 3 Soil and atmospheric temperature witRinincanastands on the western slope at
different altitudes in the study area measured kémeously between the tand 1% of
July, 2004.

The microclimatic conditions provided by the fosetiemselves are expected to play a
crucial role during recruitment at treeline, asréhare pronounced microclimatic gradients
along forest edges (Chat al. 1995, Kremsater and Bunell 1999, Gehlhauseal. 2000).
Therefore, temperature profiles inside and outtgeforest stands were compared (Figure 4;
chapter 3). The variation of daily temperaturemisch lower in the forest interior, but mean
temperatures are about 2 K lower than outside, wbarresponds to the data of Bendix and
Rafigpoor (2001). Night frosts were measured exeéhg in the exterior of the forest.
Unfortunately, our climatic data are widely incortgl due to the fact that the majority of data

loggers failed to measure. Many long-term measunésneere absent particularly due to the
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high humidity at the study sites, which affectedadi@aggers’ functioning. Future studies on
the issue should take this climatic constraint axtoount and use more robust data loggers.

The ongoing changes of temperature in the Andetheéncourse of global warming,
which are estimated to be 0.1 to 0.3°C/decade letvi®39 and 1998 (Vuille and Bradley
2000; Republic of Ecuador 2000), may have sigmificafluence on the findings of this
study. In particular, high rates of recruitmentta upper limit of tree occurrence might lead
to erroneous conclusions about the anthropogefliceimce on current forest distribution, as
possible increases in forest cover may be relatedarmer climates (Camarero and Guitierrez
2004) rather than to decreasing land use. Therefomavestigated the forest distribution
history by interviews conducted with the land ovenand with older farmers. These revealed
that neither the position of the upper treeline tie@ management system have markedly

changed in the past 40 years. However, historioguchents on stand dynamics were not

available for the study area.
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Figure 4 Solil temperature (at a depth of 10 cm) and atimexsp temperatures at 20 cm and
200 cm above ground. (a) WithinRa pautastand at 4017 m asl, (b) in the exterior of this
stand (means of data measured simultaneously tdcations between #3f February and
10" of March 2005).

STUDY SPECIES AND VEGETATION

The genud$olylepisbelongs to the wind-pollinated tribe Sanguisorbe#kin the rose family
(Rosaceae). The genus comprises 28 species (Sebefidhn et al. 2006), which are
endemic to the Andean mountain range from Argentarad Chile to Venezuela.
SystematicallyPolylepisis closely related to the shrubby gefwsmena which is distributed
with ¢. 100 species circumpolarily on the southeemispherePolylepispresumably evolved
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from theAcaenasectionElongataeduring the middle Miocene (c. 15 million yearsjen the
Andes reached elevations of around 1500 m foriteetime (Kessler 1995).

All species are arborescent with heights betweemd 27 m (Simpson 1979) and are
characterised by an exfoliating bark that consi$tsumerous thin papery layers. The leaves
are compound and imparipinnate. The stipules aedaround the branch forming a sheath
(Simpson 1979). The flowers are apetalous and lglgaoterogynous. Thdruits are one-
seeded nutlets (hereafter referred to as seedspsBim1979). In addition, vegetative
reproduction via ramets derived from rooting homitzd branches is frequent (Kessler 1995).
Polylepisis associated with arbuscular mycorrhiza (Meno§642, which might explain the
high rates of biomass accumulation even under hanstatic conditions (Velezt al. 1998,
Fehseet al. 2002).

Lmm

Figure 5 Flowering branch and seedfdlylepis incane&Kunth (from Romoleroux 1996).

Polylepishas a well-adapted carbon assimilation system avibw compensation point
allowing photosynthesis even at low temperaturesdéiet al. 1996). In additionPolylepis
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sericeais known to adjust its leaf osmotic potential adaog to diurnal temperature changes,
which reduces the risk of frost damage (Smith amding 1987). Specific triterpenes and
flavonoids have been isolated fh incana(Catalancet al. 1995),P. racemosgNeto et al.
2000) andP. quadrijuga(Velez et al. 1998), which are in part cytotoxic and decrease th
palatability to herbivores (Netoet al. 2000). These compounds characterize the
chemotaxonomy oPolylepisat subfamily, tribe and genus level. However, iseohomy on
species and subspecies level is still discussedtauke frequent occurrence of hybrids
(Romoleroux 1996, Schmidt-Lebulen al. 2006). Recent genetic analyses indicate a complex

phylogeny arising from hybridisation of twAcaenaspecies and subsequent chloroplast

introgression (Kerr 2003).

Figure 6 (a) Inflorescence oPolylepis pauta.b) Ramet population at the forest edge of
stand 8 P. incang. (c) Excavated ramets Bf pautawith rootlets.

\‘\‘

This study focussed dPolylepis incanaandP. pauta— the most abundant species in the
Paramo de Papallacta. Both species have beenfieldsss vulnerable according to the IUCN
Red List (IUCN 2006)Polylepis incands characterized by having three leaflets per deaf
short inflorescences with 3-10 flowers (Figure mnileroux 1996). The lower surfaces of

the leaflets show a typical pubescence with veonrtsyellow hairs and a resinous exudate.
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The species is distributed from central Ecuadosdathern Peru in rather arid situations
(Simpson 1979). In contrad®olylepis pautabears long, rarely ramified inflorescences with
10 to 40 flowers (Figure 6a), and leaves compodegt10 leaflets (Figure 7; Romoleroux
1996). Its distribution ranges from northern Ecuadosouthern Peru along the humid eastern
slopes of the Andean cordillera (Simpson 1979).hBolylepis species reach a maximum
height of 12 m (Romoleroux 1996). Flowers and sedsproduced continuously without a
pronounced seasonalitpolylepis pautaproduces seeds with spiny protuberances on the
surface, which indicate a limited epizoochorougpeélisal capacity (Simpson 1986). This is
unlikely for the winged seeds &blylepis incanawhich are rather ballochorous. In addition,

both species have the capacity to produce aseanonts (Figures 6b, c).

Figure 7. Branch and seed &lylepis pautaHieron. (from Romoleroux 1996).

Polylepis incanaprevails in the western part of the study area gmuavs at altitudes
between 3500 and 4100 m asl, wherBapautais predominant in the eastern part with an
altitudinal range of between 3700 and 4100 m aslWwéVer, the distribution limits of the
species are far less clear than stated by Letual (2001). Many forests mapped Rsincana
stands on the western slope of the cordillera veeteally stands dominated . pauta
(Figure 1). In the contact zone of both distribntareas, the species coexisted and frequently
formed hybrids. The situation was further compkchaby the occurrence of a third speckes,

sericea which is closely related tB. pautaand morphologically and — at least in Ecuador —
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genetically very similar (Simpson 1979, Segoviac8dbet al. 2000, Schmidt-Lebuhast al.
2006; Romoleroux pers. communication). In contr@stother regions, both species are
apparently always coexisting in central Ecuador dodn mixed populations mainly
dominated by hybrids (Romoleroux pers. communicati®ecent genetic data (Ploch, pers.
comm.) did not reveal any conclusive evidence @f tdixonomic status of the Papallacta
populations. For practical reasons and due toladaenore detailed studies, | subsume here
all trees of these populations including possibfbridls underP. pautain accordance with
Laueret al. (2001).

The majority of the forest stands in the area apeedhwith other tree species such as
Gynoxysspp.,Escallonia myrtilloides Solanum stenophyllumnd Hesperomeles obtusifolia
var. microphylla Gynoxis acostaé the most common of these species in the strety and
even forms monospecific forests — mainly at theeuppeeline at 4100 m. This forest type has
not been described in the vegetation survey by Latual. (2001), obviously due to the low
accessibility of these stands. As suggested by aeddgd992), | could observe a lower adult
mortality after fire in comparison t®. incanaand P. pauta Consequently, genuin&.
acostaeforests might be a consequence of the fire regitherefore G. acostaavas included
into the study on post-fire regeneration (chaplerThis composite is a tree up to 12 m in
height (own data) and has entire leaves with glagsyer and a white-pubescent lower
surface. The inflorescences are aggregated intgndx® and characterized by peripheral
yellow ligulate flowers. Each inflorescence produtetween 20 and 30 seeds of 2-4 mm in
length with a short pappus. In addition, vegetategeneration through root suckers as well
as resprouting from the stem base after fire haen lbeported (Brandbyge and Holm Nielsen
1991, Leegaard 1992)

| started with an inventory of the understorey aedbaceous vegetation in tRelylepis
stands described in chapter 2 and recorded 153espef vascular plants. There were
pronounced differences to the species composigported by Laueet al. (2001) as only
plots below the closed canopy were investigatedspaties of the open paramo are absent.
Species numbers per 100-m2 study plot ranged batd®@eand 51 species (mean = 26.5, N =
46), which is in line with data on BoliviaRolylepis forest (16-43 species, mean = 29.3;

Fernandez Terrazas and Stahl 2002). A speciss lisovided in the appendix of this study.
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DESCRIPTION OF THE FOREST STANDS

P. incana stands

Ten P. incanaforest remnants from the Paramo de Papallacta imeheded into the study
(Stands 1-9 and 19; Figure 1). Details on soil prbes and stand structure of forests 1-9 are
given in chapter 2. Forest 19 is situated in thexionity of forest 6 and is expected to show
comparable soil and stand conditions. Data on ggazitensities and stand history refer to
interviews with the landowners. However, due to thek of fencing the actual grazing
intensity within a given forest patch dependedanider availability rather than on the overall

cattle loads.

Figure 8 (a) Forest 19P. incana.(b) Forest 6 (below) and forest 8 (on the tdh)jncana
note the different green scales on the slope tiditate recovery time after burning events.
(c) Forest 13P. pauta (d) Panorama showing the forests 14, 11 andPlauta Stand
numbers refer to Figure 1.

Forests 1 and 4 are part of the ltulcachi estatkaae grazed by moderate animal loads
(0.15 animals per ha). Forest 1 (34 ha; Figureé2#)e most spatially extensive forest which
occurs along the river Carihuaycu at altitudes betw3600 and 3700 m asl. The forest area
was heavily reduced through the construction ofewv moad to Papallacta and a water
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pipeline. There were no signs of burning in thise& but some parts of the stand were
thinned. Forest 4 extends from the river Carihuagcan altitude of about 4000 m. The lower
parts are formed bl. incana whereas at the upper part above 3800 m therérasition to

P. pautaforest. At the river, the forest has also beetudied in the course of construction
work for a water pipeline. In both forests, | e$igdied study plots and transects described in
chapters 2 and 3.

Near the village of Paluguillo at altitudes betw@&90 and 3700 adP. incanagrows in
a linear forest remnant along the river Quebradpatdlla (forest 2, 1 ha). This forest is
privately owned and fenced-off. According to anemtew with the owner, grazing was
ceased in 2000, but cow paths and dung were #iblg. The stand has a remarkable number

of old trees. This area is described in chaptensd®3.

The forest stands 3 and 6 (Figure 8b) belong tdafgest forest remnants along the river
Quebrada Encafiada river, which extends over alibbaat altitudes between 3500 and 3700
m asl. It runs through the land of Itulcachi, If§# and Inga Bajo, and the studied parts are
grazed at an intensity of 0.15 animals per hahénldwest part of Quebrada Encafiada there is
a continuous transition of the predominantly momesr Polylepisforests to a species rich
“Ceja andina” forest (Lauegt al. 2001). In this zone, the forest was partly tramsfd into
meadowland following clear-cutting and charcoal duction (Figures 2b, d). The
establishment of a new access road in 2001 actedetfais process. In the course of charcoal
production, a couple of sites within the forestfatgd from high-intensity wildfires. In
addition, in many parts forest edges are affectelduoning. The forest is included in chapters
2 and 3. Three of the burned areas were selectaldgpermanent plots described in chapter
5.

Forest 5 is a small remnant (3 ha) located withigal Bajo land at the entrance of the
valley Pucahuaycu. It is one of the few examplegooésts on the slopes which are most
commonly deforested — presumably due to fire. Tiea & grazed at an animal load of 0.17
per ha and is studied in chapters 2 and 3.

In forest 7 and 9, small areas at the lower boafl€s. acostadorests (5 and 8 ha) are
populated withP. incanabetween 3900 and 4000 m asl. Although the stahalsdre on
Itulcachi land are grazed at low intensities (0.1fey are heavily affected by cattle
trampling. In both stands, | additionally found dshmumbers ofP. pautatrees and hybrids.

Forests 7 and 9 are analysed in chapters 2 and 3.
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Forest stand 8 (17 ha; Figures 8b, 9a) represkathighest forest remnant Bf incana
in the study area and consists of a mixture ofi@ds ofP. incanaandGynoxis acostaés0%
each). The forest forms part of the Inga Alto lamdi is moderately grazed at an intensity of
0.44 animals per ha, but only a few animals redlimb up that high. At the lower forest
border, some trees show clear signs of burningyedsethe upper limit is characterized by a
continuous transition to the surrounding cushiod grass vegetation. Thus, this treeline was
taken as the natural upper distribution limit of #pecies. The forest is analysed in chapters 2
and 3 and, due to its location at the presumed ruppeeline, it was chosen for the

establishment of the permanent plots in chapter 4.

Forest 19 (9 ha; Figure 8a) occupies the highéstasnong thé. incanastands growing
along the river Quebrada Encafada. It ends at 8Y@Bl forming an abrupt boundary with
the tussock vegetation. As part of the Inga BajwlJat is grazed at 0.17 animals per ha. It

was studied in the course of the transect angtysisented in chapter 3.

Polylepis pauta forests

P. pautaforests are found exclusively in the Paramo deaPagiasensu strictol studied 9
forest stands (Forest 10-18). Forests 10 and 18 part of a system of forest patches (30 ha
overall; Figures 8c and 9b) located in the uppet pathe Carihuaycu valley on Itulcachi
land at altitudes between 3800 m and 4100 m asizi@gy intensity was 0.15 animals per ha,
but | scarcely observed cows in the upper partgeéially at forest boundaries on the slopes,
there are numerous burnt trees. The upper treelindese forests is easily accessible. |
therefore chose this stand for the establishmetiepermanent plots described in chapter 4
as well as in chapters 2 and 3.

Forests 11 and 14 are owned by a family in El Tarahd are situated at altitudes
between 3800 and 4050 m asl (Figure 8d). The Iqweets of the forests are subjected to
grazing by cattle, horses, lamas and goats at limal loads (0.13 animals per ha). Most
recently the family began to produce small amowftcharcoal. The forest is therefore
becoming increasingly more fragmented. The uppslitre of this forest is formed by rocky
outcrops and is barely accessible due to the densithe stand. These stands have been

incorporated into the analyses presented in ch2med 3.

Forest number 12 is the lowest continuduspautaforest in the study area located at
about 3700 m asl. The stand is surrounded by specie upper montane rainforest
formations and is privately owned by a family in EAmbo. The grazing intensity is high

(1.25 animal per ha) due to the silvipastural systgpplied, but some parts of the original
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forest are fenced-off and protected. Thus, thestoceuld be used for the establishment of

study plots and transects such as those descnbstipters 2 and 3.

Figure 9 (a) Forest interior of stand &. incanawith a species-rich herbaceous stratum
dominated byalerianaspp. (b) Forest interior of stand 1, pauta Stand numbers refer to
Figure 1.

Forests 15, 16 and 18 are located in the Cayamba-&serve between 3850 and about
4000 m asl (Figure 8d). Forest 15 comprises an @fr@ha. Although cows had never been
observed in these forests, the stand had sufferadyltrampling by ungulates. Therefore, the
stand was included into the analysis of tramplmghapters 2 and 3. Stands 16 and 18 were
considered for the establishment of transects atbagforest edge. There were no signs of
grazing by cattle, but | found twigs browsed bydmingulates — presumably white-tailed
deer. The upper treelines in these stands wereemdnk steep rocks.

Forest 17 is a stand of about 9 ha which was disturduring construction of an oil
pipeline. The upper limit of the forest is formeg hocks. Here, the forest mainly consists of
G. acostae Many parts along the pipeline lane have been dajravhich caused a high
mortality in P. pautabut not inG. acostae In some parts of the forest, | found single
individuals ofP. incana This forest is part of the transect analysis gmésd in chapter 3.



2 IMPACT OF ALTITUDE AND CATTLE TRAMPLING ON
POLYLEPIS REGENERATION ALONG A TREELINE IN
SOUTH-AMERICA

Together with Nadine Katrin Rihr, Karsten Wesche sabell Hensen
Plant Ecology(accepted)

ABSTRACT

Regeneration failure is considered to be an impoffiactor in treeline formation. However,
little is known about the impacts of altitude amthemopogenic disturbance on regeneration
patterns along tropical treelines. The study foduse the reproductive traits of tvRolylepis
species in the Paramo de Papallacta in Ecuadog aonraltitudinal gradient, and involved
varying intensities of cattle trampling within eaahitudinal level. We analysed flowering,
fruit set, seed viability, germination, and seegllastablishment as well as stand structure of
Polylepis incanaandP. pauta The number oP. incanainflorescences and seedlings per mz
showed a marginally significant decrease with iasneg altitude. In addition, mean tree
height was significantly lower at higher altitudedjile stem number increased. The number
of P. pautainflorescences also decreased significantly ugslopboth forest types trampling
was found to have a positive impact on seedlinghdance, presumably due to the removal of
the litter layer. Sapling establishment was rargdi@ the forest stands at all altitudes and
grazing levels, which suggests that the investyamecies mainly rejuvenate in forest gaps.
We consequently observed a low proportion of narstems within all investigated forests.
Our results highlight the importance of regeneratm treeline formation. The position of the
upper treeline in Ecuador coincides with reprodictailure at about 4100 m fét. incana,
and at about 4200 m fd?. pauta Forest borders below this altitude are ratheiseduby
present and past land use. However, there was mer®e that moderate cattle grazing

influences the regeneration of both treeline secegatively.



3 POTENTIAL LATERAL EXPANSION OF POLYLEPIS
FOREST FRAGMENTS IN CENTRAL ECUADOR

Together with Karsten Wesche and Isabell Hensen

Forest Ecology and Managemdint press)

ABSTRACT

High-Andean forests formed byolylepisare among the most endangered forest types in
South America and effective strategies are urgawmttyired to facilitate their conservation.
The remaining forest stands are presently disetbi discontinuous patches which usually
form abrupt boundaries with the adjacent grasslaedetation. Mechanisms of natural
regeneration in this transition zone between forastl grass paramo are still poorly
understood. The present study investigates theblestment of seedlings, saplings and
vegetative shoots along edgesRilylepis incanaand P. pautaforests in the Paramo de
Papallacta, central Ecuador. For each species,nalysed 18 transects of 20 m in length,
which traversed the edge zone, and sampled 10ashyl2 x 2 m each. Differences between
subplot positions were analysed using a repeatedsunes ANOVA. In addition, we
determined correlations of altitude and grazingapeters of thd®. incanatransects with
regeneration data. Seedling numbers of both speaes significantly higher in the forest
interior than in the exterior, presumably due teslextreme climatic conditions and a more
continuous seed rain. Sapling and ramet numbergeVver, showed a clear maximum at the
forest boundary, which indicates that favouraldétliiconditions are required for sapling and
ramet establishment. The importance of vegetagpeoduction increased towarBs incana
stands at higher altitudes, because the overallberuraf seedlings and saplings decreased
significantly with increasing altitude. Sexual rageation is limited at the upper distribution
limit of the species, which we ascribe to extrerimatic conditions. InP. pautastands, in
contrast, there was no effect of altitude. Gratiggingulates did not affect the recruitment of
saplings or vegetative shoots in the investig&elylepisstands, but trampling resulted in a
significant increase in the abundancd?oincanaseedlings. Our results show that boundaries

of Polylepisstands are zones of high natural recruitment. Birexpected to be the most
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relevant factor for the formation of edges at loakitudes, as the use of fire strongly affects
the reproductive boundary zone of the remainigylepis forests, whereas grazing at
moderate animal loads does not lead to any seeasequences for these forest communities.
We conclude that stands below the upper treelineldvexpand continuously towards the
exterior if human impact ceased, and that the ptgsatchy distribution oPolylepisis as a

result of anthropogenic influence and not of ndtsita conditions.



4 \MPACT OF SOWING, CANOPY COVER AND LITTER
ON SEEDLING DYNAMICS OF TWO POLYLEPIS
SPECIES AT UPPER TREELINES IN CENTRAL
ECUADOR

Together with Juan Enrique Iglesias, Karsten Westtielsabell Hensen

Journal of Tropical Ecologyin press)

ABSTRACT

Failure of reproduction is hypothesised as beingan reason for the formation of
upper treelines but, as yet, there is little evadenf such. This study investigates the
effects of experimental sowing, canopy cover attérlidepth on seedling emergence
and survival ofPolylepis incanaand Polylepis pautaat the upper distribution limit of
the species in the Paramo de Papallacta, centuwadéc. We established 18 study plots
located at the interior, the edge and the extefidhe closed forest at the upper treeline
and analysed seedling dynamics for one year folignexperimental sowing in four
different litter treatments. IR. pauta sowing significantly increased seedling number,
which was more pronounced within and at the edgehefforest than outside. In
contrast, there was no impact of sowing on seediimgrgence irP. incana In both
species, seedling numbers were significantly highethe forest interior than outside
and higher in the treatments with the litter laggmoved. First-year seedling survival
and mean growth rate per month were low in botttisge Log-linear models did not
reveal significant interactions between survival @anopy cover or litter removal. Our
data show that seedling recruitment is limitedha&t apper treeline, presumably due to
extreme climatic conditions, which indicates théevance of sexual regeneration for

treeline formation in central Ecuador.



5 POST-FIRE TREE SEEDLING DYNAMICS IN HIGH-
ALTITUDE POLYLEPIS (ROSACEAE) FORESTS OF
CENTRAL ECUADOR

Together with Silvia Salgado, Karsten Wesche aatldd Hensen

Biotropica (submitted)

ABSTRACT

Fire is considered as the main reason for the disumous, patchy distribution of high-
montane tropical forests growing below the uppmmitliof tree occurrence, but there is little
quantitative evidence so far. This study compameddkng recruitment of the tree species
Polylepis incanaand the coexistin@ynoxis acostaa burned and unburned forest stands in
the Paramo de Guamani, central Ecuador. Two ydtes fae, the density of. incana
saplings was higher than that @f acostaewhich, in contrast, produced a higher number of
ramets. A sowing experiment revealed a lower ol/ee®dling emergence of both species in
the burned than in the unburned plots. Howevelandigss of burning, experimental sowing
increased the seedling number significantly, whidles out climatic constraints for seedling
emergence in this altitude. SeedlingsRofincanawere significantly more abundant than
those of G. acostae Log-linear models showed interactions betweerdlgeg survival,
burning and litter forP. incana but not for G. acostag indicating a higher survival of
Polylepis seedlings after burning. Our data imply that sinfijte events lead to a lower
seedling emergence due to limited seed availakafitgr canopy and seed bank burning. We
conclude that fire as opposed to climate is thenmeason for forest boundaries below the
upper distribution limit of the tree species, amattartificial sowing could facilitate the
restoration of burnedPolylepis forests. Predominant clonal growth may explain hingh
percentage of. acostaen the remaining Ecuadoridh incanastands.
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ENVIRONMENTAL INFLUENCES ON REGENERATION

This study provides evidence that regeneration aih IPolylepis species is influenced by
altitude, canopy cover and litter depth. | foundiawverse relationship between altitude and
numbers of inflorescences, seedlings and saplimga incanaand of inflorescences iR.
pauta In contrast to available data on many tempernaelibes (Tranquillini 1979, Holm
1994), no impact of altitude on seed quality wastbfor any of the studied species. Seedling
number is clearly higher below the closed canogyciy at the upper distribution limit of the
species, can be ascribed to the less extreme morslin the forest interior along with seed
rain effects. In contrast, saplings (generativaviddals between 0.05 and 1.3 m in height)
and ramets show a completely different patteraih prevailed at the forest edge. Finally,
litter layer proved to significantly affect seediemergence and survival. A thick litter layer
decreases seedling number, and such was confirmnall parts of the study. However, at
burned sites, where the litter layer had been o=tk completely, experimental litter addition
led to a higher seedling emergence, and in unbucoaditions and greenhouse experiments
an artificial litter layer did not have a signifrdtampact.

The variables of altitude, canopy and litter in@wskts of abiotic environmental factors
that, in addition to all else, proved to influerntbe life stages of the study species differently.
Within a field study, these factors cannot be disegled, which might be one of the main
limitations for any research on treeline ecologyl gerhaps be the reason as to why no
fundamental mechanism for treeline formation hasyet, been agreed upon. However, my
data provide evidence of the most relevant ecodbdilters affecting the different life stages

of aPolylepisindividual.

The mean soil and atmospheric temperatures meaattée upper distribution limit of
P. pautaof 5.4 and 5.9°C respectively coincide with theperature range of 5-7°C proposed
as a climatic threshold for treeline formation byrfer and Paulsen (2004). My data did not
confirm the lower mean temperatures of 4.8°C atlime in the Paramo de Papallacta
reported by Bendix and Rafigpoor (2001), but areilar to those recently reported from
Bolivia (Hoch and Kérner 2005). The climatic coastits proposed for adult tree growth also
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apply to central Ecuador as shown by a decreasgean height and mean canopy diameter
with altitude in the studied forest stands. In #&ddi thermal limitations may equally affect
the processes of flowering, germination and segdjimowth. The correlations of regeneration
traits and altitude given in chapters 2 and 3 iatdia decline in inflorescence number as well
as seedling and sapling density to zero at auddtipf about 4100 m asl i incana In the

P. pautastands, regeneration failure concerning the nurabarflorescences was determined
at about 4200 m asl. In both species, this is thieude of the present upper treeline.
Moreover, experimental sowing at the upper distrdyulimit of the species did not or only
barely increased the seedling numbers and germmatias clearly lower than those
determined using the same seedlings stock at laltierdes. Thus, limitations of germination
may also be attributed to low temperatures. My dhexefore support the hypothesis of
Kdrner and Paulsen (2004) that mean growing setsoperature determines the position of
any treeline. However, the fact that sexual regarr also responds to thermal conditions is
in clear contrast to data presented for ofPelylepisspecies by Byers (2000) from Peru and
Hoch and Kdrner (2005) from Bolivia. These authforsnd sufficient seedling numbers at the
upper treeline, which was also reflected by a s&tnatture with a high ratio of young trees.
Although quantitative data are not given in theseliss, the findings indicate either marked
idiosyncratic differences between tRelylepisspecies or between the treelines studied, and
further quantitative research on the regeneratiotropical treelines is needed to obtain a

more comprehensive picture.

The decrease in seedling abundance along trarfseectghe interior through the edge to
the exterior is at least in part also a consequeh@xtreme climate at the forest exterior as
sowing at the upper treeline did not substantietignge this pattern and hence rules out mere
seed rain effects. However, theses differencesatamn attributed to mean temperatures, as
these are lower within the forest stands in consparito the forest exterior. In contrast,
extreme climatic conditions and frost occur cleddgs frequently in the forest interior.
Hence, seedling cohorts are affected by temperaxtemes although mean temperatures
exceed the threshold of 5°C. As the diurnal tentpegachanges are most pronounced at the
soil surface, the seedling life stage with < 5 emheight suffers particularly from climatic
extremes. This demonstrates that seedlings magleeant for tropical treeline formation as
is equally proposed for temperate treelines (Wat@5, Wardle and Coleman 1992, Cuevas
2000, Dullingeret al.2004). The increased seedling occurrence in ggedgtreme conditions
below the canopy show a facilitation effect of éxig forest stands on seedling recruitment.

Even single trees or groups of trees may facilitatecessful seedling establishment at high
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altitudes (Miller and Halpern 1998). Moreover, fetal shelter by rocks or plastic tubes as
well as shading proved to increase seedling sunivéiigh-Andean forests (Smith 1977,

Renisoret al. 2002a, Badeet al.in press)

Saplings and ramets show a completely differentepatalong forest edges, which
indicates a less pronounced sensitivity to extreangoerature conditions. Sapling number on
the one hand depends on a sufficient seedling béekertheless, saplings predominate at the
forest edge where radiation conditions are moralgoive for development. This is in line
with the results on stand structure, which reveaetiameter distribution typical for shade-
intolerant tree species with a clear lack of stemthe narrower diameter classes, regardless
of altitude or anthropogenic influence. In additisapling number is clearly higher in burned
P. incanapatches where the canopy cover had previously kbestroyed. The number of
vegetative ramets is also higher at the forest eddeating a positive impact of light
conditions on ramet growth. Moreover, the formatmiramets is promoted at the forest
boundary as soil contact and rooting is more likidy horizontally growing and lower
branches. Thus, the studideolylepis species mainly establish under favourable light
conditions, which has also been reported for Bahvand Argentinean species (Hensen 1993,
Enrico et al. 2003). Similar patterns have been described fherospecies of Ecuadorian
treelines (Badeet al.in press).

Litter is known to act as a physical barrier foediengs (Facelli and Picket 1991,
Kitajima and Fenner 2000, Ellsworgt al. 2004, Rotundo and Aguiar 2005), which applies in
particular to small seeded species, sucR.ascanaandP. pauta(mean seed length about 3
mm), which have less resources to penetrate thr@augdeep litter layer with the radicula
(Molofsky and Augspurger 1992, Peterson and Fad&82). In addition, small seeds are
more easily shaded, which might impede germingpimtesses (Kitajima and Fenner 2000).
In the studiedPolylepisspecies, a litter layer with > 4 cm depth leads timtal collapse in
seedling number. However, artificial litter additicscarcely affected seedling emergence,
which might be attributed to insufficient depth addnsity of the litter applied. This is
supported by sowing experiments in the greenhouisediferent depths of litter layer, which
in accordance to Renison and Cingolani (1998) didraveal significant differences among
litter treatments (data not shown). On the confragedling emergence and survival are
significantly higher after litter addition in theistmed plots. This highlights the positive impact
of litter layer below a critical depth, which is stgoronounced under dry conditions (Fowler
1986, Hamrick and Lee 1987, Eckstein and DonatlbR0@. after burning.
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| found no evidence for interspecific competitioetweeen seedlings and herbaceous
plants as proposed by Smith (1977). There is neeladon of herbaceous vegetation cover
and seedling number. However, due to the factltreahoved the litter layer together with the
herbaceous stratum in the sowing experiments aat dftificial litter addition did not
influence seedling number, this conclusion coultlbetested experimentally, which calls for

further research.

In summary, only the upper treeline might be atiill to environmental factors. In
contrast, forest boundaries below this altitude wiodd show recruitment limitations, which
provides quantitative evidence supporting the hypsis of Leegaard (1992) and Lae¢mal.
(2001) that these are caused by human influence.

ANTHROPOGENIC INFLUENCES ON REGENERATION

Many studies on grazing regimes in the world hagmahstrated the detrimental impact of
ungulates on forest ecosysteragg(Ammer 1996, Kuiters and Slim 2002, Dansdilal. 2003,
Husheeret al. 2003, Rooney and Waller 2003, Cierjacks and Her#, Palmeet al.
2004). Negative consequences of grazing on regeéoerand stand structure have also been
reported forPolylepisforests in Bolivia and Argentina (Kessler 1995 nkken 2002, Teichkt

al. 2005). However in central Ecuador, | found no ewick of negative effects of cattle
grazing on seedling, sapling or ramet numbers. Thisbe explained by the feeding strategy
(browsers vs. grazers) of the ungulates involvedhim existing grazing regime (Gordon
2003). Cattle are known to consume a rather lowegrgage of woody plants — even at high
stocking rates (Mayeet al. 2003). In accordance with Laegaard (1992), browsifegeding

on above-ground biomass of woody plants other ghapping bark”; Danelet al. 2003) was
observed, albeit rarely, and may be rather atweihud wild ungulates such as white-tailed
deer than to cattle (pers. obs.). Additionally,réhis no correlation between dung counts and
regeneration traits. Consequently, this study daite show any interactions between grazing
parameters and stand structure. In contrast, sgedlumbers are significantly higher in
trampled areas, leaving a reduction in litter degalthe only remaining cause (Olson-Reittz
al. 1996, Yateset al. 2000) and as such was proved experimentally in sbeing
experiments. Thus, the existing grazing regimenendtudy area is at a sustainable level both
in terms of animal load and livestock. Neither thgening of vegetation in the course of
grazing (Verweij and Budde 1992) nor the impachefbivory affect treeline position, as is
described for other ecosystems (Cairns and Moem)20Dhis is presumably due to a

sufficient fodder supply from the grass paramo aumding the forest patches, which
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obviously prevents the trees from being browsedadulition, triterpenes and flavonoids
might decrease the palatability of the study smedRecent plans to introduce goats into the
forested areas have raised concerns, as this radytdesimilar degradation as described for
forests in Bolivia (Kessler 1995, Hensen 2002).

In contrast to other regions in South America (Ketkal. 1995, Aucca and Ramsay
2005), the use oPolylepis forests for fuel wood has not been relevant oher last few
decades, as the energy supply for heating and mgokiven in poorer households, relies on
gas (Gustavo Mosquera, Fundacion Antisana, pemsimch This is a consequence of low gas
prices and of the remoteness of ®Pelylepisforests.Polylepiswood is nearly exclusively
used in small amounts for fencing. Therefore wottttoy did not lead to a decrease in forest
cover in former times. More recently however, thégs been an increasing demand of
Polylepis charcoal in the capital, and the construction off meads in the study area has
helped to accelerate wood exploitation for thisqese. However, the cautious grazing regime
and the absence of large scale cutting activinagbe last 40 years might be the main reasons
why the forest cover of high-Andean forests in canEcuador is considerably high in

comparison to Bolivia or Argentina.

As neither grazing nor woodcutting have played gomiable in stand history and only
the uppermost distribution limit of the forest peovto be environmentally driven, burning is
suggested to be the most important factor resplenfib the discontinuous forest distribution
at lower altitudes. The sowing experiments in bdrf@rest patches provide evidence that
single fire events cause a clearly lower seedluglmer. In the case &. incana,this has to
be attributed to a reduced seed supply from themaand the soil seed bank after burning
due to the fact that sowing significantly increassbdling numbers without showing an
interaction with burning (Chapter 5). In contrasbwing after burning irP. pautadid not
have an effect on seedling number and overall sepdbunts were much lower than
incana which can be explained by the extreme climatindttions occurring at the study
plots situated between 3900 and 4050 m asl (seendp{). Despite these additional climatic
effects, the overall pattern of seedling emergesc@milar inP. incanaandP. pauta which
corresponds to findings from other forest ecosystafter burning (Kennaret al. 2002). In
addition, bothPolylepisspecies show a high adult mortality and limitespreuting capacity
after burning. Consequently, the recovery rate®aflepisthat nearly exclusively rely on
sexual regeneration are expected to be rather linough seedling survival and growth rate
may increase due to more favourable light condstiand nutrient availability after burning

(Kennard and Gholz 2001). Fire intervals of 5-1@rgeare probably too short to allow for the
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natural expansion of the forest stands, as eveowat altitudes intervals of up to 9 years are
required for long-term persistence of woody plagii®ffman 1999). Hence, although this
study cannot directly show any correlation betwtenobserved distribution pattern and the
existing fire regime, there is some evidence thatifterrupts recruitment, and most notably,
generative regeneration. The reproductive edge ,zaéch is characterized by a high
proneness to fire (Cochrane and Lawrence 200ppriscularly affected by burning. Saplings
and ramets are most probably destroyed by bunds dir@s reaching temperatures of up to
600°C at the top of the tussocks (Ramsay 1992% Whs also reported by Kessler (2000). In
addition, high fire frequencies are known to preéveaeedling and sapling establishment
(Peterson and Reich 2001). Thus, the lateral expars the stands at lower altitudes is
impeded, which leads to a stabilization of the lpaidistribution pattern. | therefore conclude
that the scattered forest distribution below thpargistribution limit of the species is at least
in part a consequence of the fire regime. In aoldjtihe high ratios d&. acostawhich shows

a vigorous resprouting capacity after burning, rhighdicate a transition of species
composition toward a higher ratio of sproutersha temaining Andean forests; as is equally
shown for other forest ecosystems.g( Cushman and Wallin 2002, Calwt al. 2003,
Ivanauskaset al. 2003, Tryterud 2003). In summary, this study hgts the importance of
fire for the typical distribution pattern dfolylepis forests in central Ecuador, which is in
accordance with other studies on tropical-alpirelines (Kessler 1995, Howmt al. 2001,
Renisonet al. 2002b, Holtmeier 2003, Spelat al. 2005). Due to the nonexistent effect of
silvipastural use, interactions of fire and graziag shown for other forest ecosystems
(Kessler 1995, Krameat al. 2003) will not be relevant in the studi®d incanaandP. pauta

forests.

RECOMMENDED REFORESTATION AND CONSERVATION ACTIVIHS

The conclusions of this study raise implicationsrfanagement activities, which should aim
at conserving these highly endangered forest etmagsthat host a wide variety of rare plant
and animal specie®.Q.Fernandez Terrazas and Stahl 2002, Fjeldsa 20&#exi and Tarifa
2002). In order to compensate for forest losseshm last five years, | recommend a
community-based forestry approach which compriseth lveforestation and conservation
measures in the area. Similar projects have lesigwoificant improvements in Bolivia and
Peru (lbisch 2002, Aucca and Ramsay 2005). In madglithe forests might have potential in
terms of carbon sequestration projects due to thelatively high rates of biomass

accumulation at high altitudes (Fehse et el. 2088Y. project in the area should consider the
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collaboration with the Fundacion Antisana, a nomegomental organization, that has been

working for more than 10 years on conservatiorheRaramo de Papallacta.

Figure 25 (a) Community work of the farmer associationdadhi for the establishment of
permanent plotgb) Member of the farmer association Inga Altongilag P. incanasaplings.

Reforestation withP. incana P. pautaand other native species will be the most time-
consuming activity within a potential project. Incuador, Polylepis saplings are only
produced in a few nurseries, and it will be necgsta establish at least two further village
nurseries with an overall yearly production of ZWGaplings. Saplings &. incanaandP.
pauta can be most easily raised from seeds. The areaseflorestation should be chosen
based on documents on land use planning and ldodaabn already existing at the
Fundacién Antisana. The lower and medium partbefstopes between 3500 and 3900 m asl
are the most promising zones for reforestation, tdubigh growth rates at this altitude in
comparison to the upper distribution limit of theesies (INP. incana 0.22 cm/mo at 3600 m
vs. 0.14 cm/mo at 4000 m asl; chapters 4 and Sddition, impact of fire is expected to be
less severe at valley bottoms than on the mid gppkuslopes (Renisoat al. 2006).
According to the findings of this study and expece with reforestation activities in
Argentina (Renisomet al. 2002a), shelter from extreme climatic conditiori e important,
which could be achieved by planting in the proxymdf existing forest stands or by
protection of young sapling with rocks or plastibés. The recommended density for
planting one-year-old saplings is at three indigiduper 3 x 3 m squared (van Vassal.
2001, Alarcén and Segovia 2001). Plantations afesesyuently thinned to about 1100
individuals per ha, which is a typical stand deneitnatural forest stands in the area (Chapter
2). The described nursery output will be sufficidot reforestation of 6 ha per year.
According to an estimated labour requirement ofual®90 working-days for planting and
maintenance (Lamprecht 1989), this is the area tizat be managed by the farmer
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associations themselves without additional laboamfexternal sources (Fundacion Antisana,

pers. comm.).

Forest conservation measures should include thenigrof cattle pastures. Although the
existing grazing regime itself does not lead toatiwg consequences for stand structure and
forest regeneration, it is accompanied by burnihghe grass paramo in order to provide
palatable fodder for the animals. The establishneérgrazing zones can make burning of
forest remnants unnecessary. In addition, a swikdrsilvipastural system, which joins forest
conservation with increased cattle production amgpkments already existing approaches,
could be explored testing different animal loadd atem densities. As cattle do not browse
on Polylepis Polylepisforests provide protection from wind and a palktdierbaceous flora
to cattle, while cattle trampling enhances seedkstpblishment removing the thick litter

layer.

However, a definite cessation of burning activities the short-term seems rather
unlikely. Therefore, the establishment of firebre@kound the forest patches seems to be a
promising activity. The studieBolylepisspecies show a high capacity of natural regerwgrati
both sexually and by layering, under appropriateddmns. These conditions are best met at
the forest border (Chapter 3). The establishmerfirebreaks will protect the regeneration
zone at the forest edge against the influenceref Koreover, the removal of plant material
in this zone will improve the contact of fallen deewith the soil, which is mandatory for

successful germination.

These potential activities should be accompaniea lbgnge of capacity and awareness
building activities together with the local popudet in the villages of the Paramo de
Papallacta, as changes of the existing land usdigea will only be achieved through a high
level of ownership and participation by the lanérgs(Morris 1985, 1997; Bubét al. 2004,
Aucca and Ramsay 2005). A very important activitned at ensuring the success of
reforestation and forest conservation measures Wl the establishment of village
regulations, which specify the commitment of th#agers to forest conservatioe.g. fire
prevention) and project participation. In additi@iternative income possibilities should be
elaborated on in order to compensate for the palemduction in income from present land
use on the plateau. The establishment of home garded eco-tourism, which have been
successfully applied in other regions of Ecuadaghtnbe promising activities in the area.

A couple of activities have already been implemeérnitethe course of this study (Figure

25). Based on these experiences, it will be easystablish a fruitful cooperation with the
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local population for a more efficient conservatiminthe Polylepisforests in the Paramo de
Papallacta.

CONCLUSION

The focus on regeneration of the present studyigesva detailed knowledge about the
dynamic processes in the studied forest ecosystédmsdata give rise to a complex pattern of
partly interrelated human and environmental factofeiencing different life stages of the

studiedPolylepisspecies (summarized f&. incanain figure 26).
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Figure 26 Environmental and human factors influencing tfeedtages oP. incana
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Altitude and burning are the most important factbies affect the life cycles ¢f. incanaand

P. pautanegatively. At high altitudes, the regeneratioitggas are determined by thermal
conditions, whereas at lower altitudes regenerabigiside the closed canopy is exclusively
hampered by the current burning regime, which lgadthe discontinuous distribution of

forest stands in the area.

The temperature range at the upper treeline irstildy area supports the hypothesis that
low mean temperatures hamper the growth of adedisirsaplings and ramets and are thus the
main cause for the current upper treeline (growtfithtion sensu Kérner 1998). In contrast,
the seedlings oP. incanaandP. pautaproved to be particularly sensitive to temperature
extremes. Failure of seedling recruitment was feadjy ruled out as a principle mechanism
in treeline formation (Korner 1998, Koérner 2003H:i$ not obvious, why many high-alpine
plant species should be able to establish seedlargs trees should not.”). However, many
studies have shown that seedling emergence anwvalus/limited at higher altitudes (Wardle
1985, Cuevas 2000, Germimd al. 2002, Holtmeier 2003, Smitét al. 2003), which could
now also be shown for tropical treeline speciehsagl. incanaandP. pautain the Paramo
de Papallacta. It seems plausible that if the adedt is not capable of growing, there is also
no selection pressure for the evolution of speaidaptations for a successful seedling
establishment above treeline. This may be the reashy in many treeline species
regeneration failure is observed. What ever the caay be, poor seedling recruitment at the
treeline contributes to the maintenance of the erurrtreeline position, as upslope
establishment of seedlings and population expansiorot possible. Further studies will be
needed to provide more long-term observations ealitre dynamics in order to quantify
mortality and recruitment rates at all life stag@ased on this information, it will be possible
to develop models on treeline populations and toutate fluctuations of treeline position in

relation to regeneration parameters.
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APPENDIX

SPECIES LIST

The list gives all vascular plant species foundha forest stands described in chapter 2. It

contains a total of 56 families and 153 taxa. Sggeciames refer to Jgrgensen and Ledn-

Yanez (1999).

Pteridophyta

Aspleniaceae
Asplenium castaneufchtdl. ex
Cham.
Asplenium sessilifoliurdesv.

Blechnaceae

Blechnum schomburgkiKlotzsch)
C. Chr.

Dennstaedtiaceae
Hypolepis bogotensid. Karst
Hypolepis crass#Maxon
Hypolepisspec.

Drypteridaceae
Cystopteris fragiligL.) Bernh.
Polystichum orbiculatur(Desv.) J.
Rémy and Fée

Equisetaceae
Equisetum bogotenséunth

Grammitidaceae
MelpomengseudonutanéH.
Christ and Rosenst.) A.R. Sm. and
R.C. Moran
Terpsichore heteromorph@ook
and Grev.) A. R. Sm.

Lomariopsidaceae
Elaphoglossuntingua (C. Presl)
Brack.
Elaphoglossum muscosy®w.) T.
Moore
Elaphoglossum ovatuiook. and
Grev.) T. Moore

Lycopodiaceae
Huperzia linifolia(L.) Trevis.
Huperzia crassgHumb. and
Bonpl. Ex Willd) Rothm.

Ophioglossaceae
Botrychium virginianungL.) Sw.
Ophioglossum crotalophoroides
Walter

Polypodiaceae
Campyloneurum amphostenon
(Kunze ex Klotzsch) Fée
Polypodium mindensgodiro
Polypodium monosorumesyv.
Polypodium muroruntiook.
Pteridaceae
Pityrogramma ebened..) Proctor
Thelypteridaceae
Thelypteris rigescen&Sodiro) A.
R. Sm.
Thelypterisspec.

Spermatophyta — Angiospermae
Amaryllidaceae
Bomareamultiflora (L. f.) Mirb.
Apiacea
Azorella pedunculatéSpreng.)
Math. and Const.
Bowlesia lobataRuizand Pav.
Daucus montanuslumb. and
Bonpl. ex Spreng.
Hydrocotyle bonplandiA. Rich.
Hydrocotylespec.
Niphogeton dissect@enth.) J.F.
Macbr.
Araliaceae
Oreopanaxspec.
Asclepiadaceae
Cyanchunspec.
Asteraceae
Aetheolaena heterophyl(@urcz.)
B. Nord.
Aetheolaena involucrat@unth)
B.Nord
Ageratina azangaroens($ch. Bip.
Ex Wedd.) R.M.King and H.Rob.
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Ageratina pichinchensi@gunth)
R.M.King and H.Rob.
Baccharis macranth&unth
Bacharis odorat&Kunth
Bacharis padifoliaHieron.
Barnadesia arbore&unth
CotulamexicanaDC.) Cabrera
Diplostephium hartwegiHieron.
Diplostephium rupestréunth)
Wedd.
Diplostephiumspec.
Gnaphalium pensylvaniculivilld.
Gynoxis acosta€uatrec.
Gynoxis buxifoligKunth) Cass.
Gynoxis halliiHieron.
Monticalia myrsinitegTurcz.) C.
Jeffrey
Munnozia senecionidiBenth.
Pentacalia arbutifolia(Kunth)
Cuatrec.
Pentacalia andicolgTurcz.)
Cuatrec.
Sigesbeckia jorullensisunth
Taraxacum officinali$Veber
Berberidaceae
Berberis pichichensi$urcz.
Bignoniaceae
Eccremocarpus longifloruRuiz
and Pav.
Boraginaceae
Moritzia lindenii (A. DC.) Girecke
Plagiobothrys linifolius(Lehm.)
Johnst.
Brassicaceae
Cardamine jamesontiook.
Bromeliaceae
Puya clava-herculidez.and
Sodiro
Puyaspec.
Campanulaceae
Centropogorspec.
Caryophyllaceae
Arenaria pec.
Cerastium mollissimurRoir.
Cerastiumspec.
Stellaria recurvatawilld ex
Schitdl.
Cyperaceae
Carex pichinchensiKunth
Uncinia phleoidegCav.) Pers.
Uncinia spec.

Elaeocarpaceae
Vallea stipularisL. f.
Ericaceae
Ceratostema alaturHoerold)
Sleumer
Pernettya prostratg§Cav.) DC.
Vaccinium floribunduniKunth
Euphorbiaceae
Dysopsis glechomoidéa. Rich.)
Mull. Arg.
Fabaceae
Otholobium brachystachyum
(Spruce ex Diels) J.W.Grimes
Trifolium pratensd..
Trifolium repend..
Vicia andicolakunth
Gentianaceae
Gentianella rapunculoide@/illd.
ex Schult.) J.S. Pringle
Geraniaceae
Geranium hirtumWilld. ex Spreng.
Geranium reptan&unth
Geranium sibbaldoideBenth.
Grossulariaceae
Escallonia myrtilloided.. f.
Ribes andicolaancz.
Haloragaceae
Gunnera magellanicaam.
Hypericaceae
Hypericum quitens®.Keller
Juncaceae
Luzula gigantedesv.
Lamiaceae
Clinopodium nubigeniur(Kunth)
Kuntze
Prunella vulgarisL.
Loganiaceae
Buddleja pichichensiKunth
Melastomataceae
Brachyotum ledifoliunfDesv.)
Triana
Miconia latifolia (D.Don.) Nandin
Miconia salicifolia(Bonpl. ex
Nandin) Nandin
Onagraceae
FuchsiavulcanicaAndré
Oenothera epilobiifolieKunth
Orchidaceae
Aa maderoiSchltr.
Oxalidaceae
Oxalis lotoideKunth



APPENDIX 69

Passifloraceae
Passifloraspec.
Piperaceae
Peperomia rotundat&unth
Peperomiaspec.
Plantaginaceae
Plantago lanceolatd..
Plantagospec.
Poaceae
Aira caryophylleal..
Brachypodium distachyoft..) P.
Beauv.
Calamagrostis intermedi@l.Presl.)
Steud.
Cortaderia nitida(Kunth) Pilg.
Dactylis glomeratd..
Elymus cordilleranu®avidse and
R.W. Ponhl
Festucaspec.
Holcus lanatud..
Lolium perennd..
Poa annuda..
Poaspec.
Vulpia bromoidegL.) Gray
Polygalaceae
Monnina crassifoligBonpl.) Kunth
Monnina obtusifoliakunth
Monninaspec.
Polygonaceae
Muehlenbeckia tamnifoli@kunth)
Meisn.
Rumex acetosella.
Rumex obtusifoliuk.
Ranunculaceae
Ranunculus peruvianuers.
Rosaceae
Acaena elongaturh.
Acaena ovalifoliaRuiz and Pav.
Geum peruvianuriocke
Hesperomeles obtusifol{@ers.)
Lindl var. microphylla

Lachemilla andingL. M. Perry)

Rothm.

Lachemilla aphanoide@Viutis ex

L. f.) Rothm.

Lachemilla hirta(L. M. Perry)

Rothm.

Lachemilla holosericeél. M.

Perry) Rothm.

Lachemilla orbiculata Ruiz and

Pavon) Rydb.

Polylepis incan&Kunth

Polylepis pauteHieron.

Rubus coriacaeuBoir.

Rubus glabratugunth
Rubiaceae

Galium aparinel.

Galium hypocarpiunfL.) Endl. ex

Briseb.

Galium pseudotrifoliunbempster

and Ehrend

Galiumspec.
Scrophulariaceae

Calceolaria crenatd.am.

Sibthorpia repenglL.) Kuntze
Solanaceae

Solanum andreanuBaker

Solanum columbianumun.

Solanum stenophylluBun.
Tropaeolaceae

Tropaeolum pubesce@inth
Urticaceae

Urtica leptophyllakunth

Urtica urensL.
Valerianaceae

Valeriana ascendenBurcz.

Valeriana microphyllaKunth

Valeriana plantagine&unth

Valeriana rumicoidesVedd.
Violaceae

Viola dombeyan®C.
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POST-FIRE SEEDLING DYNAMICS IN°. PAUTA
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Figure 26 Seedling numbers ¢f. pauta(a) andG. acostagb) in different litter treatments,
with and without sowing, in burned and unburneddibtons (Means of 15 subplots nested
within 3 blocks; error bars: standard deviatiotigti treatment (a), (b), (c) and (d) as described
in chapter 5). Study plots located in forest atiwades between 3861 and 4032 m asl in forest

stands 14, 17 and 18.

Table 25 Multifactor ANOVA for the seedling numbers Bf pautaandG. acostae

df SS F-ratio P
Error Block
Residuals 2 998.4
Error Block x Burning
Burning 1 952.0 2.61 0.247
Residuals 2 22554
Error Block x Burning x Sowing
Sowing 1 10.8 0.49 0.523
Sowing x Burning 1 14.7 0.67 0.460
Residuals 4 88.1
Error Block x Burning x Sowing x Litter
Litter 3 99.0 2.69 0.069
Litter x Burning 3 70.1 1.91 0.156
Litter x Sowing 3 25.91 0.71 0.558
Litter x Burning x Sowing 3 18.4 0.50 0.686
Residuals 24 294.0
Error Block x Burning x Sowing x Litter x Species
Species 1 853.3 11.46 0.002
Species x Burning 1 710.5 9.54 0.004
Species x Sowing 1 20.83 0.28 0.600
Species x Litter 3 61.7 0.28 0.842
Species x Burning x Litter 3 44.9 0.20 0.895
Species x Burning x Sowing 1 14.7 0.20 0.660
Species x Litter x Sowing 3 22.9 0.10 0.958
Species x Burning x Sowing x Litter 3 10.3 0.05 87.9
Residuals 32 2382.3
Error within residuals 384 2711.6
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