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Summary

Summary

Tropical rainforests – characterized by an exceptional biodiversity, important for the 

regulation of climatic cycles and storing an estimate of 30% of terrestrial carbon – are 

severely endangered by human impacts. Increased nutrient depositions expected in 

the future by anthropogenic activities might affect these ecosystems primarily limited 

by nitrogen (N) and phosphorus (P). In Southern Ecuador consequences of these effects 

on a tropical montane forest are evaluated in the framework of a nutrient manipulation 

experiment. As part of this project we evaluated effects of moderate N and P additions on 

an important organism group involved in plant nutrient uptake – the arbuscular mycorrhizal 

fungi (AMF). Though AMF are known to represent the dominant mycorrhizal form in tropical 

forests, only few studies on AMF ecology were conducted in this diverse system. The main 

function of AMF represents increased nutrient uptake for the plant mainly of P, but also of N 

and other nutrients. Thus, since plants invest their carbon towards structures that are most 

limited (functional equilibrium model), theory predicts that increased nutrient availability 

will decrease AMF abundance. Based on this model and previous work conducted in 

temperate areas we tested our main hypotheses that (1) AMF abundance will be reduced 

following nutrient amendments and (2) AMF diversity will decrease and the AMF community 

shift towards lineages favored by fertilized conditions. In the case of AMF abundance we 

analyzed a time series from the beginning of the experiment up to five years of constant 

nutrient applications. Furthermore, effects were tested along an altitudinal gradient (1000 

– 3000m above seal level) which is characterized by decreasing nutrient availability and a 

shift from N/P- towards N-limitation with elevation. For molecular analyses, after two years 

of nutrient applications the AMF community was analyzed in-depth by 454-pyrosequencing 

at 2000m. As part of this experiment, we aimed to characterize AMF in more detail in this 

tropical montane forest. Here, we focused on AMF distribution in the organic soil layer, since 

the dominance of AMF in such soils is contrary to common theories on AMF occurrence. 

Generally, we found some interesting patterns associated to this study site in AMF 

morphology and diversity, which we confirmed to be the dominant mycorrhizal form. 

Along the altitudinal gradient, as predicted by the functional equilibrium model, root and 

AMF abundance increased in parallel with decreasing nutrient availability. A more detailed 

molecular analysis at 2000m revealed a diverse community (74 operational taxonomic 

units) with a large proportion of Diversisporales. At this site, morphological analyses 

revealed a close association of AMF hyphae with barely decomposed plant material in 

the organic layer, though a great amount of hyphae was also detected on root surfaces.  
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Within the nutrient manipulation experiment and contrary to our first hypothesis, 

results show an overall positive effect of P additions on both, extra- and intraradical 

AMF biomass. However, N additions decreased AMF abundance. These effects were 

most pronounced at the intermediate site (2000m). This pattern is unusual and 

might be explained either by a predominant role of AMF in N uptake in this system 

or direct P-limitation of the fungus itself. Regarding AMF diversity, we observed a 

significant richness decrease in all treatments, with the strongest effect by concurrent 

application of N and P. Interestingly, Diversisporales and Glomerales were differentially 

affected by N and P, respectively, potentially pointing out group-specific traits. 

The findings presented here reveal insights in interesting patterns in AMF and their 

interrelations in this tropical montane forest, a biome where detailed knowledge on 

AMF is scarce. Direct conclusions on AMF functionality cannot be based solely on these 

observational results, but they allow the development of specific experimental designs 

for future studies. Nevertheless, the observed results indicate impacts of future nutrient 

depositions expected for the study area on the abundance and diversity of AMF, an 

important group influencing whole ecosystem processes.

Summary
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Resumen

Los bosques tropicales - caracterizados por una biodiversidad excepcional, un papel 

importante en la regulación de ciclos climáticos y por mantener un estimado del 30% del 

carbono terrestre- se encuentran amenazados por actividades humanas. El incremento 

en la deposición de nutrientes debido a actividades antropogénicas podría afectar estos 

ecosistemas, limitados principalmente por nitrógeno (N) y fósforo (P).  En el sur de Ecuador 

las consecuencias de estos efectos en bosques tropicales de montaña están siendo 

evaluadas en el marco de una manipulación experimental de nutrientes. Como parte de este 

proyecto, nosotros evaluamos los efectos de adiciones moderadas de N y P en un grupo de 

organismos importante en la absorción de nutrientes de las plantas: los hongos micorrícicos 

arbusculares (HMA). Aunque se sabe que los HMA representan la simbiosis micorrícica 

dominante en bosques tropicales, pocos estudios sobre la ecología de estos hongos se 

han realizado en estos ecosistemas. La principal función de los HMA es incrementar la 

capacidad de absorber nutrientes de las plantas, principalmente P pero también N y otros 

nutrientes. Por tanto, dado que las plantas  invierten carbono a las estructuras que están 

más limitadas (“modelo de equilibrio funcional”), la teoría predice que un incremento 

en la disponibilidad de nutrientes disminuiría la abundancia de HMA. Basados en este 

modelo y en el trabajo preliminar conducido en sistemas templados, nosotros probamos 

las siguientes hipótesis: (1) la abundancia de HMA disminuirá al adicionar nutrientes y; 

(2) la diversidad de HMA disminuirá, resultando además en dominancia de linajes de 

hongos favorecidos por condiciones de alta fertilidad. En el caso de la abundancia de HMA, 

analizamos los resultados del registro de abundancia de HMA a lo largo de 5 años, desde el 

inicio de las adiciones constantes de nutrientes. Además, estos efectos fueron evaluados a 

lo largo de un gradiente altitudinal (1000-3000 msnm) que caracterizan una disminución en 

la disponibilidad de nutrientes  y un cambio de una limitación de N/P  hacia una limitación 

de N a mayor altura. Para la diversidad se realizó un análisis molecular: después de dos años 

de adiciones de nutrientes, la comunidad de HMA  fue analizada por medio de la técnica 

de “pirosecuenciación 454 profunda” con muestras provenientes de sitios a una altura de 

2000msnm. Como parte de este experimento, tuvimos como objetivo caracterizar los HMA 

en más detalle en este bosque tropical montañoso, especialmente en la capa orgánica de 

suelo  ya que la presencia de HMA en este tipo de suelo contradice la teoría sobre el tipo 

de hábitat óptimo para los HMA.

Resumen
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En general, se encontraron patrones interesantes asociados a este sitio de estudio en 

cuanto a la morfología de HMA y su diversidad, confirmando que estos hongos representan 

el tipo micorrícico dominante. A lo largo del gradiente altitudinal, la abundancia de HMA 

incrementa a menor disponibilidad de nutrientes, tal como lo predice el modelo de 

equilibrio funcional. El detallado análisis molecular revela una comunidad de HMA diversa 

(74 unidades taxonómicas operacionales) con una larga proporción de hongos dentro del 

orden Diversisporales. En este sitio, observamos por medio de análisis morfológicos una 

asociación estrecha de hifas de HMA y material vegetal en descomposición en la capa 

orgánica de suelo, a pesar de que una gran cantidad de hifas fueron detectadas en la 

superficie de las raíces. 

Dentro de la manipulación experimental de nutrientes, los resultados muestran un efecto 

positivo de la adición de P  tanto en la biomasa extra- e intra- radical de HMA, contrario 

a nuestra primera hipótesis. Este efecto fue más pronunciado en sitio a intermedia altura 

(2000msnm). Sin embargo, a 2000msnm adiciones de N disminuyeron la abundancia de 

HMA. Este patrón es inusual y podría ser explicado ya sea por el papel predominante 

de los HMA en la absorción de N en este sistema o por una limitación de P del hongo 

en sí. En relación a la diversidad de HMA, observamos una disminución en la riqueza de 

especies en todos los tratamientos, siendo el efecto más pronunciado al adicionar N y 

P simultáneamente. Es interesante que hongos dentro de los órdenes Diversisporales y 

Glomerales fueron afectados diferencialmente por N y P, respectivamente, posiblemente 

indicando contrastantes características entre estos grupos. 

En resumen, estos resultados revelan patrones interesantes en la asociación de HMA en 

bosques tropicales de montaña, un bioma sobre el cual hay muy poco conocimiento sobre 

los HMA. Conclusiones más directas sobre los efectos que estas manipulaciones tendrán en 

la función de los HMA no puede ser obtenida por medio de estudios observacionales como 

el presente, pero permitirán el diseño de experimentos con este propósito. En un contexto 

más amplio, cambios en la abundancia de HMA, su riqueza de especies y en la composición 

de la comunidad pueden ser esperados en respuesta al incremento de la deposición de 

nutrientes en este diverso ecosistema.

Resumen



5

Zusammenfassung

Tropische Regenwälder – gekennzeichnet von außergewöhnlicher Biodiversität, wichtig 

für die Regulierung von Klimazyklen, Speicher von geschätzten 30 % des terrestrischen 

Kohlenstoffs – sind gefährdet durch menschliches Eingreifen. Zukünftige erhöhte 

Nährstoffdepositionen, verursacht durch anthropogene Aktivitäten könnten diese 

Ökosysteme, welche hauptsächlich durch Stickstoff (N) und auch Phosphor (P) limitiert 

werden nachhaltig verändern. Im Süden Ecuadors werden im Rahmen eines Nährstoff-

Manipulationsexperimentes die Auswirkungen dieser Nährstoffdepositionen auf einen 

tropischen Bergregenwald getestet. Als Teil dieses Projektes haben wir den Einfluss von 

moderaten N und P Zugaben auf eine wichtige Organismengruppe untersucht, welche 

stark in die pflanzliche Nährstoffaufnahme involviert ist – die arbuskulären Mykorrhizapilze 

(AMF). Obwohl es bekannt ist, dass AMF die dominante Mykorrhizaform in tropischen 

Regenwäldern darstellen, gibt es nur wenige Studien zur Ökologie dieser Pilze in diesem 

diversen Ökosystem. Die Hauptfunktion von AMF für die Pflanze ist die verbesserte 

Nährstoffaufnahme, hauptsächlich von P, jedoch auch von N und anderen Nährstoffen. 

In Anbetracht der Grundlage, dass Pflanzen ihren Kohlenstoff an Strukturen verteilen 

welche am stärksten limitiert sind („Functional equilibrium model“), besagt die Theorie, 

dass erhöhte Nährstoffverfügbarkeit die AMF-Abundanz verringern wird. Basierend auf 

diesem Modell und vorherigen Ergebnissen aus temperaten Gebieten haben wir vorrangig 

die folgenden Hypothesen getestet: (1) AMF Abundanz wird in Folge von Nährstoffzugaben 

reduziert; (2) AMF-Diversität wird geringer und die Zusammensetzung der AMF 

Lebensgemeinschaft verschiebt sich zugunsten von Arten/Gruppen, welche durch die 

veränderten Bedingungen begünstigt werden. Basierend auf einer Zeitreihe von 5 Jahren 

ab Beginn des Experimentes wurden Untersuchungen zur AMF-Abundanz durchgeführt. 

Außerdem wurden Proben entlang eines Höhengradienten genommen (1000 – 3000 m ü. 

d. M.), welcher durch abnehmende Nährstoffverfügbarkeit parallel zu einer Verschiebung 

der Pflanzenlimitierung von P- bzw. N/P- hin zu N-Limitierung charakterisiert ist. Für die 

molekulare Analyse der AMF Lebensgemeinschaft auf 2000 m wurde nach zwei Jahren 

kontinuierlicher Nährstoffzugaben die detaillierte Methode der 454-Pyrosequenzierung 

angewandt. Weiterhin war es Teil dieses Projektes AMF im Allgemeinen in diesem 

besonderen System des tropischen Bergregenwaldes besser zu verstehen. Dafür lag der 

Fokus auf der AMF-Anpassung an die organische Auflage im Boden, da die Dominanz 

von AMF in solchen Böden früheren Theorien zum AMF-Vorkommen widerspricht. 

Zusammenfassung
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Insgesamt konnten einige interessante Muster bezüglich der AMF-Morphologie und -

Diversität im Zusammenhang mit dem Untersuchungsgebiet gefunden werden. Außerdem 

wurden AMF als vorherrschende Mykorrhizaform im Gebiet bestätigt. Im Einklang mit 

dem „functional equilibrium model“, nimmt die Wurzellänge sowie die AMF-Abundanz 

parallel zur abnehmenden Nährstoffverfügbarkeit entlang des Höhengradienten zu. Eine 

detaillierte molekulare Analyse auf 2000 m offenbarte eine diverse Lebensgemeinschaft 

(74 „operational taxonomic units“) mit einem großen Anteil an Diversisporales. Auf 

der gleichen Höhenstufe zeigte die morphologische Untersuchung des extraradikalen 

AMF-Mycels eine enge Assoziation der Hyphen mit im Abbauprozess befindlichem 

Pflanzenmaterial in der organischen Auflage, obwohl ein sehr großer Anteil an Hyphen auch 

auf der Wurzeloberfläche lokalisiert ist.

Im Gegensatz zu unserer ersten Hypothese, zeigten die Ergebnisse des Nährstoff-

Manipulationsexperiments einen insgesamt positiven Effekt von P-Zugaben sowohl auf extra- 

als auch auf intraradikale AMF-Abundanz. Im Gegensatz dazu verringerten N-Zugaben die 

AMF-Abundanz eher.  Die gefundenen Effekte waren auf der mittleren Höhenstufe (2000 m) 

am stärksten ausgeprägt. Dieses Muster ist ungewöhnlich und könnte entweder durch eine 

vorherrschende Rolle von AMF in der N-Aufnahme in diesem System, oder durch direkte 

P-Limitierung der Pilze selbst begründet werden. In Bezug auf die AMF-Diversität wurde 

in Folge aller Nährstoffbehandlungen ein signifikantes Absinken der Artenzahl beobachtet, 

mit dem stärksten Effekt bei gleichzeitiger Applikation von N und P. Interessanterweise 

wurden Diversisporales und Glomerales jeweils von N und P unterschiedlich beeinflusst, 

was auf bestimmte gruppenspezifische Eigenschaften hindeutet.

Zusammengenommen geben diese Ergebnisse Einblick in interessante Eigenschaften von 

AMF und ihren Wechselbeziehungen in diesem tropischen Bergregenwald, einem Biom für 

welches es an Detailwissen zu AMF noch mangelt. Direkte Schlussfolgerungen zur AMF-

Funktionalität können alleinig basierend auf diesen Ergebnissen nicht getroffen werden, 

jedoch erlauben sie die Entwicklung von spezifischen experimentellen Designs für zukünftige 

Studien. Nichtsdestotrotz deuten die beobachteten Effekte daraufhin, dass zukünftige 

Nährstoffdepositionen, welche im Untersuchungsgebiet erwartet werden, Einfluss auf die 

Abundanz und Diversität von AMF haben werden, einer wichtigen Organismengruppe mit 

Einfluss auf ganze Ökosystemprozesse.

Zusammenfassung
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Chapter 1

Chapter 1  

General Introduction

Tropical rainforests represent ecosystems of high biodiversity which are important for the 

regulation of hydrological and climatic cycles and hold an estimated 30 % of terrestrial 

carbon (Dixon et al., 1994; Brummitt & Lughadha, 2003). Especially in the light of global 

change scenarios the effects on tropical forests must be included in future predictions, 

since these systems are severely endangered by human impacts (Avissar & Werth, 2005; 

Gullison et al., 2007). Most studies, particularly on biodiversity, have focused on plants 

and macroorganisms, demonstrating that many tropical forests represent hotspots of 

biodiversity (Olson et al., 2001; Brummitt & Lughadha, 2003; Brehm et al., 2008). In 

contrast, knowledge on the diversity and functionality of soil microorganisms is scarce 

(Borneman & Triplett, 1997; Alexander & Selosse, 2009). Beside the sampling bias, the 

great biogeochemical heterogeneity of tropical soils caused by high biological diversity but 

also great variation in soil age, chemistry and landscape dynamics might contribute to this 

knowledge gap in soil ecology (Townsend et al., 2008). 

This work focuses on a soil-inhabiting group of microorganisms associated with nutrient 

cycling, plant water uptake, carbon sequestration and soil structure – the arbuscular 

mycorrhizal fungi (AMF) (Rillig, 2004). This ancient group of obligate biotrophic plant 

symbionts is associated with 90% of all plant taxa worldwide (Smith & Read, 2008) and 

well known to represent the dominant mycorrhizal form in tropical forests (Shi et al., 2006; 

McGuire et al., 2008; Averill & Finzi, 2011), though basic knowledge on this group largely 

originates from temperate systems (Alexander & Selosse, 2009). Here, in the context 

of increased nutrient depositions by anthropogenic activities (Galloway et al., 2008; 

Mahowald et al., 2008), responses to nutrient additions in AMF abundance and molecular 

diversity were analyzed in a tropical montane forest in Southern Ecuador. As part of this 

study fundamental aspects of AMF morphology, functionality and community composition 

in this understudied ecosystem were elucidated.

The study area

The study area is located within the Cordillera Real in Southern Ecuador between the provinces 

Loja and Zamora-Chinchipe (Fig. 1.1). All study sites are within or adjacent to the Podocarpus 

National Park (PNP). Beside the core area at 2000m (Estación Scientifica San Francisco;  
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3°98`S, 79°08`W), where most of the research was conducted, an altitudinal gradient 

comprising research sites at 1000m (Bombuscaro; 4°11`S, 78°96`W) and 3000m (Cajanuma; 

3°98`S, 79°08`W) was analyzed (Fig. 1.1 A). Forest types span from premontane, lower 

montane towards upper montane forests, with a complete turnover of tree species (Homeier 

et al., 2013). Interdisciplinary research conducted in this area since 1998 underscored the 

designation as a “hotspot” of biodiversity, regarding plant diversity - with more than 1200 

Chapter 1

A

B

C

D

E

Fig. 1.1 Impressions of the study area including a map (A), which shows the different study sites 
within the Podocarpus National Park and the Reserva Biológica San Francisco (RBSF) (source: 
www.tropicalmountainforest.org). Pictures show the research station ECSF (Estación scientifica 
San Francisco) (B), a dominant tree of the study site at 2000m: Graffenrieda emarginata (C), a 
view on the pristine forest of the RBSF (D) and a soil profile at 2000m documenting the thick 
organic layer harboring the majority of tree roots (E).
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General Introduction

species of spermatophytes recorded in PNP (Homeier & Werner, 2007; Homeier et al., 2008) – 

and also other macroorganisms, especially moths (Brehm, et al., 2008, Brehm et al., 2005). The 

few studies investigating diversity of soil microorganisms (AMF: Haug et al., 2010, oribatid 

mites: Illig et al., 2010, testate amoebae: Krashevska et al., 2013, Sebacinales: Setaro et 

al., 2012), showed high but not exceptional species numbers, but several unknown taxa.  

The climate is characterized by high precipitation (2230, 1950 and 4500 mm year-1 at the 

three elevational sites, respectively) without a pronounced dry season and mean annual air 

temperatures of 19.4, 15.7 and 9.4°C (Moser et al., 2007). Soil types differ among altitudinal 

levels (Martinson et al., 2013) and at 2000 and 3000m a thick organic layer is formed on top 

of mineral soil (Fig. 1.1 E), as often found in tropical montane forests (Edwards & Grubb, 

1977; Unger et al., 2010). Potential reasons are low temperatures, water-saturated soils and 

high amounts of phenolic compounds that slow down decomposition and mineralization 

processes (Kirschbaum, 1995; Wilcke et al., 2002), which also decreases nutrient availability 

with elevation (Soethe et al., 2008; Homeier et al., 2010). Beside a general decrease in soil 

fertility, a shift from P- (or N/P co-limitation) towards N-limitation at higher altitudes was 

proposed (Graefe et al., 2011; Moser et al., 2011) as also predicted theoretically for Andean 

altitudinal gradients (Walker & Syers, 1976; Tanner et al., 1998). 

Arbuscular mycorrhizal fungi – morphology, physiology and 
diversity

Besides other important ecosystem functions AMF mainly improve plant nutrient uptake in 

exchange for carbon, since these fungi are obligate biotrophs gaining their carbon entirely 

from the plant (Smith & Read, 2008). Intraradical structures – namely coils and arbuscules – allow 

direct nutrient exchange with the plant, whereas a wide network of extraradical hyphae 

expanding the root depletion zone allows efficient nutrient uptake (Cavagnaro et al., 2003; 

Parniske, 2008). Two root colonization types are differentiated: Paris- and Arum-type AMF 

(Smith & Smith, 1997). The Paris-type is characterized by the formation of intracellular coils 

without an intercellular phase, whereas in Arum-type AMF the root cortex is colonized by 

intercellular hyphae and subsequent intracellular arbuscules. However, the delineation of 

both types in natural systems is rather vague with several intermediate types occurring 

(Dickson, 2004). Extraradical hyphae may constitute 20 – 30 % of microbial soil biomass 

and exceed root length by several orders of magnitude, emphasizing their important role in 

ecosystems, but also the necessity to include this often neglected part of the symbiosis in 

analyses (Olsson et al., 1999; Leake et al., 2004). 
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Traditionally, AMF have been associated with plant P nutrition (Koide, 1991; Read, 1991), 

though in the last decade evidence accumulated that under certain conditions they 

also play a major role in the uptake of N (Hodge et al., 2010; Veresoglou et al., 2012;  

Hodge & Storer, 2015), as well as other nutrients, e.g. K, Zn and Cu (Marschner & Dell, 

1994; Lehmann et al., 2014). P uptake, transport and plant-fungus exchange has been 

investigated in detail (Parniske, 2008), whereas a role of AMF in N uptake has long been 

neglected due to the high mobility especially of nitrate in soil and high N demands of 

the fungus itself (Hodge et al., 2010). However, studies using 15N tracers showed fungal 

transport of N to the plant, both from inorganic (Govindarajulu et al., 2005; Tu et al., 

2006) as well as organic sources (Hodge et al., 2001; Leigh et al., 2009; Barrett et al., 

2011), and plant ammonium transporters involved in the symbiosis have been identified  

(Gomez et al., 2009; Guether et al., 2009). Still, opposing results on low or even a lack of N 

uptake by AMF inoculation (Marschner & Dell, 1994; Hodge, 2003; Reynolds et al., 2005) 

indicate a potential dependency of this function on environmental conditions (Johansen & 

Jensen, 1996).  

The degree of symbiotic association can be actively regulated by the plant via complex 

internal signaling depending on its nutritional status (reviewed in Gutjahr & Parniske, 

2013; Carbonnel & Gutjahr, 2014). Thereby, complex trading of carbon for nutrients plays 

an important role in the interaction of plants and AMF, which might also affect the AMF 

community found in host roots (Bever et al., 2009; Kiers et al., 2011). Indeed, recent 

studies showed host-specific AMF community compositions, but no specialization of single 

host-AMF interactions (e.g. Vandenkoornhuyse et al., 2003; Hausmann & Hawkes, 2009; 

Martinez-Garcia & Pugnaire, 2011). Other important factors which have been shown to 

affect AMF community composition are spatial effects (Lekberg et al., 2007; Davison et 

al., 2011), soil type, pH and soil fertility (Fitzsimons et al., 2008; Dumbrell et al., 2010b; 

Schechter & Bruns, 2013) as well as soil heterogeneity (Mummey & Rillig, 2008; de 

Carvalho et al., 2012), though the relevant impact of each factor varies among systems. 

While AMF morphology is roughly equal among species except for differences in spore 

morphology, these alterations in species composition suggest differential traits among AMF 

species: in fact experiments confirmed to a certain degree differences in environmental 

demands as well as in colonization strategies (of roots versus soil) among AMF species  

(Lekberg et al., 2007; Powell et al., 2009; Ijdo et al., 2010; Maherali & Klironomos, 2012). 

Global assessments of AMF diversity likewise revealed restricted occurrence of certain taxa 

in respect to plant type, habitat as well as climatic zones and continents, though some 

broad generalists exist (Öpik et al., 2010; Kivlin et al., 2011).
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Taxonomic diversity of AMF – a monophyletic group within the Glomeromycota (Schüßler 

et al., 2001) – is low: currently 330 morphospecies have been described (A. Schüßler’s 

Glomeromycota phylogeny, http://schuessler.userweb.mwn.de/amphylo/; 10 January 

2015) compared to more than a million Eumycotan species estimated (Blackwell, 2011). 

True AMF diversity though might be higher as indicated by molecular studies (Öpik et al., 

2014), especially since newly developed methods of high-throughput sequencing allow 

in-depth analyses of AMF communities (Öpik et al., 2009; Dumbrell et al., 2011). Still, 

molecular species delineation in AMF is problematic because of its asexual life form with 

multicore spores and hyphae (Kuhn et al., 2001; Croll & Sanders, 2009), leading to high 

intraspecific variation (Ehinger et al., 2012; Thiery et al., 2012). Differences of intraspecific 

variability among AMF genera additionally complicates the clear determination of a 

universal sequence similarity cut-off for the classification of operational taxonomic 

units (OTUs) – the molecular synonym of species (Stockinger et al., 2010). However, the 

traditional approach in AMF community analyses via spore sampling is also constrained 

by the influence of environmental conditions and species-dependent sporulation patterns 

(Clapp et al., 1995; Sanders, 2004). 

AMF in tropical rainforests

The original theory on AMF distribution proposed by Read (1991) restricted AMF occurrence 

broadly to areas characterized by P-deficient mineral soils of lower latitude and altitude. He 

already described AMF as the dominant mycorrhizal form in (lowland) tropical forests, as 

has been confirmed by numerous studies on the mycorrhizal status of tropical trees (e.g. 

Louis & Lim, 1987; Torti et al., 1997; Husband et al., 2002; Tawaraya et al., 2003; Gehring 

& Connell, 2006; Shi et al., 2006; McGuire et al., 2008), also reviewed in Janos (1980b) and 

Averill et al. (2014). Since then, Read´s theory has been expanded by findings of high AMF 

abundances up to high latitudes (Väre et al., 1997; Olsson et al., 2004; Newsham et al., 

2009) and altitudes (Schmidt et al., 2008; Liu et al., 2011; Soteras et al., 2015) and even 

in organic soils (Béreau et al., 1997; Moyersoen et al., 2001; Kottke et al., 2004; Kessler 

et al., 2014). Likewise, in tropical montane forests AMF have been repeatedly found to be 

the dominant mycorrhizal form up to the Páramo vegetation of the High Andes (Barnola 

& Montilla, 1997; Schmidt et al., 2008; Urcelay et al., 2011; Senes-Guerrero et al., 2014). 

In the montane forest investigated here, Kottke et al. (2008) examined roots of 115 tree 

species: nearly all of them formed AMF, with only very few ectomycorrhizal species.
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Despite this clear dominance of AMF in tropical systems, studies on AMF functionality 

are scarce in comparison to temperate areas (Alexander & Selosse, 2009). The majority 

of studies investigated the mycorrhizal status (as mentioned above) and several authors 

experimentally demonstrated a positive growth effect of AMF inoculum on tropical tree 

species (Janos, 1980b; Guadarrama et al., 2004a; Urgiles et al., 2014), often dependent on 

soil P levels (Moyersoen et al., 1998a; Siqueira et al., 1998; Guadarrama et al., 2004b). A 

great number of studies focused on applied questions: effects of forest conversion on AMF 

abundance and diversity (Johnson & Wedin, 1997; Gavito et al., 2008), impact of slash-and-

burn practices (Guadarrama et al., 2008; Aguilar-Fernandez et al., 2009), comparisons of 

different land use systems (Fischer et al., 1994; Leal et al., 2009) as well as AMF potentials 

in afforestation (Urgiles et al., 2014). Furthermore, certain aspects of tropical ecosystems, 

such as seasonal patterns (Lovelock et al., 2003; Zangaro et al., 2014), successional 

development (Zangaro et al., 2000; Allen et al., 2003) and influences of disturbance/gaps 

(Allen et al., 1998; Cuenca et al., 1998) have been investigated in more detail. Interestingly, 

few studies indicate potential particularities of AMF in certain tropical areas: Moyersoen et 

al. (1998b; 2001) showed unexpected overlaps of niches of ectomycorrhizal and arbuscular 

mycorrhizal fungi and Beck et al. (2007) described so far unknown AMF morphotypes on 

tree roots of montane forests, whose function remains unclear so far. Nevertheless, the 

small number of tropical studies to date does not allow for generalizations on this biome.

AMF community composition and diversity has been examined predominantly by spore 

analyses (Lovelock et al., 2003; e.g. Leal et al., 2013; Soteras et al., 2015), but also by Sanger 

sequencing (Husband et al., 2002; Aldrich-Wolfe, 2007; Haug et al., 2010). Regarding 

richness, species numbers reported were generally high, though only slightly exceeding 

numbers found in temperate regions for both, spore counts and molecular OTU delineation 

(Gai et al., 2009; e.g. Davison et al., 2011; Schnoor et al., 2011). However, variability among 

studies is high, probably depending on site characteristics as well as the study design 

applied and sampling depth. Indeed, some studies showed quite high richness estimates 

based on spore counts: Stürmer and Siqueira (2011) found 61 morphologically delineated 

species in the Amazon basin; Cuenca and Lovera (2010) found 50 in tropical shrubland, 

the same number as mentioned by da Silva et al. (2014) from a humidity gradient in Brazil. 

Nevertheless, the slight richness increase towards the tropics does not reflect the steep 

latitudinal gradient in plant diversity (Myers et al., 2000), which is in line with findings 

reported for other soil fungi (Setaro et al., 2012; Tedersoo et al., 2014). However, especially 

the frequent lack of congruence of spore morphological types to known species (Cuenca & 

Lovera, 2010; Stürmer & Siqueira, 2011) - as well as OTUs to known sequences (Husband 
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et al., 2002; Haug et al., 2010) - indicates a potential of several unknown AMF species 

remaining to be discovered in tropical forests.

AMF in response to nutrient additions

The functional equilibrium hypothesis states that plants invest their carbon towards 

structures that are involved in the acquisition of resources which are most limiting (Bloom 

et al., 1985): if nutrients represent the limiting factor the belowground:aboveground ratio 

will increase, with stronger investment towards roots and mycorrhizae (Ericsson, 1995; 

Johnson, 2010). Indeed, along natural soil fertility gradients a decrease of AMF and root 

abundance with rising nutrient availability was shown (Bohrer et al., 2001; Powers et al., 

2005). Likewise, pot experiments investigating AMF abundance in response to soil fertility 

gradients of P approved negative responses to high nutrient levels, however, at very low P 

values there was a primary increase towards a certain threshold (Abbott et al., 1984; Bolan 

et al., 1984; Breuillin et al., 2010). In this context, Treseder and Allen (2002) proposed and 

tested a model of direct fungal nutrient limitation, which explains frequent observations 

of increases in AMF abundance following nutrient additions in low fertility soils (Treseder 

et al., 2007; Alguacil et al., 2010; Nijjer et al., 2010). Nevertheless, in accordance with the 

functional equilibrium model the majority of fertilization experiments reported negative 

effects on AMF abundance, as summarized by a meta-analysis of Treseder (2004). In her 

analysis, the negative effects of P additions (on average -32%) were much more consistent 

than the effects of N additions (-15%). Positive effects of N additions are mainly discussed in 

the context of primary soil nutrient deficiency and a predominant role of AMF in P uptake: 

enhancing N availability for the plant results in growing P demands, thus, stronger investment 

in AMF (Eom et al., 1999; Johnson et al., 2003; Blanke et al., 2012). This emphasizes that 

outcomes of nutrient manipulation experiments must be interpreted thoroughly including 

site characteristics but also all AMF structures relevant for the symbiosis, namely the intra- 

and extraradical phase. 

Effects of nutrient additions on AMF diversity have also been investigated, quite consistently 

showing decreases in AMF richness following P (e.g. Alguacil et al., 2010; Lin et al., 2012; 

Gosling et al., 2013), but also N additions (e.g. Johnson, 1993; Egerton-Warburton et al., 

2007; Antoninka et al., 2011). Again, in the case of N results are more divergent (Eom et al., 

1999; Porras-Alfaro et al., 2007). Generally, decreasing richness might be related to a parallel 

decrease in AMF abundance resulting in stronger interspecific competition. On the other 
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hand, changes in environmental conditions might favor specific AMF lineages promoting 

the dominance of certain groups: several studies found a shift in community composition, 

often towards lineages within the Glomerales (Johnson, 1993; Eom et al., 1999; Egerton-

Warburton et al., 2007), which are known to be strong competitors (Helgason et al., 2002; 

Maherali & Klironomos, 2012). Additionally, treatment related shifts in plant communities 

might affect the AMF community and vice versa, also influencing AMF abundance.

The majority of the above-mentioned studies on the effects of nutrient additions on AMF 

have been conducted in temperate systems. However, increased depositions of N by 

anthropogenic activities (Galloway et al., 2008; Wilcke et al., 2013a) and potentially also 

P (Mahowald et al., 2005; Mahowald et al., 2008) raise the question of future impacts on 

tropical forests, which are primary limited by these nutrients (Tanner et al., 1998; Fisher et 

al., 2013a). Impacts on AMF, which represent the interface of nutrient transfer between 

plants and soil, are important for the general understanding and should be considered in 

future scenarios.

Thesis outline

The central part of this thesis represents the evaluation of changes in AMF abundance and 

diversity in response to N and P additions, in order to understand potential consequences 

of future nutrient depositions but also to gain insights into the basic functionality of AMF 

in this tropical montane forest. Thus, we addressed the two main hypotheses that (1) AMF 

abundance will be reduced following nutrient amendments and (2) AMF diversity will 

decrease and the AMF community shift towards lineages favored by fertilized conditions. 

The results directly allow conclusions about the impact of nutrient additions on AMF, 

but also give general insights on AMF morphology and ecology in this special ecosystem. 

Analyses were conducted in the framework of a multidisciplinary nutrient manipulation 

experiment (NUMEX): at three altitudinal levels N and P were added in moderate amounts 

in a factorial design, starting in January 2008 (http://www.tropicalmountainforest.org/). 

Chapter 2 examines the short-term effects (after one year) in NUMEX of N and P additions 

on several parameters of the whole ecosystem: nutrient fluxes and contents; microbial 

biomass and respiration; fine root biomass and intraradical AMF abundance; stem growth, 

litterfall and differential responses of the dominant tree species. This summary of datasets 

was used to determine (1) if added nutrients remain in the system, (2) in which way trees 

react to nutrient amendments, also regarding investment towards roots and mycorrhizae 
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and (3) if soil microbial activity is affected. 

Chapter 3 focused on responses in AMF molecular diversity and community composition to 

nutrient additions. After two years of nutrient applications the intraradical AMF community 

was analyzed in-depth by 454-pyrosequencing. Here, the hypotheses were tested that 

(1) nutrient additions decrease AMF abundance, (2) AMF diversity, which is generally 

characterized by high richness values as expected by the application of high throughput-

sequencing in this tropical biome, is reduced and (3) that a community shift towards 

lineages favored by fertilized conditions occurs.

In Chapter 4, the largest dataset covering responses in AMF abundance in detail was 

analyzed. Data collected after five years of nutrient addition along the altitudinal gradient 

were examined, aiming at testing the following hypotheses: (1) AMF as well as fine root 

abundance increases with elevation in parallel to decreasing nutrient availability, (2) N and 

P additions will decrease AMF abundance and (3) responses of AMF abundance will shift 

along the elevational gradient analyzed. Analyses included root length measurement, root 

colonization of AMF as well as of differential intraradical AMF structures. Importantly, also 

extraradical AMF abundance was included, measured by neutral lipid fatty analyses (NLFA) 

and partly also by spore counts and hyphal length measurements. 

Chapter 5 represents a more general characterization of AMF in the highly organic soil 

typical of tropical montane forests. With a special focus on the extraradical mycelium, 

the general distribution of AMF in this soil - mainly consisting of barely decomposed plant 

material - was analyzed. Beside root colonization rates, hyphae were quantified separately 

on decomposing leaves, root surfaces and within the remaining particulate organic material. 

Thereby the hypothesis was tested that in such soil types AM hyphae grow in close contact 

with organic material.

A general discussion summarizing results and representing them in a broader context is 

given in Chapter 6.
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Chapter 2  

Tropical Andean forests are highly susceptible to nutrient 

inputs – Rapid effects of experimental N and P addition to 

an Ecuadorian montane forest
http://dx.doi.org/10.1371/journal.pone.0047128

Abstract

Tropical regions are facing increasing atmospheric inputs of nutrients, which will have 

unknown consequences for the structure and functioning of these systems. Here we 

show that Neotropical montane rainforests respond rapidly to moderate additions of  

N (50 kg ha-1 yr-1) and P (10 kg ha-1 yr-1). Monitoring of nutrient fluxes demonstrated that 

the majority of added nutrients remained in the system, in either soil or vegetation.  

N and P additions not only led to an increase in foliar N and P concentrations, but also 

altered soil microbial biomass, standing fine root biomass, stem growth, and litterfall. The 

different effects suggest that trees are primarily limited by P, whereas some processes -  

notably aboveground productivity – are limited by both N and P. Highly variable and 

partly contrasting responses of different tree species suggest marked changes in species 

composition and diversity of these forests by nutrient inputs in the long term. The 

unexpectedly fast response of the ecosystem to moderate nutrient additions suggests high 

vulnerability of tropical montane forests to the expected increase in nutrient inputs. 

Introduction

Since the 1950/60s, anthropogenic changes to the cycling of the key nutrients nitrogen 

(N) and phosphorus (P) have dramatically altered the structure and functioning of many 

ecosystems in the world’s industrialized regions (Tilman et al., 2001; Mahowald et al., 

2005; Galloway et al., 2008; Gruber & Galloway, 2008; Schlesinger, 2009; Janssens et al., 

2010). Elevated N and P inputs affect virtually all components and processes of terrestrial 

and aquatic ecosystems, including plant growth, plant longevity and stress tolerance, plant 

community composition and diversity, biotic interactions (plant-plant, plant-fungus, plant-

animal), the composition and activity of heterotrophic communities, and the storage and 

cycling of carbon, nutrients and water (Elser et al., 2007; Reay et al., 2008; Bobbink et al., 

2010). This is because primary production is limited by N or P, or both in the vast majority 
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of ecosystems around the globe (Elser et al., 2007; LeBauer & Treseder, 2008; Xia & Wan, 

2008; Hedin et al., 2009; Vitousek et al., 2010; Harpole et al., 2011).

In the past 30 years, research has focused on the structural and functional responses of 

temperate and boreal forests to atmospheric N inputs (Wright & Rasmussen, 1998; Stevens 

et al., 2004; Högberg et al., 2006; Bedison & McNeil, 2009) because the bulk of fertilizer 

use worldwide was in the industrialized nations of the northern hemisphere. Furthermore, 

these regions had particularly pronounced gaseous NOx emissions originating from the 

combustion of fossil fuels and NH3 emissions from animal production (Galloway et al., 2008). 

However, this situation is changing rapidly. With the expansion of industrial agriculture into 

many tropical and southern hemispheric regions, the spread of N and P compounds to 

adjacent and more distant non-agricultural ecosystems in these regions has been greatly 

increased (Phoenix et al., 2006; Galloway et al., 2008; Bouwman et al., 2013). In the future, 

tropical forests will be increasingly exposed to airborne N and P inputs. Higher P inputs are 

mostly due to the deposition of dust (Okin et al., 2004; Fabian et al., 2005; Mahowald et al., 

2005; Tamatamah et al., 2005; Pett-Ridge, 2009), but sources of N can be varied, including 

oxidised and reduced N compounds emitted with farming, livestock breeding and the 

combustion of fossil fuels, and N released through biomass burning with the conversion of 

tropical forests (Matson et al., 1999; Boy et al., 2008; Galloway et al., 2008). 

Although tropical forests are likely to be sensitive to these changes, the size and direction 

of their responses are unclear (Hall & Matson, 2003; Lewis et al., 2004; Wright, 2005; Li 

et al., 2006; Phoenix et al., 2006; Bobbink et al., 2010; Corre et al., 2010). A number of 

fertilization experiments in tropical forests have investigated responses to experimental 

high-dose treatments with N, or N and P (100-300 kg N ha-1 yr-1 and/or 50-100 kg P ha-1 yr-

1) (Tanner et al., 1990; Vitousek & Farrington, 1997; Mirmanto et al., 1999; Cavelier et al., 

2000; Nomura & Kikuzawa, 2003; Li et al., 2006; Adamek et al., 2009; Ostertag, 2010; Wright 

et al., 2011). These experiments typically focused on selected ecosystem properties, such 

as changes in tree growth, fine litter production or soil carbon pools, but did not provide 

comprehensive insight into ecosystem responses to elevated N and P loads. Here, we 

report data from a nutrient manipulation experiment (NUMEX) investigating the response 

of an old-growth montane forest ecosystem in the Andes of southern Ecuador to moderate  

N (50 kg ha-1 yr-1) and/or P (10 kg ha-1 yr-1) additions considering a multitude of response 

variables. The study allows comprehensive insight into how highly diverse tropical montane 

forest ecosystems respond to moderate nutrient additions such as those predicted by 

climate change scenarios.
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Results and Discussion

A large number of ecosystem properties and functions exhibited marked responses to the 

experimental nutrient additions after only one year. 

Soil nutrient pools and soil biological activity

Nutrient addition did not result in a significant increase of the organic layer N pool while 

the P pool increased after combined addition of N and P (Fig. 2.1). The reason is likely the 

relatively high N stock in the thick organic layer. An adjacent micro-catchment between 

1850 and 2150 m a.s.l. had 0.9- 21 Mg ha-1 N in the organic layer while the P stock ranged 

from 30-700 kg ha-1 (Wilcke et al., 2002). Soil microbial biomass decreased after adding N 

(Fig. 2a), whereas P addition had no effect. A decrease in microbial biomass after N addition 

suggests detrimental effects of nitrogen on soil microorganisms and has been seen in 

other studies (Treseder, 2008; Janssens et al., 2010), in particular with lignin decomposing 

fungi (Fog, 1988; Lu et al., 2011). Conforming to the assumption of detrimental effects on 

microorganisms using complex organic compounds the metabolic activity of microorganisms 

significantly increased after N addition (Fig. 2.2b), indicating a shift towards microorganisms 

predominantly using more easily available carbon resources. 

All treatments resulted in slightly higher net N mineralization rates, the increase after N 

addition was marginally significant (p = 0.08, Fig. 2.2c). N2O emissions tended to increase 

after N+P addition (p=0.05) but not after addition of N or P only (Fig. 2.2d). This suggests that 

N is needed as substrate for denitrification while P is limiting the respective organisms. 

The assumption that P addition stimulated microorganisms which are responsible for N 

transformations is further supported by the finding that the combined addition of N and 

P had a significant effect on the NH4-N/NO3-N ratio in mineral soil solution (Fig. 2.2e-f). 

Although we added urea, which is primarily a source of NH4
+, NO3

- concentrations increased 

after combined N and P addition while NH4
+ concentrations did not. This was probably 

because of the combination of stimulated nitrification and microbial NH4
+ retention. Our 

finding that only N and P addition together stimulated N mineralization (and possibly also 

nitrification) is different than reports from other tropical sites where N addition alone 

stimulated nitrification and triggered NO3
- losses to the subsoil. This difference may be the 

result of no - or less pronounced - P limitation of the involved microorganisms (Lohse & 

Matson, 2005; Corre et al., 2010). In contrast to many temperate forests where NO3
- is the 

most abundant N form (Matzner et al., 2004), NO3
- only accounted for 3-5% of total N in the 
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soil solutions from our study site. Instead, the soil N pool was predominantly made up of 

dissolved organic nitrogen (DON) and NH4
+ (contributing 50-70% and 27-43% respectively) 

(Goller et al., 2006). This implies that small changes in N mineralization and nitrification 

rates can have a large impact on NO3
- concentrations and fluxes. Our results indicate 

that the addition of different nutrients may stimulate or inhibit different processes in the 

ecosystem resulting in a complex system response to nutrient deposition. 

Figure 2.1. Effects of one year of experimental nutrient addition on various soil nutrient pools 
of a montane forest in Ecuador. Effects are presented as natural-log transformed response ratios 
(RRX) in which the parameter in the enriched treatment is divided by its value in the control 
treatment and then ln-transformed. Hence, a value of 0.2 indicates a value in the manipulated 
treatment that is c. 23% higher than in the control, while a value of 0.5 indicates a 65% increase. 
Error bars indicate plus or minus one standard error. Data of the control treatment (mean ± 1 SE) 
are given in parentheses below. Asterisks indicate significant differences to the control (P ≤ 0.05). 
a. Organic layer nitrogen pool (3.79 ± 0.31 Mg N ha-1). b. Organic layer phosphorus pool (98.6 ± 
6.8 kg P ha-1). 

Nutrient cycling

Increased N and P contents in litterfall and throughfall (Figs 2.3a-f) indicate that a large 

proportion of the added nutrients was taken up by trees and subsequently accelerated 

nutrient cycling through higher N and P return with litterfall and leachate (Wullaert et al., 2010) 

and through stimulated litter decomposition by higher N and P concentrations (Wieder et al., 

2009). The annual increase in N and P fluxes in litterfall and throughfall after fertilization was 

equivalent to 25.4% and 26.7% of the applied N, after N addition and after N and P addition, 

respectively, and 3.8% and 6.1% of the applied P, after P addition and after N and P addition, 

respectively. Neither organic layer N and P pools nor N and P losses to the atmosphere or to 

the subsoil were significantly increased by N or P addition (Figs 2.2d and 2.3i, j), suggesting 

that the bulk of N and P added was retained in the ecosystem (Wullaert et al., 2010).  
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Figure 2.2. Effects of one year of experimental nutrient addition on biological soil activity of a 
montane forest in Ecuador. a. Soil microbial biomass in May 2009 (5881 ± 25 µg Cmic g

-1 soil dry 
mass). b. Respiration of soil microorganisms in May 2009 (5.066 ± 0.36 µl O2 mg Cmic

-1 h-1). c. Net 
N mineralization in September 2008 (23.4 ± 10.5 ng N cm2 h-1). d. Annual emission of N2O (0.25 
± 0.03 kg N ha-1 yr-1). e. Mean NH4

+/NO3
- ratio of organic layer percolate from February 2008 to 

January 2009 (15.7 ± 6.7) and f. mean NH4
+/NO3

- ratio of mineral soil solution from February 2008 
to January 2009 (8.9 ± 2.0). Error bars indicate plus or minus one standard error. Data of the control 
treatment (mean ± 1 SE) are given in parentheses in the legend. Asterisks indicate significant 
differences to the control (P ≤ 0.05). For interpretation of graph see legend of figure 2.1.

The N and P effects on nutrient cycling were interrelated. Phosphorus increased the retention 

of N in the system since aboveground N losses were slightly reduced (Fig. 2.2d) and losses 

by leaching were negligible (Fig. 2.3i-j). We attribute this mainly to the stimulation of the N-

mineralizing microbial community by P addition as reflected by the significantly increased net 

N mineralization rates (Cleveland & Townsend, 2006). Furthermore, N application increased 

the P return with litterfall and throughfall when added in combination with P (N+P treatment:  

Figs 2.3d,f). The positive effects of N addition on litter P concentration and P return with litterfall 

and throughfall might be a result of better soil P availability to plants by increased extracellular 

phosphatase activity after N addition. This has been observed in several temperate and tropical 

forest studies (Olander & Vitousek, 2000; Treseder & Vitousek, 2001; Gress et al., 2007). 
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Tree biomass and forest productivity

Stand leaf area index (LAI) tended to increase after addition of N and P alone (although 

not significantly), while leaf litter production increased only after N+P addition (Figs 

2.4a,c). Since N fertilization tended to increase the specific leaf areas and foliar N 

concentrations of the four most common tree species (Table 2.1; difference significant 

only for Myrcia sp.), two foliage attributes generally associated with a shorter leaf lifespan  

(Poorter & Bongers, 2006), we infer that N addition has stimulated leaf production. The 

LAI increase after P addition probably resulted from an extension of mean leaf lifespan as 

indicated by the observed slight reduction in litter production. This is supported by results 

from Hawaiian montane forests, where leaf production and leaf longevity were increased 

after P addition (Vitousek et al., 1993). 

Stand basal area increment as a proxy of aboveground productivity tended to increase in 

all fertilization treatments (Fig. 2.4b), as reported from other Neotropical montane forests 

after addition of N (Tanner et al., 1990; Vitousek et al., 1993; Vitousek & Farrington, 1997), 

P (Tanner et al., 1990; Vitousek & Farrington, 1997) or N and P (Tanner et al., 1992). 

All fertilizer treatments resulted in a marked reduction in standing tree fine root biomass (by 

15-28%) with the effect being strongest after P addition (Fig 2.4d). This treatment also led 

to a strong increase in standing fine root necromass, while the N and N+P treatments had 

no effect on necromass (Fig. 2.4e). Presumably, the accumulation of fine root necromass 

in the P treatment resulted from reduced root litter decay due to an unfavorable litter N:

P ratio for decomposers (Güsewell & Gessner, 2009). A decline of fine root biomass and a 

concurrent increase of dead roots after nutrient addition have also been shown in other 

montane forests after N addition (Cusack et al., 2011: Puerto Rico) or after N, P and N+P 

addition (Gower & Vitousek, 1989: Hawaii). 

The observed decrease of fine root biomass does not necessarily indicate a reduced fine 

root production. More likely is a stimulation of fine root production by nutrient addition 

and a concurrent increase of fine root turnover (Nadelhoffer, 2000; Yuan & Chen, 2012), the 

combination of both effects could result in a reduced standing fine root biomass. 

The root colonization by arbuscular mycorrhizal fungi (AMF) was not significantly 

affected by nutrient addition, with values remaining more or less constant at about 50%  

(Fig. 2.4f). This result contrasts with the rapid response of fine root biomass and does not 

fit to the predictions of the functional equilibrium model of AMF (Johnson et al., 2008).  
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Figure 2.3. Effects of one year of experimental nutrient addition on nutrient cycling of a montane 
forest in Ecuador.  a. Nitrogen and b. phosphorus concentrations of the litterfall in January 2009 
after one year of nutrient addition (0.87 ± 0.03 % N and 0.025 ± 0.006 % P). Total annual return of 
c. nitrogen and d. phosphorus with litterfall (41.7 ± 5.0 kg N ha-1 yr-1 and 1.49 ± 0.24 kg P ha-1 yr-1). 
Total annual return of e. nitrogen and f. phosphorus with throughfall (10.1 ± 1.0 kg N ha-1 yr-1 
and 0.15 ± 0.03 kg P ha-1 yr-1). g. Annual flux of nitrogen and h. phosphorus found in the organic 
layer percolate (14.65 ± 1.21 kg N ha-1 yr-1 and 0.13 ± 0.02 kg P ha-1 yr-1). i. Annual flux of nitrogen 
and j. phosphorus found in the soil solution at 0.3m soil depth (3.26 ± 0.59 kg N ha-1 yr-1 and 0.03 
± 0.004 kg P ha-1 yr-1). Error bars indicate plus or minus one standard error. Data of the control 
treatment (mean ± 1 SE) are given in parentheses in the legend. Asterisks indicate significant 
differences to the control (P ≤ 0.05). For interpretation of graph see legend of figure 2.1.
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Empirical data show root colonization by AMF to be reduced when N and particularly P 

availability is increased (Treseder, 2004). These results indicate that in our study area the 

addition of P (and to a lesser extent of N) relaxed the growth limitation imposed by P (and 

N) scarcity and prompted the trees to allocate more carbon into aboveground structures 

and productivity. Our finding that fine root biomass was significantly reduced upon N and 

P addition, while the mycorrhizal infection of the trees remained unchanged, points at the 

importance of AMF functions other than nutrient acquisition in controlling the plant-fungus 

interaction (Powell et al., 2009), or resource uptake rates that are independent of infection 

rate. 

Figure 2.4. Effects of one year of experimental nutrient addition on vegetation related parameters 
of a montane forest in Ecuador. a. Relative change of leaf area index (LAI) after one year of 
nutrient addition (measurements from January 2009 were compared to measurements prior to 
nutrient addition in January 2008; control mean changed from 4.6 ± 0.2 in 2008 to 4.7 ± 0.4 in 
2009). b. Plot basal area increment from February 2008 to January 2009 (0.111 ± 0.018 m² ha-

1). c. Annual leaf litter production from February 2008 to January 2009 (3.46 ± 0.46 Mg ha-1).  
d. Fine root biomass in January 2009 (443 ± 28 g m-2), e. fine root necromass in January 2009 
(426 ± 29 g m-2), and f. rate of fine root colonization by arbuscular mycorrhizal fungi in January 
2009 (53.3 ± 6.2%). Error bars indicate plus or minus one standard error. Data of the control 
treatment (mean ± 1 SE) are given in parentheses in the legend. Asterisks indicate significant 
differences to the control (P ≤ 0.05). For interpretation of graph see legend of figure 2.1.
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The stand-level N and P use efficiencies in the control plots were in the upper range of 

values reported from other tropical forests (Vitousek, 1984b) (Fig. 2.5). Addition of nitrogen, 

phosphorus, or both, led to a significant decrease (10- 25%) in the N or P use efficiencies, 

respectively, within one year, suggesting rapid relaxation from growth limitation by P and N 

and most likely decreased nutrient resorption efficiencies of the vegetation. Lower nutrient 

resorption efficiencies with increasing green leaf nutrient status were also reported by 

Kobe et al. (2005) for a global data set of perennial plant species. 

Divergent tree species growth responses

We found a highly variable response of stem diameter growth upon N and/or P addition 

among the tree species in the fertilized plots. Depending on species, growth rates were 

either higher or lower relative to the control plots (Table 2.2). However, two of the most 

common species (Hieronyma fendleri and Alchornea lojaensis) showed increases in stem 

diameter growth rates after addition of N, P or N+P, while two other species (Graffenrieda 

emarginata and Myrcia sp.) tended to reduce growth upon N or P fertilization. The divergent 

growth response of different tree species is in agreement with fertilization studies from 

other tropical montane forests (Tanner et al., 1990; Cavelier et al., 2000). It appears that 

the responsiveness to N or P addition of stem diameter growth is highly species-specific and 

that while some species will increase, others will reduce their competitive strength with 

continued nutrient addition, likely resulting in species composition changes and diversity 

reductions in this species-rich forest over time (Gusewell, 2004; Bobbink et al., 2010; 

Lu et al., 2010). Since the forest canopy will become denser in response to fertilization 

(increasing the LAI) and the trees will be relieved of growth constraints due to limited N 

and/or P availability, light competition will become more important with increasing input of 

nutrients. These changes may reduce the competitive ability of the seedlings and saplings of 

the currently abundant tree species, and will probably result in their eventual replacement 

by species adapted to more fertile soils. Changes in tree species composition (from slow-

growing species adapted to nutrient-poor soils to faster growing species adapted to more 

fertile soils) will most likely accelerate the projected shifts in the C cycle by increasing the 

biomass turnover rate. The N:P ratio in leaf biomass of the unfertilized trees (means of 20-

31 in the four most common species) provides support for the conclusion that tree growth 

in the studied forest is mainly limited by P (Townsend et al., 2007). Consequently, P was 

accumulated to a larger extent in the foliage than N after addition of P or N, and the N:P ratio 

responded more to P addition (decrease) than to N addition (no uniform effect; Table 2.1).  

The increased foliar N concentrations in three of the four studied common tree species 
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after addition of N or N+P, respectively, should result in higher photosynthetic carbon gain, 

since photosynthetic capacity is closely related to foliar N (Wright et al., 2004). 

   Deviation from control (%) 

 Tree species control +N +P +NP 

Graffenrieda   12.2   +5     ±0   +4 Foliar N (mg g-1)  

Myrcia sp.   11.3   +9*    -6   +11* 

 Hieronyma   13.8   +1    -4   +11* 

 Alchornea   13.8   +7   +15*   +14* 
Graffenrieda     0.43    -2   +37*   +21 Foliar P (mg g-1)  

Myrcia sp.     0.43   +28*    -5   +33* 

 Hieronyma     0.54   +2   +11   +28* 

 Alchornea     0.71    -11   +34*   +42* 
Graffenrieda     31    +7   -31*   -17 Foliar N/P ratio  

Myrcia sp.     27   -17    -4   -18 

 Hieronyma     26    -3   -14*   -14* 

 Alchornea     20   +16*   -15*   -21* 

Leaf area (cm²) Graffenrieda 178.2   +28    -1   +15 
 Myrcia sp.   17.9   +3    -15   +12 
 Hieronyma   26.8    -13    -29    -23 
 Alchornea   30.5    -8   +1   +2 

Specific leaf area (cm² g-1) Graffenrieda   38.4   +9   +7   +10 
 Myrcia sp.   40.2   +2    -5   +2 
 Hieronyma   69.3   +6   +1    -7 
 Alchornea   40.9   +13   +5   +12 

 

Table 2.1. Effects of nutrient addition on foliar nutrient concentrations and leaf morphology of 
the four most common tree species of a montane forest in Ecuador. 

Given are the absolute values for the control treatment and the percental effects of the 
treatments. Asterisks indicate significant differences to control (P<0.05). The number of sampled 
trees was for Graffenrieda emarginata: 5 (control), 6 (+N), 6 (+P) and 6 (+NP), for Myrcia sp.: 6, 
5, 5 and 6, for Hieronyma fendleri 2, 5, 5 and 3 and for Alchornea lojaensis: 5, 4, 5 and 4.
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Conclusions

Overall, the strong and complex short-term response of the tropical montane forest 

ecosystem to moderate nutrient inputs suggests major consequences of expected future 

nutrient inputs into these ecosystems. This is particularly evident at our study site. The 

effects that we observed were larger than those reported from tropical lowland forests 

on more fertile soils, where only long-term nutrient addition resulted in significant effects 

(Wright et al., 2011). Several of the responses to nutrient addition are similar to those 

Figure 2.5. Nutrient use efficiencies and monthly nutrient return with litterfall. Nutrient use efficiencies 
(i.e. the ratio of total litterfall dry mass to nutrient content [64]) of the different treatments in the 
studied montane forest in Ecuador after one year of nutrient addition (samples from January 2009, 
means of N = 24 litter traps per treatment). a. N use efficiency (116.5 ± 3.8 g g-1), b. P use efficiency 
(4751 ± 782 g g-1). Error bars indicate plus or minus one standard error. Data of the control 
treatment (mean ± 1 SE) are given in parentheses in the legend. Asterisks indicate significant 
differences to the control (P ≤ 0.05). For interpretation of graph see legend of figure 2.1.

  Deviation from control (%) 

Tree species control +N +P +NP 

 (mm)    

Graffenrieda emarginata     0.84 (49)    -12 (49)    -21 (47)   +16 (54) 

Myrcia sp.     0.80 (17)    -39 (15)    -50* (16)    -5 (11) 

Hieronyma fendleri     0.07 (6) +157 (22)   +71 (13)   +414* (13) 

Alchornea lojaensis     0.12 (20)   +33* (18)   +17 (16)   +42* (9) 

all other species pooled     0.28 (78)    -11 (94)   +82 (77)   +25 (89) 

 

Table 2.2. Effects of nutrient addition on annual stem diameter growth of the four most common 
tree species of a montane forest in Ecuador.

Given are the absolute values for the control treatment (February 2008 – January 2009) and the percental 
effects of the treatments. Asterisks indicate significant differences to the control (P<0.05).
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known from other tropical montane forests, where they occurred either after chronic 

nutrient addition or after fertilization with higher amounts of N. 

Provided that these initial trends persist, continued addition of substantial amounts of N 

and P will probably result in taller forests with a higher above-ground biomass but smaller 

below-ground biomass (Yuan & Chen, 2012). However, the below-ground response of the 

system to nutrient addition is still poorly understood. Given the large stocks of carbon in 

the organic layer, stimulated mineralization and soil respiration rates and less belowground 

C sequestration may turn these ecosystems into a significant future source of CO2 to the 

atmosphere. 

Further studies have to show how nutrient cycles and key ecosystem services such as 

carbon storage will adjust to continuing input of moderate amounts of N and P and how 

community composition will change in the long run. 

Cross-study comparisons of nutrient manipulation experiments could contribute to a 

better understanding of ecosystem responses to increasing nutrient deposition, but the 

currently published studies are hard to compare due to different levels of fertilizer addition 

and methodological differences among the various studies. A network of coordinated 

experiments adding low amounts of nutrients to tropical forests, that covers a wide range 

of environmental conditions (climate, soil), would be the method choice of obtaining 

general patterns of tropical forest ecosystem responses to increasing nutrient availability.

Materials and Methods

Study area

The study was conducted at about 2000 m elevation, in a tropical montane moist forest of 

the San Francisco Reserve in the Andes of southern Ecuador (3° 58’ S, 79° 04’W) (Fig. S2.1). 

This forest is in nearly pristine condition, and is one of the best-studied tropical montane 

forests worldwide, known for its extraordinary richness in tree species as well as other plant 

and animal groups (Beck et al., 2008; Homeier et al., 2010). The forest harbors more than 

300 tree species with Lauraceae, Melastomataceae and Rubiaceae being the plant families 

with the highest species numbers. The study site has a mean annual precipitation of ~2200 

mm and an annual mean temperature of ~15°C. The most abundant soil types at the study 

site are Cambisols that developed on paleozoic metamorphosed schists and sandstones. 

Soils are heterogeneous but usually nutrient-poor (thick organic layers can harbor locally 
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high nutrient stocks, but often these are only slowly bioavailable) (Wilcke et al., 2002). 

Estimates of total annual nutrient depositions (based on the monitoring of bulk and dry 

deposition between 1998 and 2010) range from 14 – 45 kg N ha-1 and 0.4 – 4.9 kg P ha-1 for 

the study area. 

All necessary permits were required for the described field studies.

Experimental design

A full-factorial nutrient manipulation experiment (NUMEX) was conducted in 16 plots of 

400 m² (20m x 20m) consisting of four treatments (N, P, N+P, control) with four replicates in 

a stratified random design in four blocks at 2020 - 2120m a.s.l. (Fig. S1). Minimum distance 

between two plots was 10 m.

Nitrogen and phosphorus were added at an annual rate of 50 kg N ha-1 as urea and  

10 kg P ha-1 as monosodium phosphate. The fertilizer was dispersed homogeneously over 

the plots with two application dates per year (January 26 and July 26) starting in 2008. 

The dominant tree species in the NUMEX plots, making up about one quarter of all stems 

(dbh ‘ 10 cm), was Graffenrieda emarginata Ruiz & Pav. (Melastomataceae); other frequently 

found species were Myrcia sp. nov. (Myrtaceae), Alchornea lojaensis Secco and Hieronyma 

fendleri Briq. (both Euphorbiaceae). The mean number of trees, mean tree diameter and 

stem basal area per plot (pre-fertilization survey of trees ≥ 10 cm dbh) were 45.7, 15.0 cm 

and 0.91 m², respectively. Average stand height was 12 to 14 m. 

Organic layer nutrient pools

In April 2009, the soil organic layer (including the Oi, Oe, and Oa horizons) was sampled 

with a 0.2 x 0.2 m frame to the depth of the organic layer/mineral soil boundary at five 

randomly selected points within each permanent plot. Samples were dried to constant 

mass at 40° C. 

The organic horizons were separated from the underlying mineral soil at the point where 

bulk density abruptly increases from < 0.2 g cm3 in the organic layers to > 1g cm3 in the 

mineral soil (Wilcke et al., 2002). 

The N concentrations in the ground samples were determined with a CHNS-analyzer  

(Vario EL Cube, Elementar Analysensysteme GmbH). After microwave digestion with HNO3 

(Mars 5 Xpress, CEM Corporation, Matthews, NC), the total phosphate concentration was 
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detected photometrically (Continuous Flow Analyser; Bran+Luebbe GmbH, Norderstedt, 

Germany). Soil bulk density was determined with two additional samples per plot which 

were dried at 105°C for 24h. Detailed results are shown in Table S2.1. 

Microbial biomass

In May 2009, three samples per plot were collected in the upper organic layer to a depth 

of 5 cm using a metal corer (5 cm diameter). The upper litter layer (1-2 cm) was removed 

and the three samples were pooled and stored at 5°C. Before measurements, roots >2 mm 

were removed from the soil and the remaining material was chopped to pieces of <25 mm², 

homogenized and pre-incubated at 20°C for five days. 

Respiration of soil microorganisms was measured as O2 consumption using an automated 

electrolytic O2 microcompensation apparatus (Scheu, 1992). Respiration was measured at 

hourly intervals at 22°C for 24 h. Basal respiration (BR) of microorganisms was calculated 

as the mean oxygen consumption rates of hours 14-24 after the start of the measurements 

without addition of substrate. Microbial biomass carbon (Cmic) was calculated from 

substrate induced respiration measuring the respiratory response to D-glucose which 

activates the metabolism of living microorganisms in the soil (Anderson & Domsch, 1978). 

After adding Glucose (80 mg g-1 dry mass in 300 µl deionized water) the mean of the lowest 

three readings within the first 5-10 h was taken as maximum initial respiratory response 

(MIRR; µg O2 h
-1 g-1 soil dry mass). Microbial biomass (µg C g-1 soil dry mass) was calculated 

as 38 x MIRR (Beck et al., 1997). 

Net rates of nitrogen cycling in the soil

Net rates of N cycling in the soil were measured in October 2008 using the buried bag 

method (Hart et al., 1994). In each plot a soil sample was taken from 0 to 5 cm depth. One 

subsample was extracted immediately in the field with 0.5 mol L-1 K2SO4 to determine initial 

NH4
+ and NO3

- levels (T0). The other sample was put into a plastic bag, reburied in the soil, 

incubated for ten days and afterwards extracted with 0.5 mol L-1 K2SO4 (T1). The plastic 

bag was closed with a rubber band to prevent rain coming in but not too tight to permit 

air exchange. Net N mineralization and nitrification rates were calculated as the difference 

between T1- and T0- NH4
+ and NO3

- concentration. 
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Trace gas measurements

Nitrous oxide was measured monthly using static vented chambers. Four permanent 

chamber bases made of polyvinyl chloride (area 0.04 m2, height 0.25 m, ~0.02 m inserted 

into the soil) were randomly placed in four of six subplots per plot at least four weeks before 

the first measurement, resulting in 16 chamber bases per block and 48 in total. Four gas 

samples (100 ml each) were removed at 2, 14, 26 and 38 min after chamber closure with an 

acrylonitrile butadiene styrene (ABS) lid and stored in pre-evacuated glass containers (60 

mL) with stopcocks (Koehler et al., 2009). Gas samples were transported to the laboratory 

in Loja (Ecuador) within two days and analyzed using a gas chromatograph (Shimadzu 

GC-14B, Duisburg, Germany) equipped with an electron capture detector (ECD) and an 

autosampler (Loftfield et al., 1997). Gas concentrations were determined by comparison 

of integrated peak areas of samples to standard gases (320, 501, 1001 and 3003 ppb N2O; 

Deuste Steininger GmbH, Mühlhausen, Germany). Gas fluxes were calculated from the 

linear increase of gas concentration in the chamber vs. time, and were adjusted for air 

temperature and atmospheric pressure (Koehler et al., 2009). Zero fluxes were included. 

Litterfall

Six litter traps (each 0.36 m² in surface area positioned 1 m above ground) were randomly 

placed in each plot. The litterfall was collected every four weeks starting on November 6th, 

2007. The collected samples were oven-dried at 60 °C before determining the dry weight. 

Leaf morphology

Leaf samples from sun-exposed branches of each of 4–5 trees per treatment from four 

common species (Alchornea lojaensis, Graffenrieda emarginata, Hieronyma fendleri and 

Myrcia sp. nov.) were collected in January 2009 to quantify changes in leaf morphology and 

foliar nutrient concentrations one year after the onset of the experiment. For each sample 

10-25 fresh leaves were scanned using a flat bed scanner (CanonScan LIDE 30, Canon). The 

images were analyzed subsequently with the WinFolia 2001a software (Regent Instruments 

Inc., Quebec, Canada) for calculation of leaf area. The leaves were then dried at 60 °C to 

constant mass. Specific leaf area (SLA) was calculated as the ratio of leaf area and leaf dry 

weight.
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Foliar and litter nutrient contents

The concentrations of total C and N in leaf and litter mass were determined with a C/N 

elemental analyzer (Vario EL III, elementar, Hanau, Germany). The concentrations of total 

P were analyzed using an Inductively Coupled Plasma Analyzer (Optima 5300DV ICP-OES, 

Perkin Elmer) after digesting the samples with concentrated HNO3. 

Throughfall and soil solutions

Throughfall was collected with 20 randomly distributed, fixed-positioned funnel gauges 

in each plot. The volume of throughfall water was measured in the field with a graduated 

cylinder, and the samples were then bulked according to their relative volume to result in a 

single sample per plot per collecting date. 

Litter leachate was collected using three zero-tension lysimeters per plot, which consisted of 

plastic boxes with a collecting surface area (polyethylene net) of 0.15 m x 0.15 m, installed 

below the organic layer. All collected litter leachate samples of a plot were bulked to yield a 

single sample per plot per collecting date. 

In each plot, mineral soil solution was collected using three suction lysimeters (ceramic 

suction cups with 1 µm pore size) at 0.15 and 0.30 m depth, installed so that bulking of the 

soil solution per soil depth occurred in situ. 

Throughfall, litter leachate and mineral soil solutions were sampled fortnightly. After 

collecting the mineral soil solution, a vacuum was applied to the suction lysimeters in order 

to collect sufficient sample for the next sampling period. 

After field collection, throughfall, litter leachate, and soil solution samples were transported 

to our field laboratory where an aliquot was filtered (ashless filters with pore size 4-7µm, 

folded filter type 389; Munktell & Filtrak GmbH, Bärenstein, Germany) and frozen until 

transport to Germany for further analysis. Samples were analyzed for concentrations of 

NH4
+, NO3

-, total dissolved N, and total dissolved P using continuous flow analysis (CFA, 

Bran+Luebbe GmbH, Norderstedt, Germany). Dissolved organic nitrogen concentrations 

were calculated as the difference between total dissolved N and the sum of total inorganic 

nitrogen (NH4
+ + NO3

-), assuming that NO2
- concentrations were negligible. 
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Leaf area index 

The LAI was quantified in the plots with two LAI-2000 plant canopy analyzers (LI-COR Inc., 

Lincoln, NE, USA). The LAI measurements were conducted in the remote mode, i.e. by 

synchronous readings below the canopy at 2 m height above the forest floor and in a nearby 

open area (“above-canopy” reading) using two devices. One measurement was done above 

each litter trap and a second at the same time outside the forest. Measurements were done in 

January 2008 (before 1st fertilization) and in January 2009 (one year after the 1st fertilization). 

Stem diameter growth and basal area growth per plot

The stem diameter growth of all trees present with a dbh ≥ 10 cm was monitored in the 16 

plots every six weeks with permanent girth-increment tapes (D1 dendrometer, UMS, Munich; 

713 stems in total). The cumulative increase in plot basal area per year was calculated as the 

sum of all tree basal area increments in a plot between February 15th, 2008 (after the first 

fertilization) and January 19th, 2009. 

Fine root biomass

For measuring fine root biomass, we took six root samples per plot to a depth of 20 cm using 

a soil corer of 3.5 cm in diameter in January 2009. The soil samples were transferred to plastic 

bags and transported to the laboratory, where processing of the stored samples (4°C) took 

place within six weeks. In the lab, the samples were soaked in water and cleaned from soil 

residues using a sieve with a mesh size of 0.25 mm. Only fine roots (roots <2 mm in diameter) 

of trees were considered for analysis. Live fine roots (biomass) were separated from dead 

rootlets (necromass) under the stereomicroscope based on color, root elasticity, and the 

degree of cohesion of cortex, periderm and stele (Persson, 1978; Leuschner et al., 2001). The 

fine root biomass of each sample was dried at 70°C for 48 h and weighed. 

Mycorrhiza

Root colonization by arbuscular mycorrhizal fungi was measured at 200x magnification 

following clearing and staining with 0.05% Trypan Blue according to (Rillig et al., 1998), 

additionally including fungal structures as defined in (Beck et al., 2007).
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Statistical analyses

The effects of N and/or P addition on the various investigated parameters were expressed 

by a response ratio metric (RRX = ln (measured value in nutrient addition treatment / 

measured value in the control)) (Elser et al., 2007) in order to compare the response of 

plant- and soil-related state variables or flux parameters in relative terms. Non-transformed 

data are shown in Table S2.2. 

Effects of the addition of N and/or P on individual parameters were analyzed using linear 

mixed models (package lme4, R version 2.13.0) (R Development Core Team, 2011). We 

included the fertilization treatments as fixed effects and the factor “block” as a random 

factor in the models, since in most parameters, samples were nested within plots. P-values 

for the fixed effects were calculated with the “cftest” function of the package “multcomp” 

(R version 2.13.0) (R Development Core Team, 2011).
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 Chapter 5  

Extraradical arbuscular mycorrhizal fungal hyphae in an 

organic tropical montane forest soil

http://dx.doi.org/10.1016/j.soilbio.2013.04.011

Abstract

Previous research from the tropics indicates that AMF may be well adapted to organic soils 

and even represent the dominant mycorrhizal form, though the extraradical part of the 

symbiosis was omitted as in most other tropical studies. Our study aims at characterizing 

the extraradical part of arbuscular mycorrhizal fungi (AMF) in a highly organic tropical 

montane forest soil in Southern Ecuador. Based on recent studies on the interaction of AM 

fungal hyphae and litter we hypothesized that within the organic layer AM hyphae grow in 

close contact with decomposing material. To test this idea, AM fungal hyphal distribution 

in the organic layer was determined by directly staining roots and decomposing leaves and 

extracting hyphae from the remaining particulate organic material. AM and non-AM fungal 

hyphae were analyzed, as well as root colonization patterns. Our results showed that AMF 
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Graphical abstract: Sketch of the organic layer in a tropical montane forest soil, consisting of roots, 
decomposing leaves and particulate organic material. The ramification of arbuscular mycorrhizal 
extraradical hyphae is illustrated. Bar represents the mean, error bar s.e.m. (linear-mixed effect 
model (P < 0.05) including the respective Sample ID as random effect). 
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indeed represented the dominant mycorrhizal form with an average root colonization 

of 43%. The extraradical AM hyphal length ranged from 2 – 34 m g-1 soil with a mean of  

10.4 m g-1 soil (equals 3.1 m cm-3 soil), and therefore exceeded root length about 13-fold. As 

hypothesized, 29% of AM extraradical hyphae were closely attached to decomposing leaves. 

These hyphae were mainly located at the leaf surface, though in some parts leaf veins and 

inner leaf tissues were colonized. More than half of AM hyphal biomass was detected 

on the root surface, a pattern potentially driven by the predominant Paris-type AMF. 

Non-AM fungal hyphae colonized decomposing material to a signifcantly greater extent, 

though hyphal length attached to roots was equal. This study supports the adaptation of 

AMF to highly organic soils in the tropics and the existence of a widespread extraradical 

mycelium, which is not readily detectable by standard methods. The close association with 

decomposing leaves most likely improves direct nutrient uptake from decomposed material 

and points to a potential indirect contribution of AMF to the decomposition process.

Introduction

Arbuscular mycorrhizal fungi (AMF) explore the soil with their extraradical 

mycelium, transferring nutrients to the plant via specialized intraradical structures  

(Smith & Read, 2008). Generally, beside other functions, such as pathogen protection 

and soil stabilization, the uptake of mineral nutrients as phosphorus (P), nitrogen (N) and 

various micro-nutrients is regarded the main benefit to the plant (Johnson, 2010). 

AMF are associated with more than 80% of land plants and occur globally in most 

terrestrial ecosystems (Treseder & Cross, 2006). However, in contrast to the hypothesis 

proposed by Read (1991) - limiting the dominance of AMF to ecosystems characterized 

by “mineral soils with lower altitude” - several studies performed in nutrient-poor organic 

soils in the tropics  have shown that AMF represent in fact the dominant mycorrhizal 

form (Béreau et al., 1997; Moyersoen et al., 2001; Kottke et al., 2004), even up to high 

altitudes of the Páramo vegetation (Barnola & Montilla, 1997; Aristizabal et al., 2004;  

Camenzind, unpublished data). Likewise, a direct competition with ectomycorrhiza for the 

same niche was reported (Moyersoen et al., 1998b). Apart from the work of Aristizabal et al. 

(2004), these studies employed AMF root colonization as a measure of abundance, neglecting 

the extraradical phase and thus an important functional part of these fungi and the symbiosis  

(Leake et al., 2004). This omission is likely related to methodological constraints. Only some 

early studies attempted a functional appreciation of mycorrhizal hyphae in tropical soils: 
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Went and Stark (1968) proposed “direct nutrient cycling” based on the simple observation 

that in tropical forests a dense network of hyphae covers the decomposing litter layer, which 

is in close contact to roots colonized by “endotrophic mycorrhiza”. They hypothesized that 

a hyphal connection between decomposing leaves and roots directly cycles mineralized 

nutrients back to the plant. Herrera et al. (1978) supported the idea by morphological 

analyses of root and litter samples collected in the Amazon basin. They described “hyphae 

bridges” as a direct connection between decomposing leaves and roots and even reported 

a direct transfer of labeled 32P. However, the respective fungal group was simply specified 

as “numerous septate fungal hyphae bridges”, and thus not necessarily restricted to 

AMF.  Only recently, this idea was picked up and decomposing leaves from the litter 

layer collected at different sites in Colombian tropical forests were stained and analyzed  

(Aristizabal et al., 2004; Posada et al., 2012). These authors reported extensive litter 

colonization by AM fungal hyphae comparable to the amount of saprobic fungi (specified 

as aseptate hyphae), especially in highly decomposed material with easily accessible 

nutrients, located in close contact to roots. 

Based on these findings we here aimed at identifying and quantifying the extraradical 

mycorrhizal fungal phase in a tropical forest soil characterized by a thick organic 

layer, typical of tropical montane forests (Grieve et al., 1990; Wilcke et al., 2008). The 

study area was previously characterized to be dominated by arbuscular myorrhizae  

(Kottke et al., 2004) and high rates of AM root colonization (Homeier et al., 2012) 

suggesting a high contribution of AM hyphae to soil fungal biomass (Leake et al., 2004). 

However, this hyphal biomass is only detectable by methods adapted to leaf litter samples, 

whereas standard hyphal extraction protocols designed for mineral soils are ineffective. 

These findings lead us to the hypothesis that within the thick organic soil layer the majority 

of extraradical AM hyphae is closely attached to decomposing leaves, similar to previous 

findings in litter of certain plant species (Aristizabal et al., 2004; Posada et al., 2012). To 

test this hypothesis, hyphal length was quantified across soil depths by a direct observation 

of hyphae attached to every single soil fraction (leaf litter, root surfaces, and remaining 

particulate organic material). Additionally, the distribution of non-AM fungal hyphae in the 

substrate was evaluated, which represent other fungal groups, such as saprobes. 
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Materials and Methods

Study area

The study site of the Reserva Biologica San Francisco, bordering the Podocarpus National 

Park, is located in the Cordillera Real, an eastern range of the South Ecuadorian Andes  

(Beck et al., 2008). This area represents a hotspot of biodiversity, with more than 280 tree 

species described, with Lauraceae, Melastomaceae and Rubiaceae as the dominant plant 

families. Graffenrieda emarginata Triana (Melastomaceae) is the most abundant tree 

species at the site. The sampling site is located at 2030 – 2120 m a.s.l. (3°59`S, 79°05`W). 

The vegetation type is an evergreen lower montane forest (Homeier et al., 2008).  The 

climate is warm humid with an average annual temperature of 15.2°C at 1950 m and an 

annual precipitation of approx. 2600 mm. Precipitation is particularly high from April to 

September without a pronounced dry season. The soil is a Stagnic Cambisol (IUSS Working 

Group WRB 2007) with a thick organic layer up to 35 cm (Wullaert et al., 2010). The organic 

layer is divided into three horizons: The Oi horizon consisting of fresh litter, the Oe horizon 

of fragmented litter and the Oa horizon of humified material of un-recognizable plant 

origin. The pH of the organic layer ranges from 3.8 – 5.0, C/N ratio  from 23.6 ± 1.3 in the  

Oa horizon to 34.0 ± 3.2 in the Oi horizon (Wullaert et al., 2010). 

Sampling design

In October 2010, six soil samples were taken with a soil corer (3 cm diameter, 15 cm in 

depth). Three sampling sites were randomly chosen at 2050 m, the other half at 2100 m, 

at both altitudes within an area of approx. 800 m² in the undisturbed forest. Every soil core 

was divided into three soil samples from different depth layers (upper: 0-5 cm; middle:  

5-10 cm; lower: 10-15 cm). These layers do not correspond to O-horizons of the organic 

layer. Soil samples were oven-dried at 40°C. 

Determination of soil fractions

The proportion of leaf and root weight as well as the respective surface area in the soil profile 

was determined (see below). The remaining material of non-recognizable plant origin was 

hereafter referred to as “particulate organic material”. Using forceps we picked all recognizable 

pieces of leaves and roots (regardless of size) out of each 5 g soil sample. The dry weight of 

roots and leaves was determined and the respective surface area (cm² g-1 soil) as well as root 

length (cm g-1 soil) analyzed with WinRhizo (version 2007, Regent Instrument Inc., Quebec, 
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Canada). Results were expressed on a soil weight basis. The (dry) bulk density of the organic 

layer at the study site was 0.31 ± 0.03 (mean ± standard error) g cm-3 soil.  

Method optimization

In the course of optimizing morphological methods suitable for the quantification of 

extraradical hyphal biomass, two different protocols were tested. Results and detailed 

methodological descriptions are provided in the supplementary materials. AMF hyphae 

were identified by the following criteria: Non-regularly septate hyphae with characteristic 

unilateral angular projections, that are stained dark- to light-blue by Trypan Blue  

(Mosse, 1959). All other fungal hyphae were referred to as non-AMF, since there is no 

reliable further morphological differentiation of fungal groups. 

The first protocol tested was an aqueous filtration extraction method slightly modified 

from Bardgett (1991). The second protocol was based on a method originally described 

for hyphal quantification in tropical leaf litter (Herrera et al., 1986; Aristizabal et al., 2004). 

Considerable modifications were applied in order to meet the requirements of an accepted 

morphological differentiation of AM and non-AM hyphae: Besides the prevention of severe 

hyphal losses through the 40 µm sieve, a staining step with Trypan Blue was inserted and 

hyphae were quantified at 200x magnification instead of 100x. 

Hyphal quantification in single soil fractions

Testing the hypothesis that extraradical AMF hyphae are attached to decomposing leaves, 

the amount of hyphae attached to every soil fraction (leaf litter, root surfaces and particulate 

organic material) was determined separately. 

Roots

Roots were stained with a modified staining protocol of Phillips & Hayman (1970). 

1-2 cm root pieces were cleared in 10% KOH at 60°C for 1-2 days, bleached in 20% 

H2O2 for 20-30 min. at RT, acidified in 1M HCl and stained for 1.5 – 2.5 hours in 

0.05% Trypan Blue at 60°C. The duration of staining depended upon the respective 

root diameter. Root colonization was counted at 200x magnification using the 

line-intersect method described by McGonigle et al. (1990). For the calculation of 

extraradical hyphae attached to the root surface, half of one line incorporated into 

the microscopic lens was projected upon the stained root, consistently extending 

from the vascular tissue into the root cortex. The number of hyphae crossing was 
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counted and incorporated into Newman´s (1966) formula, inserting “root surface (mm²)” as A:

R = ((πNA) / (2H)) x D x efficiency factor x (weight of soil expressed per g) 	                         (1)

(R = hyphal length (mm (g-1 soil)); N = Number of hyphal intersects; A = Area of the filter paper 

(mm²); H = length of lines (mm); D = dilution factor). 

Decomposing leaves

Leaves were stained with Trypan Blue using the same protocol as described for roots, with 

slightly modified staining times: 1day 10% KOH, 20 min. 20% H2O2 and 5 hrs. 0.05% Trypan Blue. 

Depending on the amount of available leaf material, up to four slides per sample were produced, 

resulting in an average of 167 ± 26 intersects per sample. Again, the number of hyphae crossing 

one line incorporated into the microscopic lens was counted and the total hyphal length calculated 

with Newman´s formula (equation 1), taking leaf surface area as the respective Area (A).

Particulate organic material

To quantify hyphal length in the remaining particulate organic material, the modified 

aqueous filtration extraction method described above was used. The efficiency 

factor was estimated for four samples, including hyphae lost during the sieving step  

(Miller et al., 1995) as well as non-extractable hyphae still attached to the soil. Hyphal length on 

the latter fraction was estimated by adding Trypan Blue to decanted soil subsamples (about 1 g) 

and counting the number of hyphal fragments of approx. 0.5 mm length within 27 defined square 

plots (11 mm²). The quotient of AM to non-AM hyphae was adjusted according to its proportion 

determined on the filter paper.

Statistical analyses

For the calculation of differences in the response variables across the depth profile, 

linear mixed effect models (lmer) including “Sample” as a random effect were run in  

R (vers. 2.15.0, R Development Core Team, 2011) using the package “lme4” (Bates et al., 2012). 

Corresponding p-values were calculated using the function “cftest” included in the package 

“multcomp” (Hothorn et al., 2008; Everitt & Hothorn, 2010). All models were tested for the 

underlying assumptions of normality and homogeneity. In case these were not met, data were log 

or square root transformed. 

In order to compare the amount of hyphae attached to leaves, roots and particulate organic 

material, mean values of every soil core were used (without separation into different depth 
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layers). Again, a linear mixed effect model was run with “Sample” as random effect. The same was 

done to compare the density of AM and non-AM hyphae attached to the leaf and root surface, 

respectively.

For linear correlations between response variables the impact of the respective depth layer as 

well as the sample affiliation was included in the model. Therefore, an ancova including depth 

as categorical independent variable was performed, additionally including “Sample” as random 

effect.

Results

Composition of the organic layer

The organic layer at the sampling site consisted on average of 12.1 ± 2 % by weight of roots and 

8.6 ± 2 % by weight of leaf litter. The remaining soil refers to particulate organic material of non-

recognizable plant origin. Root surface (12.31 ± 1.5 cm² g-1 soil) formed a larger proportion of 

“hyphal accessible soil surface” than leaves (9.91 ± 2.9 cm² g-1 soil). 

However, leaf litter mainly accumulated in the upper layer, which includes the Oi horizon consisting 

of fresh litter: 76% of the observed leaf material was accumulated here (significant differences to 

middle and lower layer: P < 0.001). In contrast to leaves, root length was highest in the middle 

layer, though these differences were only significant compared to the lower layer (P < 0.001)  

(Table 5.1).

Intraradical AM root colonization

AM intraradical root colonization was on average 43%, ranging from 6 – 64%. The morphological 

characteristic observed was mainly Paris-type AMF, though Arum-type as well as intermediate 

forms occurred as well. In detail, coils were the most frequently counted structure (60%)  

(Fig. 5.1A) compared to a lower amount of intercellular hyphae (43%) and only few arbuscules 

(7%) and vesicles (9%). 

Intraradical fungal structures other than AMF were rarely observed, never exceeding a colonization 

rate of 10%, although the root surface was continuously covered with brownish and aseptate 

fungi. These few observations mainly resembled either ectomycorrhizal Hartig net structures or 

microsclerotia of dark septate endophytes. In some cases, single septate hyphae were found 

within intercellular spaces.
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  Composition of the 
organic layer  

AM fungi 
   

Non-AM fungi 
 

Depth 
Leaf 

weight (mg 
g-1 soil) 

Root 
length (cm 

g-1 soil) 

Root 
colonization 

(%) 

Colonized 
root length 

(cm g-1 
soil) 

Total 
hyphal 
length      

(m g-1 soil) 

Density on 
root surface 

(mm cm-² 
root) 

Density on 
leaf surface 
(mm cm-2 

leaf) 

Total 
hyphal 
length      

(m g-1 soil) 

Density on 
root surface 
(mm cm-2 

root) 

Density on 
leaf surface 
(mm cm-2 

leaf) 

upper layer   
(0-5 cm) 186 ± 43a 68 ± 12ab 37 ± 12a 31 ± 11ab 16 ± 4a 439 ± 111a 263 ± 54a 27 ± 9a 585 ± 66a 587 ± 102ab 

middle layer 
(5-10 cm) 16 ± 8b 88 ± 11a 46 ± 5a   43 ± 10a 10 ± 4ab 376 ± 109a 443 ± 150a 16 ± 4b 576 ± 109a 509 ± 135b 

lower layer  
(10-15 cm) 57 ± 30b 44 ± 10b  46 ± 3a 20 ± 4b 7 ± 2b 349 ± 68a 300 ± 61a 14 ± 2b 461 ± 74a 686 ± 181a 

 

Table 5.1 Parameters observed in the organic layer of a montane tropical forest in southern 
Ecuador across its depth profile (linear-mixed effect models, P < 0.05).
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Fig. 5.1 Arbuscular mycorrhizal (AM) hyphae associated with roots and decomposing leaves. 
Staining was done with Trypan Blue. Photographs were taken with a microscopic camera (DFC290, 
Leica Microsystems, Wetzlar, Germany). A: Extraradical AM hypha at the root surface, invading 
the root cortex and forming an intracellular coil. B-E Fungal hyphae attached to decomposing 
leaves. B: AM hyphae and spores, C: AM hyphae apparently invading inner leaf tissues, D: septate 
brown non-AM hyphae and AM hyphae, E: AM hyphae within leaf veins. Erh extraradical AM 
hyphae, c coil, s spores, nh non-AM hyphae, lv leaf vein.

AM leaf litter colonization

On average, 29% of AM hyphae in the soil were attached to the surface of decomposing 

leaves (Fig. 5.2), in the upper layer this proportion even rose up to 73%. AM hyphae were 

mainly loosely attached to the leaf surface, though in some cases thin hyphae invaded the 

leaves subsequently following intercellular spaces (Fig. 5.1B, C, D). Spores were found in 

many cases (Fig. 5.1B), however, no vesicles or arbuscule-like structures. In a few samples, 

AM hyphae were observed within leaf veins, with hyphae spreading from there into the 

surrounding leaf tissues (Fig. 5.1E).
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Hyphal biomass partitioning in the organic layer

Summing hyphae quantified for every soil fraction, the amount of non-AM fungal hyphae in 

the organic layer was significantly higher than the amount of AM fungal hyphae (P < 0.001) 

(Fig. 5.2). Non-AM fungal hyphae were more evenly distributed across the soil fractions 

than AM hyphae (Fig. 5.2). On average, more than half (55%) of AM fungal hyphae were 

attached to the root surface. Comparing the extra- and intraradical phase of AM hyphae, 

hyphal length values in soil were significantly correlated with the colonized root length by 

AMF (P = 0.013) (Fig. S5.2).

Hyphal length values were significantly correlated with the amount of leaves and roots in 

the samples (P < 0.05). In order to exclude the confounding factor of substrate composition, 

hyphal densities on root and leaf surfaces were evaluated. Hyphal densities on leaf and root 

surfaces revealed an equal amount of hyphae attached to root and leaf surfaces. However, 

the density of non-AM fungal hyphae attached to root and leaf surfaces was higher than 

that of AMF (leaf surface: P = 0.036; root surface: P = 0.07) (Table 5.1). 

Fig. 5.2 Distribution of arbuscular mycorrhizal (AM) and non-AM hyphae in the organic layer 
(hyphae attached to every soil fraction: particulate organic matter (POM), leaves (L), roots (R); 
and the total amount of hyphae in the organic layer (OL)) . Mean values are presented, error 
bars show s.e.m. Lowercase letters indicate significant differences among groups and substrates; 
capital letters show differences in total hyphal length (linear-mixed effect models, P < 0.05).
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In the depth profile both AM and non-AM fungal hyphae significantly decreased from the 

upper to the lower layer (Table 5.1). However, this pattern was mainly driven by a shift in 

the composition of the organic layer, since hyphal density per fraction remained similar. In 

fact, the density of non-AM hyphae attached to decomposing leaves was even highest in 

the lowest soil layer (Table 5.1).

The total amount of AM and non-AM fungal hyphae in the organic layer was significantly 

correlated (Fig. S5.3). Even by the removal of a value with high leverage the correlation 

remained significant (P < 0.001). However, both values were highly correlated with leaf 

weight as well as root length in the respective sample (P < 0.001). Consequently, eliminating 

the impact of leaf and root biomass on the analysis, the strong correlation disappeared: the 

density of AM and non-AM hyphae attached to leaves was independent (P = 0.14). Only 

on the root surface there appeared to be a linked occurrence of AM and non-AM fungal 

hyphae (P = 0.01).  

Discussion

Our study fails to support the hypothesis that arbuscular mycorrhizal fungi are not well 

adapted to highly organic soils (Read, 1991; Brundrett & Abbott, 1995), which is in line 

with previous research from tropical forest soils characterized by a thick organic layer  

(Béreau et al., 1997; Moyersoen et al., 2001; Kottke et al., 2004) and a global comparison 

across biomes (Treseder & Cross, 2006). Additionally, we provide evidence that the 

extraradical mycelium of AM fungi in tropical montane soils represents a substantial part of 

soil fungal mycelium, exceeding root length about 13-fold, with values of up to 25m cm-3 soil 

(Fig. S5.1). So far, in tropical forests only very few studies have dealt with the extraradical 

part of the symbiosis, in contrast to the comparatively much better documented intraradical 

predominance of AMF (Alexander & Lee, 2005) with typically high root colonization rates 

(e.g. Louis & Lim, 1987; Shi et al., 2006; Becerra et al., 2007; Zangaro et al., 2012). Also, the 

various studies done in Colombian tropical forests (Aristizabal et al., 2004 and references 

therein; Posada et al., 2012) focus exclusively on AM hyphae attached to litter samples and 

give no data on AM hyphae in the soil. This data gap may give rise to misleading conclusions, 

since studies in temperate regions show that extraradical hyphae represent a large amount 

of microbial biomass in the soil (Leake et al., 2004). Comparing across biomes, the highest 

values of AM fungal hyphal length are found in temperate grasslands (up to 90 m cm-3 soil) 

(Miller et al., 1995; Rillig et al., 1999; Rillig et al., 2002; Wilson et al., 2009). In contrast, 
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the few observations available from tropical forests yielded rather low values. Balser et al. 

(2005) and Guadarrama et al. (2008) report on average 4 and 15 m g-1 soil from Hawaiian 

and Mexican tropical forests, respectively. The comparison of Powers et al. (2005) of AM 

hyphal length at four tropical sites across South and Central America remains even below 

0.2 m g-1 soil. The comparatively high amounts of hyphal biomass presented here may on 

the one hand result from the optimized quantification protocol, on the other hand hyphal 

length has never been quantified in the organic layer of tropical soils and might simply 

exceed values from mineral soils. This conclusion receives additional support by hyphal 

length values given for litter layers, which are comparatively high (Aristizabal et al., 2004; 

Posada et al., 2012).

Methodological approach

Generally, the comparison of values presented in different studies is rather difficult due to 

values mainly expressed by soil weight, taking into account a highly variable soil bulk density 

(Brady, 1984). Additionally, as shown in this study, the hyphal quantification method applied 

highly affects the result. Here we found that the widely used aqueous filtration extraction 

method greatly underestimates the extraradical hyphal length as has been reported before 

(Balser et al., 2005). The calculated (pseudo-)efficiency factor indicates that the amount 

of extractable hyphae is about 13% for AMF and 30% for non-AMF (for this specific soil). 

The underlying mechanism of hyphal detachment obviously is ineffective in an organic soil 

layer with hyphae closely attached to decomposing leaves and roots. In contrast, a modified 

protocol based on Aristizábal et al. (2004), originally applied to tropical leaf litter, appears 

to be more suitable. Based on direct staining of the substrate high values of hyphal length 

were obtained, suggesting even higher extraradical hyphal length than presented above 

(Fig. S5.1). 

Generally, hyphal quantification methods based on morphological identification require 

extensive research experience and remain to a certain amount subjective (Stahl et al., 1995;  

Smith & Read, 2008). Therefore, we tried to reduce the risk of misidentification by 

analyzing AMF inside and attached to roots first, since here the direct connection of 

easily-recognizable intraradical AMF structures with extraradical hyphae facilitates the 

differentiation of AM and non-AM fungal hyphae. However, the risk of including dead 

hyphae in the analysis remains (Sylvia, 1992; Staddon et al., 2003). Besides these constraints, 

morphological methods are primarily applied in AMF research and will remain an important 

technique, since alternatives, e.g. NLFA analysis (neutral lipid fatty acids quantification), 
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also have drawbacks. The method provides a reliable AMF marker and eliminates the bias 

by the incorporation of dead hyphae, however, the correlation of the quantified storage 

lipids either to spore or hyphal abundance is variable and also depends on the substrate 

and fungal species involved (Olsson & Wilhelmsson, 2000; van Aarle & Olsson, 2003;  

Ngosong et al., 2012).

AM hyphae attached to decomposing leaves

As hypothesized, a large amount of extraradical AM hyphae were in fact attached to decomposing 

leaves. This phenomenon has so far only been described for leaf litter of distinct plant species 

from tropical forests in Colombia (reviewed in Aristizabal et al., 2004). In line with these findings, 

several experimental studies report an enhanced proliferation of AMF following the addition 

of organic material (Ravnskov et al., 1999; Albertsen et al., 2006; Gryndler et al., 2009) as well 

as a generally intimate contact with SOM particles (St. John et al., 1983; Hodge & Fitter, 2010). 

The close association of AM hyphae with decomposing leaves and the partly direct colonization 

of inner leaf tissues points to an either direct or indirect role in the decomposition process. 

However, without further physiological analyses of the actual nutrient pathways, no definitive 

conclusions are possible. Nevertheless, several authors have reported enhanced decomposition 

in the presence of AM fungal hyphae (Hodge et al., 2001; Atul-Nayyar et al., 2009) and N and P 

transfer to the plant originating from organic residues (Koide & Kabir, 2000; Hodge et al., 2001;  

Cheng & Baumgartner, 2006; Kahkola et al., 2012). An indirect contribution of AMF by interactions 

with the microbial community and enhanced delivery of root exudates  appears most likely 

(Andrade et al., 1997; Marschner et al., 2001; Wamberg et al., 2003; Herman et al., 2012). 

AM hyphae attached to the root surface

Generally, AM extraradical hyphae are regarded as an extension of the root surface in order 

to improve nutrient uptake capacities beyond the root depletion zones (Smith & Read, 2008). 

Therefore, our findings that more than half of AM hyphal biomass is attached to root surfaces 

appears rather contradictory. However, similar characteristics were reported by Beck et al. 

(2007), who described in detail the distinctive characters of  „prominent supraradical mycelia“ 

attached „in large amounts“ to tree roots sampled in the same area; however, this has never 

been quantified. From a morphological point of view, this pattern is most likely attributed to the 

root colonization trait observed here, predominantly assigned to Paris-type AMF (Gallaud, 1905;  

Smith & Smith, 1997). In contrast to Arum-type, the intraradical spreading of AM hyphae 

occurs from one cell to the next instead of hyphae directly growing within intercellular spaces. 

Thus, subsequent colonization of distant parts of the root are presumably rather accessed by 

Discussion



88

extraradical hyphae. In the functional context, this patterns appears to be counterintuitive in terms 

of nutrient uptake, however, other functional traits of the AM symbiosis, e.g. pathogen protection  

(Sikes et al., 2009), may play an important role. Current knowledge on the functional role of AMF in 

this tropical soil  remains vague, however,  a worthwhile topic for further exploration. 

Conclusions

In summary, we are able to show that AMF form a high extraradical biomass within 

the organic layer of a tropical montane soil and associate intimately with decomposing 

material. This study provides a basic morphological quantification method for hyphae in 

highly organic soils and highlights the problems of applying standardized methods across 

biomes. The direct association of AMF with organic material most likely points to an indirect 

contribution to decomposition as indicated by our findings and previous research in this 

field. However, experimental manipulations of the system and observations of nutrient 

flows are necessary to test these ideas.
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Chapter 6  

General Discussion

AMF in the study system

The present work highlights several aspects of AMF in a tropical montane forest, 

elucidated by a combination of observational and experimental approaches. Beside 

the direct outcome of the nutrient manipulation experiment, interesting general 

patterns of AMF morphology and diversity emerged related to this complex ecosystem.  

First of all, we confirmed that AMF indeed represent the dominant mycorrhizal type in 

the study area, which has previously been reported by Kottke et al. (2004) at 2000m. 

This is in line with findings from other tropical forests (Janos, 1980a; Averill et al., 2014), 

also from tropical mountain sites (Barnola & Montilla, 1997; Schmidt et al., 2008), again 

disproving Read´s paradigm (1991) on the preferential occurrence of AMF in mineral soils 

of lower altitudes. In this context, we even found an increase towards higher altitudes 

in AMF root colonization rates as well as AMF extraradical biomass. This altitudinal shift 

in AMF and also root length is most likely related to decreasing nutrient availability 

with elevation, as predicted by the functional equilibrium model (Bloom et al., 1985;  

Leuschner et al., 2007; Johnson, 2010). AMF diversity was evaluated at 2000m: the deep 

sequencing approach revealed a high diversity with a total of 74 OTUs. Compared to 

richness estimates provided by temperate studies with comparable designs, the observed 

number of OTUs was relatively high but still within the upper range (Öpik et al., 2009; 

Lumini et al., 2010; Dumbrell et al., 2011). The same pattern was found by Haug et al. 

(2013) using cloning and sequencing techniques in this area. Nevertheless, a sampling 

design including variation throughout the year as well as a broader geographic range might 

reveal even higher OUT numbers (Dumbrell et al., 2011; Moora et al., 2011). Interestingly, 

a large proportion of OTUs belonged to the Diversisporales, whereas in most molecular 

community analyses Glomerales clearly dominate AMF communities (e.g. Öpik et al., 2010; 

Schnoor et al., 2011; Lekberg et al., 2013). However, spore surveys from other tropical 

regions likewise show high abundances especially of the genus Acaulospora (Lovelock et 

al., 2003; Stürmer & Siqueira, 2011; reviewed in Leal et al., 2013), which has been proposed 

to be favored by acidic soil conditions (Porter et al., 1987; Veresoglou et al., 2013).  

Focusing on AMF morphology, within the roots we found mainly Paris type AMF as previously 

reported from other tropical forests (Torti et al., 1997; Whitbeck, 2001), though this pattern 
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is also common in temperate areas (Cavagnaro et al., 2003). Typically the observed type of 

AMF was related to root characteristics: thin roots mostly were solely colonized by coils, 

whereas thicker roots - depending on root cellular structures - either solely harbored coils or 

additionally within the inner cortical cells intercellular hyphae and arbuscules. Interestingly, 

intraradical spores, characteristic for the worldwide occurring Rhizophagus intraradices but 

also other species, were not found (Stockinger et al., 2009; Öpik et al., 2010). By contrast, 

the overall extraradical spore abundance was exceptionally high, especially in comparison 

to lowland tropical habitats (Lovelock et al., 2003; Chubo et al., 2009; Leal et al., 2013;  

Freitas et al., 2014), though Soteras et al. (2015) and Barnola and Montilla (1997) give 

comparable numbers for tropical montane forests. Concerning the extraradical AMF 

mycelium, in the tropical literature only few hyphal length descriptions can be found 

with rather low values (Balser et al., 2005; Powers et al., 2005; Guadarrama et al., 2008), 

which reflects the generally scarce incorporation of this part of the symbiosis in analyses 

(Leake et al., 2004). Hyphal length values observed in mineral soils at 1000m were similarly 

low, whereas values calculated for the organic layer at 2000m were much higher, fitting 

within the range of the highest estimates typically found in grasslands (Miller et al., 1995;  

Rillig et al., 1999; Leake et al., 2004). This adaptation of AMF to organic soils has been 

indicated by other studies, though the extraradical phase has so far been neglected 

(Béreau et al., 1997; Moyersoen et al., 2001). Here, a detailed description of hyphal 

distribution revealed a close contact of AMF hyphae with decomposing leaves, as 

has been previously described from litter layers of Colombian rainforests (Aristizabal 

et al., 2004; Posada et al., 2012). These findings point towards an indirect impact of 

AMF on decomposition processes and the rapid uptake of mineralized nutrients from 

organic material (Atul-Nayyar et al., 2009; Nuccio et al., 2013). The majority of hyphae, 

however, was found on root surfaces, as also described by Beck et al. (2007) in this 

region: this pattern is unusual and the physiological function of hyphae in close root 

association is unclear. Potentially, this is primarily related to the formation of Paris type 

AMF which is characterized by the lack of intercellular growth (Smith & Smith, 1997). 

In general, working in such a special study system with little prior knowledge uncovers 

interesting new insights on AMF, but also requires the development of new or adopted 

methodologies. Standard morphological methods on hyphal and spore extractions were 

shown to be insufficient , especially when examining the organic layer Furthermore, the 

staining of dark and rather thick tree roots was challenging and needed to be refined. 

Hence, as part of this work new methods were elaborated and all applied methods tested 

thoroughly.
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Responses in AMF abundance to nutrient additions

Liebig´s law of the minimum states that plant productivity is restricted by the most limiting 

nutrient. Tropical forests have been shown to be primarily limited by N and P, though 

co-limitation by several nutrients also occurs (Vitousek et al., 2010; Santiago et al., 2012).  

A direct proof which nutrient is limiting in a system can only be obtained by experimental 

nutrient additions (Tanner et al., 1998): in the Ecuadorian NUMEX project already short-

term effects after one year indicated a co-limitation of N and P at 2000m (see Chapter 2,  

Wullaert et al., 2010), which was confirmed by data gathered in the following years 

(Homeier, personal communication). Along the altitudinal gradient, at 1000m nutrient 

addition effects on plant growth and plant nutrient cycling also indicate N/P co-limitation, 

whereas at 3000m N appears to be the limiting factor (Homeier, 2013). These findings 

are further supported by leaf N:P ratios found along the gradient (Gusewell, 2004;  

Homeier, personal communication). 

Shifts in AMF abundance along the altitudinal gradient did not match predictions made 

based on this gradient, especially since no effects were found at 3000m, a site characterized 

by strong nutrient limitations accompanied by high AMF root colonization. Here, most likely 

moderate nutrient amendments did not compensate for nutrient limitation, either of the 

plant or the fungus (Treseder & Allen, 2002), or other nutrients play an important role 

(Krashevska et al., 2010; Santiago et al., 2012). However, concurrent responses at 1000 

and 2000m match the assumption of similar limitations at these sites, though effects were 

much more pronounced at 2000m. This site is characterized by lower nutrient availability 

parallel to higher AMF abundance, which indicates higher AMF dependency of the system 

(Treseder, 2013) potentially causing increased sensitivity of the symbiosis to alterations in 

nutrient availability. Since AMF show particular adaptations to the organic layer at 2000m, 

the mechanism behind these effects might differ among sites. 

The overall effect of increases in AMF abundance following P additions in contrast 

to decreases following N additions contradicts previous findings (Treseder, 2004). In 

general, the direction of responses to nutrient additions was stable among sampling 

times but also regarding the extra- and intraradical phase, giving strong support to the 

detected results. These effects can be interpreted in two ways: from a plant perspective 

according to the functional equilibrium model (Johnson et al., 2003; Johnson, 2010) 

or from the point of view of direct fungal nutrient limitations (Treseder & Allen, 2002). 

Additionally, since our knowledge on this ecosystem is scarce unknown influential 

General Discussion



92

parameters might exist. However, the detailed evaluation of results including responses 

in root length, effects on differential AMF structures and a comparison of extra- versus 

intraradical AMF changes allow the preliminary conclusion that direct P-limitation 

of the fungus is most likely, which can be tested in further experimental settings.  

At the 2000m site the highest resolution was achieved by the incorporation of a whole time 

series. Interestingly, negative responses in AMF root colonization to N additions became 

apparent after two years, whereas the positive effect of P additions emerged later. The 

rapid effects of one-year nutrient additions described for other processes like plant growth, 

nutrient cycling but also microbial biomass and activity could not be observed in intraradical 

AMF abundance. Changes over time, which have been described also for other systems  

(see Treseder & Vitousek, 2001; Treseder & Allen, 2002), potentially illustrate strong 

interactions with other processes developing over time of soil microbes but also plants, e.g. 

shifts in the whole plant community (see Chapter 2; Homeier, 2013; Krashevska et al., 2013). 

These shifts over time underline the necessity of long-term observations in ecological 

research (Müller et al., 2010).

Responses in AMF molecular diversity and community composition 
in response to nutrient additions

From a methodological perspective, this study represents the first 454-pyrosequencing 

analysis in nutrient manipulation experiments (except for one agricultural study: Lin et al., 

2012). This method which enabled us to analyze AMF diversity in-depth and also to reveal 

effects on rare species (Öpik et al., 2009). Distinct detrimental effects of all fertilization 

treatments were observed at 2000m on AMF richness, an effect which has been previously 

shown in fertilization studies in other ecosystems (Johnson, 1993; e.g. Egerton-Warburton et 

al., 2007; Liu, YJ et al., 2012). The main impact could be determined for rare species, which 

also may be relevant for ecosystem processes (Volkov et al., 2003; Davies et al., 2004). This 

loss in species numbers is not accompanied by decreasing AMF abundance. Therefore, it 

is most likely related to an increasing dominance of certain species favored by fertilized 

conditions (Eom et al., 1999; Egerton-Warburton et al., 2007), but potentially also a dropout 

of more “sensitive” ones (Johnson et al., 2003). Multivariate analyses of AMF community 

composition, indicator species analysis and the detailed examination of phylogenetic 

groups revealed that indeed AMF community composition was affected especially by P 

additions. However, shifts rather occurred at the level of phylogenetic groups than at the 
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species level: Glomerales were negatively affected by P additions, whereas Diversisporales 

solely by N. To my knowledge such group-specific responses to nutrient additions or 

other environmental impacts have not been shown before, though certain traits in 

AMF indeed have been specified to be conserved at a group level (Powell et al., 2009; 

Maherali & Klironomos, 2012). However, information on differential AMF traits is scarce, neither 

covering a large set of species nor most relevant traits which would allow further interpretations  

(Helgason et al., 2002; Werner & Kiers, 2014). Additionally, in a tropical ecosystem traits and 

functionality might differ, but also the involved species pool since we found a large amount 

of OTUs which did not cluster with known sequences. Likewise, previous AMF community 

studies in the tropics reported a large amount of spore morphological types (Gavito et al., 2008; 

Cuenca & Lovera, 2010; Stürmer & Siqueira, 2011) and OTUs (Husband et al., 2002;  

Haug et al., 2013) unassignable to known AMF species. 

The direct and indirect mechanisms underlying the observed changes in AMF diversity 

and community composition but also in AMF abundance are difficult to disentangle, 

since ecosystem processes strongly interact in their response to nutrient additions  

(Liu, YJ et al., 2012). As part of the NUMEX project effects on several ecosystem 

components were observed: dominant trees showed differential responses indicating 

plant community shifts (regarding seedling recruitment, tree growth and nutrient cycling; 

Homeier & Caraté, personal communication; Homeier, 2013), microbial biomass, activity 

and community composition was affected (see Chapter 2, Krashevska et al., 2013) as well 

as soil nutrient cycles (Wullaert et al., 2010; Martinson et al., 2013; Velescu & Wilcke, 

personal communication). As a consequence, a great variety of complex interactions 

might occur. AMF community composition may directly influence AMF abundance, since 

AMF species differ in their extent of root and soil colonization (Helgason et al., 2002;  

Maherali & Klironomos, 2012). Plant community structure may influence AMF abundance, 

since the dominant trees differ in AMF root colonization (Camenzind et al., in preparation), 

but also potentially AMF community composition, in case host specificity plays a role in this 

system (Vandenkoornhuyse et al., 2003; Hausmann & Hawkes, 2009; Haug et al., 2013) and 

vice versa (van der Heijden et al., 1998; Maherali & Klironomos, 2007; Wagg et al., 2011). 

Finally, interactions with soil microbes may occur since AMF are known to affect microbial 

community composition and activity (Marschner et al., 2001; Wamberg et al., 2003;  

Nuccio et al., 2013). These examples underscore the complexity of ecosystem processes 

but also the value of multidisciplinary experiments which allow the integration of single 

datasets into a larger context.

General Discussion



94

Conclusions

This work allows insights on AMF in a highly diverse and heterogeneous ecosystem that is so 

far understudied and thus starts to fill a gap in tropical research on AMF (Öpik et al., 2010; 

Soudzilovskaia et al., 2015). Especially in the organic layer at 2000m, some clear patterns 

were found regarding hyphal proliferation but also responses in abundance and community 

composition to N and P additions. These patterns point towards potential distinct limitations 

and functionalities of the symbiosis in this system, which might differ from temperate 

grasslands (the “standard” ecosystem for basic AMF research). This is further supported 

by the finding of a special AMF community structure dominated by so far unknown species 

(based on the LSU primer region). In this experimental setting the underlying mechanisms 

causing observed results can be discussed, though not clearly shown. Thus, further 

experimental designs are currently developed to test the proposed assumptions based on 

these results: experiments will focus on the role of AMF in decomposition processes and N 

uptake of plants, but also on differences in direct nutrient limitations of plants versus fungi 

along the altitudinal gradient. Nevertheless, this work reveals clear responses in AMF but 

also other ecosystem components to N and P additions, which is important in the context of 

expected nutrient depositions in the future, especially in the case of f N whose deposition 

rates in the study area has been shown to be higher than predicted (Galloway et al., 2008; 

Wilcke et al., 2013a; Wilcke et al., 2013b). 
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Appendix A 

Supplementary Material for Chapter 2

Figure S2.1. Location of the study area in southern Ecuador and outline of the Ecuadorian 
Nutrient Manipulation EXperiment (NUMEX). A. and B. Location of the study area in southern 
Ecuador. C. Outline of the Ecuadorian Nutrient Manipulation EXperiment (NUMEX). The study was 
conducted in 16 plots à 400 m² (20m x 20m) consisting of four treatments (control, N, P, N+P); the 
replicates were randomly arranged in four blocks at ~ 2100 m a.s.l.. 
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Table S1. Soil nutrient status of the experimental plots in July 2007 before the first fertilization.  

  Control +N +P +NP 

      

Org. layer 
depth (cm) 

O-horizon 28.8 ± 10.8 26.5 ± 3.9 23.8 ± 4.5 35.0 ± 4.4 

      

pH (H2O) O-horizon 3.25 ± 0.25 3.33 ± 0.17 3.28 ± 0.08 3.36 ± 0.09 

 A-horizon 3.66 ± 0.12 3.69 ± 0.09 3.63 ± 0.06 3.67 ± 0.03 

 B-horizon 4.05 ± 0.20 3.95 ± 0.19 3.95 ± 0.19 3.93 ± 0.21 

      
Total C O-horizon 42.90 ± 3.14 42.90 ± 1.13 43.78 ± 1.78 43.47 ± 0.96 

(%) A-horizon 1.05 ± 0.24 1.20 ± 0.26 1.56 ± 0.28 1.20 ± 0.40 

 B-horizon 0.67 ± 0.29 0.71 ± 0.31 0.52 ± 0.02 0.95 ± 0.39 

      
Total N O-horizon 2.03 ± 0.14 2.11 ± 0.20 2.03 ± 0.18 2.21 ± 0.09 

(%) A-horizon 0.06 ± 0.02 0.08 ± 0.02 0.08 ± 0.02 0.08 ± 0.03 

 B-horizon 0.04 ± 0.01 0.05 ± 0.02 0.04 ± 0.01 0.07 ± 0.03 

      
C:N ratio O-horizon 21.1 ±1.4  20.5 ±1.4  21.7 ± 1.5 19.7 ± 0.5 

 A-horizon 17.0 ± 1.6 16.0 ± 1.8 19.5 ± 2.6 15.4 ± 2.6 

 B-horizon 16.2 ± 4.8 14.4 ± 0.2 14.9 ± 4.8 14.7 ± 5.4 

      
Total P mineral topsoil     

(mg/g) (0-10cm) 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.02 0.06 ± 0.02 

 (10-20cm) 0.10 ± 0.03 0.09 ± 0.02 0.13 ± 0.05 0.12 ± 0.07 

      
ECEC A-horizon 3.0 ± 1.4 3.9 ± 0.8 3.5 ± 1.3 3.3 ± 0.8 

(cmol c/kg) B-horizon 3.2 ± 1.1 3.8 ± 0.5 3.5 ± 1.5 4.3 ± 1.3 

      
Base  A-horizon 4.1 ± 3.1 3.7 ± 1.3 4.4 ± 2.6 3.4 ± 0.4 

saturation (%) B-horizon 1.8 ± 0.9 1.4 ± 0.8 1.6 ± 0.5 1.2 ± 0.7 

Shown are means (± SD) of the four plots per treatment (one composite sample per plots). 

 

Table S2.1. Soil nutrient status of the experimental plots in July 2007 before the first 
fertilization. 
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Table S2. Effects of nutrient addition on different ecosystem parameters (Figures 2 – 6) 
of a tropical montane forest ecosystem.  

 Time of 
measurement Control +N +P +NP 

      

Org. layer N pool 
(Mg N ha-1) 

April 2009 3.78           
(2.96–4.40) 

3.45          
(2.61–4.41) 

3.51          
(2.50–4.66) 

4.29          
(3.84–4.87) 

Org. layer P pool 
(kg P ha-1) 

April 2009 98.6           
(78.8–109.5) 

92.2          
(81.4–107.6) 

101.9         
(81.4–131.2) 

125.6         
(110.1–142.1) 

Soil microbial 
biomass (µg Cmic 
g-1 soil dry mass) 

May 2009 5881     
(5826–5930) 

4699     
(3747–5723) 

6178     
(5826–6524) 

5991     
(5573–6749) 

Respiration of soil 
microorganisms (µl 
O2 mg Cmic

-1 h-1) 

May 2009 5.07           
(4.74–6.14) 

9.25          
(7.26–15.2) 

5.78          
(4.00–6.60) 

6.97          
(5.03–10.83) 

Net N min.         
(ng N cm2 h-1) 

September 
2008 

23.4           
(2.8–30.4) 

44.4          
(15.5–67.3) 

11.2          
(4.1–19.3) 

40.5          
(28.0–55.5) 

Net N nitrification 
(ng N cm2 h-1) 

September 
2008 

0             
(0–0) 

-1.68          
(-5.04–0) 

0             
(0–0) 

7.5           
(0–14.9) 

N2O emission     
(kg N ha-1 yr-1) 

Feb 2008 –
Jan 2009 

0.245          
(0.206–0.306) 

0.390         
(0.232–0.572) 

0.123         
(0.009–0.250) 

0.427         
(0.231–0.564) 

NH4/NO3 ratio (org. 
layer percolate) 

Feb 2008 –
Jan 2009 

15.7           
(4.4–28.9) 

11.0         
(1.6–33.6) 

16.5         
(0.9–27.6) 

4.8           
(1.5–6.8) 

NH4/NO3 ratio (soil 
solution) 

Feb 2008 –
Jan 2009 

8.9            
(3.0–11.9) 

7.8           
(0.9–13.7) 

6.9           
(1.0–11.5) 

2.5           
(1.1–4.3) 

Litterfall N conc.    
(% N) 

January 2009 0.870          
(0.816–0.945) 

1.018         
(0.943–1.182) 

0.926         
(0.903–0.956) 

0.981         
(0.924–1.064) 

Litterfall P conc.   
(mg g-1) 

January 2009 0.251          
(0.176–0.425) 

0.275         
(0.241–0.335) 

0.338         
(0.311–0.365) 

0.338         
(0.260–0.392) 

Annual return of N 
with litterfall        
(kg N ha-1 yr-1) 

Feb 2008 –
Jan 2009 

41.7           
(33.5–54.5) 

53.0          
(27.7–70.5) 

43.5          
(32.9–45.7) 

54.2          
(44.5–62.4) 

Annual return of P 
with litterfall        
(kg P ha-1 yr-1) 

Feb 2008 –
Jan 2009 

1.48           
(1.14–2.18) 

1.85          
(0.94–2.77) 

1.80          
(1.18–2.33) 

1.95          
(1.61–2.33) 

Annual return of N 
with throughfall   
(kg N ha-1 yr-1) 

Feb 2008 –
Jan 2009 

10.09          
(8.15–12.44) 

11.47         
(10.02–12.61) 

10.64         
(10.10–11.29) 

10.92         
(10.50–11.47) 

Annual return of P 
with throughfall  
(kg P ha-1 yr-1) 

Feb 2008 –
Jan 2009 

0.151          
(0.098–0.233) 

0.158         
(0.132–0.187) 

0.210         
(0.140–0.283) 

0.290         
(0.203–0.370) 

Org. layer 
percolate N (kg 
N ha-1 yr-1) 

Feb 2008 –
Jan 2009 

14.65          
(12.53–18.08) 

22.51         
(19.07–35.59) 

14.16         
(12.68–15.14) 

18.37         
(16.99–19.58) 

Org. layer 
percolate P (kg 
P ha-1 yr-1) 

Feb 2008 –
Jan 2009 

0.13           
(0.09–0.19) 

0.20          
(0.11–0.31) 

0.21          
(0.10–0.44) 

0.24          
(0.12–0.39) 

 

Table S2.2. Effects of nutrient addition on different ecosystem parameters (Figures 2 – 6) 
of a tropical montane forest ecosystem. 
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Table S2: continued 

 Time of 
measurement Control +N +P +NP 

      

Min. soil solution N 
(kg N ha-1 yr-1) 

Feb 2008 –
Jan 2009 

3.26           
(2.08–4.88) 

3.92          
(3.48–4.48) 

3.55          
(2.72–4.46) 

3.70          
(2.96–4.24) 

Min. soil solution P 
(kg P ha-1 yr-1) 

Feb 2008 –
Jan 2009 

0.03           
(0.02–0.04) 

0.04          
(0.03–0.06) 

0.02          
(0.02–0.03) 

0.03          
(0.02–0.06) 

LAI change        
(%) 

Jan 2008 – 
Jan 2009 

2.6            
(-5.5–14.5) 

10.9          
(1.1–20.9) 

11.7          
(-4.7–24.7) 

5.3           
(-8.2–18.9) 

Tree basal area 
increment     
(m² ha-1) 

Feb 2008 –
Jan 2009 

0.111          
(0.081–0.162) 

0.109         
(0.073–0.147) 

0.120         
(0.052–0.175) 

0.160         
(0.109–0.222) 

Leaf litter 
production        
(Mg ha-1 yr-1) 

Feb 2008 –
Jan 2009 

3.46           
(2.71–4.75) 

3.65          
(2.63–4.90) 

3.28          
(2.44–4.47) 

3.99          
(3.43–4.42) 

Fine root biomass 
(g m-2) 

January 2009 443           
(337–567) 

375           
(277–474) 

320           
(245–398) 

346          
(180–434) 

Fine root 
necromass (g m-2) 

January 2009 426           
(307–527) 

447           
(370–578) 

607           
(570–631) 

441          
(423–468) 

Mycorrhiza 
colonization (%) 

January 2009 53.3           
(41.5–70.7) 

49.9          
(34.6–66.4) 

42.8          
(10.2–63.0) 

52.6          
(39.4–59.4) 

N use efficiency 
(g g-1 N) 

January 2009 117           
(106–124) 

100           
(86–107) 

110           
(106–114) 

104           
(97–109) 

P use efficiency 
(g g-1 P) 

January 2009 4751          
(2441–5895) 

4181          
(3056–4929) 

3505          
(2954–4200) 

3388          
(2577–4306) 

Shown are means and ranges (in parentheses) of the four replicates (plots) per treatment. The nutrient 
manipulation experiment started in January 2008. 
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Appendix B 

Supplementary Material for Chapter 3

Fig. S3.1: Lines represent rarefaction curves drawn separately for every sample - plotting the 
number of OTUs (operational taxonomic units) versus read numbers. Control treatments (closed 
circles) as well as nitrogen (open squares), phosphorus (open asterisks) and combined treatments 
(open circles) are illustrated with the respective symbols. Samples with read numbers below 1600 
sequences were plotted separately again.

Fig. S3.2: Rarefaction curve of the number of OTUs (operational taxonomic units) in non-
resampled data plotted against the number of sites sampled. 
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Fig. S3.3: Complete maximum likelihood tree including bootstrap supports
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Treatment Read numbers Read lengths (bp) 

Ctr 2549 ±  1695 375 ± 32 

N 2069 ± 1045 393 ± 31 

P 2124 ± 1813 377 ± 38 

NP 2414 ± 1125 382 ± 38 
 

Table S3.1: Mean numbers of reads and read lengths summarized per treatment (mean ± standard 
deviation) are presented. Read numbers include all Glomeromycota sequences included in the 
analysis before resampling. Read lengths were extracted from flowgrams generated in MOTHUR 
already subjected to quality control, encompassing all sequences of samples included in the 
analysis.
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 OTUs 
 Richness Shannon´s H 
 Estimate Std. Error t-value p-value Estimate Std. Error t-value p-value 

N -3.034 1.069 -2.838 0.005 -0.313 0.162 -1.930 0.054 
P -4.587 0.987 -4.647 <0.001 -0.305 0.150 -2.033 0.042 
N:P 2.642 1.483 1.781 0.075 0.166 0.225 0.737 0.46 

 

 OTUs97 
 Richness Shannon´s H 
 Estimate Std. Error t-value p-value Estimate Std. Error t-value p-value 

N -6.277 2.162 -2.903 0.004 -0.3352 0.1857 -1.805 0.071 
P -9.2 1.995 -4.612 <0.001 -0.4444 0.1717 -2.588 0.009 
N:P 5.738 2.998 1.914 0.056 0.2732 0.2579 1.059 0.046 

 

 




s
s





s 
 Richness ��undance 
 Estimate Std. Error t-value p-value Estimate Std. Error t-value p-value 

N -1.512 0.667 -2.270 0.02
 -119.06 94.34 -1.262 0.21 
P -1.093 0.618 -1.768 0.0� 124.92 87.04 1.435 0.15 
N:P 0.951 0.923 1.031 0.3 18.62 130.81 0.142 0.89 

 

 








s 
 Richness ��undance 
 Estimate Std. Error t-value p-value Estimate Std. Error t-value p-value 

N -1.590 0.966 -1.646 0.1 125.97 101.29 1.244 0.21 
P -3.889 0.891 -4.364 <0.001 -122.11 93.45 -1.307 0.19 
N:P 1.812 1.339 1.353 0.18 -25.74 140.45 -0.183 0.86 

 

 
 




 



 











 








 



 





 

 Estimate Std. Error t-value p-value Estimate Std. Error t-value p-value 
N -1.1466 0.4542 -2.524 0.012 -0.62153 0.28758 -2.161 0.0
1 
P 0.1393 0.4595 0.303 0.76 0.03781 0.28912 0.131 0.9 
N:P 0.4244 0.6461 0.657 0.51 0.56376 0.40675 1.386 0.17 

 

Table S3.2: Detailed statistical results of nitrogen (N) and phosphorus (P) addition effects on AMF 
species richness (number of OTUs (operational taxonomic units)) and AMF root colonization 
(two-way linear-mixed effects model). N:P refers to the interaction term given by the full factorial 
analysis. The broad taxonomic classification into Diversisporales and Glomerales is based on their 
placement within a maximum-likelihood tree. 
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 OTU matrix 

 Bray-Curtis (abundance) Jaccard (pres/abs) 
 pseudo-F R²-value P-value pseudo-F R²-value P-value 

N 1.28 0.021 0.28 0.94 0.016 0.46 
P 1.38 0.023 0.22 2.22 0.037 0.015 
N:P 0.80 0.013 0.59 1.03 0.017 0.41 

       
       
       

 OTU97 matrix 

 Bray-Curtis (abundance) Jaccard (pres/abs) 
 pseudo-F R²-value P-value pseudo-F R²-value P-value 

N 1.27 0.021 0.25 1.18 0.02 0.25 
P 1.76 0.029 0.09 2.00 0.034 0.005 
N:P 1.13 0.019 0.33 0.96 0.016 0.49 

 

Table S3.3: Results of the multivariate analyses of AMF community composition in response to 
nitrogen (N) and phosphorus (P) additions, presented on the basis of operational taxonomic 
units (OTUs). P-values are based on a two-way permutational multivariate analysis of variance 
(perMANOVA), including spatial eigenvectors as covariates. Differences in community 
composition are expressed as Bray-Curtis dissimilarity, a distance index of abundance data, and 
Jaccard similarity coefficient based on the presence/absence community matrix. N:P refers to 
the interaction term given by the two-way analysis.

Treatment Norg (%) Porg          
(mg kg-1) 

Caorg        
(mg kg-1) 

Znorg        
(mg kg-1) pHorg C/Norg C/Sorg C/Porg 

Ctr 0.96 ± 0.05 344 ± 31 1405 ± 198 22.9 ± 3  4.56 48.6 ± 4 1543 ± 72 1345 ± 153 
N 1.14 ± 0.10 358 ± 23 1263 ± 306 24.3 ± 3  4.48 42.3 ± 3 1615 ± 491 1407 ± 122 
P  1.00 ± 0.06 478 ± 50 2126 ± 873 23.5 ± 3  4.61 46.2 ± 3 1368 ± 389 1027 ± 137 
NP 1.13 ± 0.06 484 ± 41 1915 ± 777 25.7 ± 4  4.60 43.6 ± 2 1292 ± 206 1075 ± 167 

Treatment PO4Lys        

(mg l-1) 
PLys          

(mg l-1) 
NH4Lys        

(mg l-1) 
NO3Lys     
(mg l-1) 

TOCLys     
(mg l-1) pHLys 

Ctr 0.060 ± 0.02 0.44 ± 0.1 0.89 ± 0.04 0.05 ± 0.03 50.3 ± 16  4.00 
N 0.069 ± 0.05 0.46 ± 0.3 1.03 ± 0.19 0.11 ± 0.01 45.2 ± 6  4.03 
P  0.144 ± 0.16 0.57 ± 0.2 0.95 ± 0.03 0.05 ± 0.01 41.9 ± 8  4.09 
NP 0.082 ± 0.03 0.52 ± 0.4 1.05 ± 0.18 0.10 ± 0.03 52.5 ± 9.3  3.99 

Table S3.4: Important environmental parameters included in the statistical analysis are 
displayed, showing the mean values per treatment (control (Ctr), nitrogen (N) and phosphorus 
(P) additions as well as the combined treatment (NP)) ± standard deviation. Subscript “Lys” 
depicts measurements originating from litter leachate samples. The subscript “org” refers to 
total element concentrations measured in the organic layer. Lys results are representative for the 
whole year 2010 and organic layer samples were collected in 2009.
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Vectors RDA1 RDA2 r2 Pr(>r) 

Alchornea_lojaensis -0.87762 0.479364 0.0675 0.132 
Dictyocaryum_lamarckianum -0.99527 -0.09718 0.0464 0.27 
Graffenrieda_emarginata -0.98464 -0.17461 0.0595 0.159 
Hieronyma_fendleri 0.969292 -0.24591 0.0413 0.313 
Myrcia_sp -0.39742 0.917636 0.0051 0.881 
dist$x 0.899678 -0.43656 0.0016 0.941 
dist$y 0.764325 -0.64483 0.0461 0.259 

Norg 0.752794 -0.65826 0.1495 0.009 

Porg 0.999865 -0.01643 0.3635 0.001 

Caorg 0.959652 -0.28119 0.1066 0.045 

Znorg 0.848893 -0.52857 0.0467 0.276 

pHorg 0.929828 0.367995 0.0097 0.764 

C/Norg -0.87003 0.492996 0.1422 0.015 

C/Sorg -0.90788 -0.41923 0.0265 0.483 

C/Oorg -0.99665 -0.08174 0.2866 0.001 

PO4Lys 0.744896 -0.66718 0.0363 0.373 

PLys 0.983219 0.182432 0.0461 0.277 

NH4Lys 0.833928 -0.55187 0.1186 0.046 

NO3Lys 0.201034 -0.97958 0.2172 0.002 

TOCLys -0.12216 -0.99251 0.0215 0.556 

pHLys 0.662991 0.748627 0.0401 0.348 

 

Table S3.5: Detailed output of envfit() (R package “vegan”) – plotting variables onto the 
ordination of the redundancy analysis, modeling the effect of nitrogen and phosphorus additions 
on presence/absence AMF community data including spatial eigenvectors as conditional 
parameters. Subscript “Lys” depicts measurements originating from litter leachate samples, 
“org” total element concentrations measured in the organic layer. 
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Appendix C 

Supplementary Material for Chapter 4

Fig. S4.1: Correlation of the two different applied methodologies to separate live and dead roots. 
Six samples were used for direct comparisons.
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1000m 

 F-value 

 N        
df = 1,9 

P        
df = 1,9 

N:P      
df = 1,9 

Ctr N P NP 

Root length (cm cm-3 soil) 0.3 0.3 0.2 0.76 ± 0.16 1.09 ± 0.20 0.71 ± 0.17 0.86 ± 0.16 

Colonized root length by AMF    
(cm cm-3 soil) 0 0.8 0.1 0.20 ± 0.07 0.17 ± 0.05 0.22 ± 0.06 0.28 ± 0.07 

AMF root colonization (%) 0.2 3.9 1.8 25.4 ± 4.8 15.4 ± 2.9 29.0 ± 3.9 34.3 ± 4.0 

Extraradical AMF biomass        
(NLFA 16:15 nmol cm -3 soil) 2.8 6.5* 0.7 1.92 ± 0.15 1.76 ± 0.16 2.55 ± 

0.19* 2.08 ± 0.14 

AMF spore abundance           
(spores cm-3 soil)  -  -  - 184 ± 23  - 138 ± 12  - 

AMF hyphal length (m cm-3 
soil)  -  -  - 12.4 ± 1.6  - 10.7 ± 1.75  - 

 

2000m 

 F-value 

 N        
df = 1,9 

P        
df = 1,9 

N:P      
df = 1,9 

Ctr N P NP 

Root length (cm cm-3 soil) 3.5 0.1 1 0.86 ± 0.18 1.68 ± 0.24. 1.31 ± 0.29 1.47 ± 0.20 

Colonized root length by AMF    
(cm cm-3 soil) 0 2.3 2.6 0.39 ± 0.08 0.63 ± 0.11 0.75 ± 0.15 0.66 ± 0.17 

AMF root colonization (%) 8.3* 4.1 2.4 46.0 ± 3.9 40.4 ± 4.1 61.3 ± 3.4* 42.4 ± 5.4 

Extraradical AMF biomass        
(NLFA 16:15 nmol cm -3 soil) 2.4 136*** 3.6 6.63 ± 0.51 4.81 ± 

0.41* 
16.86 ± 
1.44*** 

18.68 ± 
2.12*** 

AMF spore abundance           
(spores cm-3 soil)  -  -  - 92 ± 15  - 78 ± 21  - 

AMF hyphal length (m cm-3 
soil)  -  -  - 19.2 ± 1.5  - 19.3 ± 1.4  - 

 

Table S4.1: Effects of nitrogen (N) and phosphorus (P) additions on intra- and extraradical AMF 
abundance as well as root length along an altitudinal gradient.
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3000m 

 F-value 

 N        
df=1,9 

P        
df=1,9 

N:P      
df=1,9 

Ctr N P NP 

Root length (cm cm-3 soil) 0.1 0.8 2 1.51 ± 0.24 0.67 ± 0.17 1.00 ± 0.22 1.30 ± 0.38 

Colonized root length by AMF    
(cm cm-3 soil) 0.1 0 4.5 0.87 ± 0.14 0.45 ± 0.14 0.51 ± 0.11 0.85 ± 0.30 

AMF root colonization (%) 0.4 0.3 0 61.1 ± 4.5 58.8 ± 3.9 59.3 ± 4.0 55.8 ± 4.8 

Extraradical AMF biomass        
(NLFA 16:15 nmol cm -3 soil) 0.1 0.1 2.2 6.10 ± 0.60 7.84 ± 0.86 7.81 ± 0.77 6.75 ± 0.80 

AMF spore abundance           
(spores cm-3 soil)  -  -  -  -  -  -  - 

AMF hyphal length (m cm-3 
soil)  -  -  -  -  -  -  - 

 
1 Mean values ± standard errors are presented. 
2 Asterisks indicate significant differences compared to the control treatment within 
the respective study site (linear mixed-effects model; * P < 0.05, ** P < 0.01, *** P < 
0.001).

Supplementary Material S4.2: 

Detailed description of the quantification of AMF hyphae and spores

Spore abundance and hyphal length were evaluated at 1000 and 2000m in control 

and phosphorus fertilized plots. In all cases roots were extracted from soil prior to 

measurements.

In the mineral soil at 1000m standard methods were applied:  

Hyphae were extracted by a modified aqueous filtration extraction method (Bardgett, 1991; 

Camenzind & Rillig, 2013). 5 g of soil was soaked in water, 80 ml of sodium hexametaphosphate 

(39g l-1) added and shaken vigorously. After one hour, soil material (including hyphae) 

kept on a 20 µm sieve were collected, stirred and a 2ml aliquot was transferred to a 

membrane filter (0.45 µm pore size) and stained with 0.05% Trypan Blue. Hyphae were 

quantified at 200x magnification using the grindline-intersects method (Tennant, 1975). 

Spores were isolated from 8 g of soil by a modified wet-sieving and decanting method 

Appendix C



133

(Gerdemann & Nicolson, 1963) followed by centrifugation in a 20/60% sucrose gradient 

(Daniels & Skipper, 1982). In order to detach spores from soil material 200 ml sodium 

hexametaphosphate (20g l-1) were added to soil samples, blended and left for 30 minutes. 

Additionally, before wet-sieving two minutes UV were applied. Material was poured through 

a 500 µm mesh and material kept on a 38 µm sieve used for sucrose centrifugation. Spores 

were collected on a filter paper and counted under the dissecting microscope. We did not 

observe detrimental effects of blending and UV application on spores. 

In the organic layer at 2000m methods had to be adopted to this substrate, 

mainly consisting of decomposing plant material (see Camenzind & Rillig, 2013):  

Hyphae were quantified based on a method originally described for hyphal quantification in 

tropical leaf litter (Aristizabal et al., 2004; Camenzind & Rillig, 2013), counting AMF hyphae 

directly in stained soil. 2 g of soil was bleached in 20% H2O2 for 30 minutes, blended and 

poured through a 500 µm sieve directly onto a filter paper (pore size: 4-7 µm). After drying two 

subsamples were transferred to a slide and directly stained with 0.05% Trypan Blue. Hyphae 

were quantified at 200x magnification using the gridline-intersects method (Tennant, 1975). 

For spore quantification, a similar protocol as described above was applied. However, 

during wet-sieving an additional 250 µm mesh was used in addition to 500 µm, in order to 

exclude large litter fragments which impede the centrifugation step. Both fractions were 

checked for AMF spores, however, spores kept on the 250 µm mesh were negligible.

Discussion on applied methodologies

Standard methods on the measurement of AMF abundance have been developed in 

temperate systems, mainly grasslands. Thus, especially in the organic layer of tropical 

montane forest, consisting of hardly decomposed plant material, methods have to be 

adopted to this special substrate and the validity of methods tested thoroughly (Camenzind 

& Rillig, 2013).

We found opposing trends in the responses to nutrient additions measuring different 

components of the extraradical AMF biomass: whereas the amount of NLFA 16:1ω5 reacted 

strongly to P additions, spore abundance as well as hyphal length showed no response. 

Likewise, spore numbers were lower at 2000m compared to the 1000m site, contrary to the 

general increase in AMF abundance with elevation. Opposing trends in spore abundances 

might be related to species-specific sporulation patterns regulated by environmental 

conditions and not inherently correlated with AMF abundance (Allen et al., 1998; Sanders, 

2004). Still, the lack of correlation between NLFA 16:1ω5 biomass and spore numbers, but 
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also extraradical hyphal length raise doubts about the significance of NLFA 16:1ω5 in this 

study system, though we found a significant correlation of NLFA 16:1ω5 and intraradical 

AMF abundance at 1000 and 2000m. The applicability of NLFA 16:1ω5 has been extensively 

investigated under controlled conditions (Olsson, 1999; Olsson & Wilhelmsson, 2000), 

where direct correlations with microscopic spore counts and hyphal measurements were 

demonstrated (Olsson et al., 1997; Olsson et al., 1998). Nevertheless, available correlations 

in natural systems reveal more heterogeneous results, even partly resulting in negative 

trends (Balser et al., 2005; Gryndler et al., 2006; Ngosong et al., 2012). Lekberg et al. (2013) 

proposed an interesting hypothesis that NLFA 16:1ω5 amounts rather reflect the storage 

status of AMF instead of total biomass, which fits the potential mechanism suggested here 

of alleviated fungal nutrient deficiency following P additions. Nevertheless, experiments 

under more controlled conditions are needed to critically test the significance of NLFA 16:

1ω5 in this system, also to eliminate the possibility of background noise as found in PLFA 

marker 16:1ω5 (Larsen et al., 1998; van Aarle & Olsson, 2003), since we observed parallel 

to NLFA 16:1ω5 an increase and decrease of other NLFA markers as 16:0, 18:2ω6 and 18:

1ω9 following P and N additions, respectively (data not shown). 
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Appendix D 

Supplementary Material for Chapter 5

Material S5.1: Detailed descriptions of the hyphal quantification 
protocols tested

Modified aqueous filtration extraction method: This standard protocol is a slightly 

modified aqueous filtration extraction method (Bardgett, 1991). 80 ml of sodium 

hexametaphosphate (39g l-1) were added to 1.5 – 3 g of soil and shaken vigorously for 30 

seconds. The sample was directly sonicated for 20 seconds as proposed by Treseder et al. 

(2007) and left for 1 hour. Hyphae and substrate kept on a 38 μm mesh were filled up to 

200 ml into an Erlenmeyer flask, stirred for 5 min. and after 90 seconds a 4 ml aliquot was 

transferred on a 25 mm Millipore-filter paper and stained with 0.05% Trypan Blue. Hyphae 

were counted at 200x magnification. The number of hyphae crossing the lines incorporated 

in the lens (x10) of a compound microscope was inserted into Newman´s formula (equation 

1). For the calculation of the efficiency factor see 2.5.3.

Modified direct litter staining method: The second protocol is based on a method described 

for hyphal quantification in tropical leaf litter (Aristizabal et al., 2004; Posada et al., 2012). 

100 ml 20% H2O2 were added to 1.5 – 3 g of soil and stirred for 30 minutes. The samples 

were blended for 15 seconds and poured through a 500 µm sieve directly onto a filter paper 

(pore size: 4-7 µm). After two days drying at RT, three subsamples of soil material on the 

filter paper were transferred onto microscopic slides (approx. 5 mg) with a few drops of 

0.05% Trypan Blue (in lactoglycerol). After two days (at which time the Trypan Blue staining 

is optimal) hyphal length was counted as described above. We counted 100 intersects per 

slide. The cover slide area (A) and the respective soil weight were inserted into Newman´s 

formula (equation 1). The (pseudo-)efficiency factor of this protocol was calculated for 

three samples. The hyphal loss through the filter paper was determined (hyphae in the 

flow-through were quantified) as well as the proportion of hyphae attached to soil kept on 

the 500 µm sieve (remaining soil was dried and slightly milled in order to add subsamples 

on a microscopic slide, quantifying hyphae as described above). 

Appendix D



137

Fig.S5.1. Correlation of the applied hyphal quantification protocols (modified aqueous filtration 
extraction method (triangles) and modified direct litter staining method (rectangles)) with the 
summation of hyphae attached to every soil fraction. Open dots: non-AM hyphae, closed dots: 
AM hyphae. (Statistical model: linear regression)
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Biology 116, 747-755.

Treseder, K.K., Turner, K.M., Mack, M.C., 2007. Mycorrhizal responses to nitrogen fertilization in 
boreal ecosystems: potential consequences for soil carbon storage. Global Change Biology 
13, 78-88.
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Fig. S5.2. Correlation of hyphal length data (calculated by the summation of hyphae attached 
to every soil fraction) and the colonized root length by AMF is shown. Roots were stained with 
Trypan Blue and colonization was counted by a magnified intersect method (200x magnification). 
Statistical model: ancova including “depth“ as categorical independent variable and „sample“ as 
random effect.

Fig. S5.3. Correlation of AM and non-AM hyphal abundance in the organic layer (Statistical 
model: ancova including „depth“ as categorical independent variable and „sample“ as random 
effect).
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