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Summary 

Peatlands are crucial players in the global carbon cycle. They store enormous 

amounts of carbon and are concurrently significant natural methane sources, the 

second-most relevant greenhouse gas after carbon dioxide. The decomposition 

of plant biomass is severely restricted in the waterlogged and poorly aerated soil 

of peatlands, and peat is formed. Peatlands therefore accumulate organic matter 

and the carbon and nitrogen it contains. The most important peat-forming 

species are Sphagnum mosses which dominate the vegetation in solely rain-

water fed peatlands, i.e. ombrotrophic bogs. Man-induced disturbances by 

drainage, elevated nitrogen deposition or climate change alter the vegetation 

and vascular plants such as rushes and sedges dominate. Such a vegetation shift 

might affect the long-term carbon sink function negatively, while at the same 

time the rhizosphere of vascular plants can promote the release of methane. The 

underlying processes governing carbon and nitrogen accumulation or turnover, 

i.e. production and consumption, and the emission of methane in the peat have 

been studied predominantly on the northern hemisphere. Here, the vegetation 

shift is, however, a rather recent phenomenon. 

Also, on the southern hemisphere vascular plants dominate the vegetation in 

bogs beside Sphagnum mosses and coexist for thousands of years under similar 

environmental conditions without any trigger by man. Sphagnum bogs resemble 

their northern counterparts. Cushion bogs, i.e. bogs dominated by cushion-

forming vascular plants, distinctly differ from Sphagnum bogs and are found 

exclusively on the southern hemisphere. In South Patagonia, the dominant 

cushion plants in cushion bogs are Astelia pumila and Donatia fascicularis. One 

feature of especially A. pumila is their extremely dense, deep-reaching and 

aerenchymatic root system. Patagonian cushion bogs therefore serve as model 

systems for vascular plant-dominated bogs. They offer the unique opportunity 

to study long-term effects of vascular plants on carbon and nitrogen 

accumulation and the interplay between rhizosphere as well as carbon and, more 

specifically, methane dynamics in detail.  

This thesis consists of three individual studies dealing with long-term carbon 

and nitrogen accumulation and methane release in a Sphagnum and a cushion 



Summary 

2 

 

bog on the Isla Grande de Tierra del Fuego. The controls of the underlying 

biogeochemical fluxes were evaluated with a strong focus on the effects of 

cushion plants and their rhizosphere to gain a better understanding for the 

effects of vascular plants on the ecosystem functioning of densely rooted 

peatlands. Specifically, methane production and consumption in microforms of 

the cushion bog were studied. These microforms are characterized by their 

specific plant species or, under pools, the absence of deep roots. Landscape-level 

methane emissions were estimated from upscaled microform fluxes. The bias of 

these estimates due to image classification of the bog vegetation was examined. 

The rates of carbon and nitrogen accumulation were of similar magnitude in the 

Sphagnum and in the cushion bog and corresponded to those of other southern 

or northern peatlands. Although the peat in the cushion bog was characterized 

by higher decomposition rates, this seemed to have little effect on long-term 

carbon accumulation. Vegetation changes during peatland succession indicated 

a fen-to-bog transition, typical for Patagonian peatlands. Ash deposits in the 

cushion bog about approximately 1600 years ago probably triggered the 

vegetation shift towards dominance of cushion plants. Despite a distinctly higher 

recent carbon accumulation rate in the cushion bog compared to the Sphagnum 

bog, long-term apparent carbon accumulation rates have substantially 

decreased since the appearance of the cushion plants. This opens the question 

whether cushion plants might fail to accumulate carbon, as the primary 

productivity cannot outweigh the extremely high decomposition rates of litter 

and in the rhizosphere over a longer period of time. 

The cushion bog emitted almost zero methane which confirms earlier findings. 

Astelia lawns, which largely dominated the studied cushion bog, were 

responsible for such negligible emissions. The roots of the cushion plant A. 

pumila released large amounts of molecular oxygen into the rhizosphere, where 

methane, which had been formed in deep peat layers below the rhizosphere, was 

almost entirely oxidized. Also low emissions in other microforms such as pools 

or Sphagnum and Donatia lawns may have been caused by a lateral exchange of 

methane into the rhizosphere of neighboring A. pumila. However, methane fluxes 

varied notably, not only between but also within the different microforms. Some 

Sphagnum and Donatia lawns were identified as local emission hotspots, 

probably because root density and the release of molecular oxygen had dropped 
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below a certain threshold. Therefore, the presence of cushion plants may not 

always be a good proxy for negligible methane emissions from cushion bogs. In 

general, the highest methane emissions in both, the Sphagnum and the cushion 

bog, were at intermediate level compared to northern bogs. 

The vegetation in the Sphagnum bog could be classified on the basis of high-

resolution aerial images. However, the classification approach can cause a strong 

bias in the estimate of landscape-level methane fluxes if these are upscaled from 

measurements at microform level. Such bias can be induced, for example, by a 

too simple classification with only a few classes, if the typical small-scale surface 

heterogeneity of a bog is not well-mapped and a substantial part of the surface 

cannot be classified. 

The results of this thesis contribute to a better understanding of the temporal 

and spatial patterns of carbon dynamics and the turnover and emission of 

methane in Patagonian ombrotrophic bogs. From these results, general 

conclusions could be drawn, also for the understanding of northern peatlands. 

For example, it became evident how important the time scale is for the 

assessment of the carbon sink function of a peatland. Moreover, it became 

apparent how important it is to understand the biogeochemical relationships in 

the peat or the surface structure of a peatland in order to estimate methane 

emissions on different spatial scales.





Zusammenfassung 

5 

 

Zusammenfassung 

Moore sind wichtige Akteure im globalen Kohlenstoffkreislauf. Sie speichern 

enorme Mengen an Kohlenstoff und sind gleichzeitig bedeutende natürliche 

Quellen für Methan, dem weltweit wichtigsten Treibhausgas nach Kohlendioxid. 

Aufgrund ihrer besonderen Eigenschaft als Ökosysteme im Übergang zwischen 

Land und Wasser, akkumulieren Moore organisches Material, und den darin 

enthaltenen Kohlenstoff und Stickstoff. Der Abbau pflanzlicher Biomasse ist in 

den wassergesättigten und schlecht belüfteten Böden der Moore stark 

eingeschränkt, wodurch Torf entsteht. Die wichtigsten torfbildenden 

Pflanzenarten sind Sphagnum-Moose. Sie dominieren die Vegetation in 

ausschließlich regenwassergespeisten Mooren, sogenannten ombrotrophen 

Mooren. Menschliche Einflüsse stören Moore, zum Beispiel durch Entwässerung, 

erhöhte Stickstoffdepositionen oder die globale Erwärmung durch den 

Klimawandel. In der Folge verändert sich die Vegetation und es dominieren 

Gefäßpflanzen wie Binsen und Seggen. Eine solche Vegetationsverschiebung 

kann die Funktion von Mooren als Kohlenstoffsenke langfristig mindern. 

Zugleich können die Wurzeln der neu angesiedelten Gefäßpflanzen die 

Freisetzung von Methan fördern. Welche Prozesse der Steuerung von 

Kohlenstoff- und Stickstoffakkumulation zugrunde liegen oder wie die 

Produktion und der Verbrauch von Methan im Torf sowie die Methanemissionen 

aus dem Torf zusammenhängen, wurde bislang überwiegend auf der 

Nordhalbkugel untersucht. Dabei ist die Verschiebung der Vegetation dort ein 

relativ junges Phänomen. 

In der südlichen Hemisphäre dagegen dominieren Gefäßpflanzen neben Moosen 

die Vegetation in Mooren schon seit Jahrtausenden und ohne Einfluss des 

Menschen. Sphagnum-Moore sind ihren Pendants der nördlichen Hemisphäre 

sehr ähnlich. Polstermoore hingegen, also Moore, die von polsterbildenden 

Gefäßpflanzen dominiert werden, kommen ausschließlich auf der Südhalbkugel 

vor und unterscheiden sich deutlich von Sphagnum-Mooren. Die dominierenden 

Polsterpflanzen der südpatagonischen Polstermoore sind Astelia pumila und 

Donatia fascicularis. Ein besonderes Merkmal von A. pumila ist ihr extrem 

dichtes, tiefreichendes und aerenchymatisches Wurzelsystem. Patagonische 
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Polstermoore dienen daher als Modellsysteme für Moore, die von Gefäßpflanzen 

dominiert werden. Sie bieten die einzigartige Möglichkeit, die langfristigen 

Auswirkungen von Gefäßpflanzen auf die Kohlenstoff- und 

Stickstoffakkumulation sowie das Zusammenspiel zwischen Rhizosphäre und 

Kohlenstoff- und insbesondere Methandynamiken im Detail zu untersuchen. 

Diese Arbeit besteht aus drei Einzelstudien. Sie befassen sich mit der 

langfristigen Kohlenstoff- und Stickstoffakkumulation und der 

Methanfreisetzung in einem Sphagnum- und einem Polstermoor auf der Isla 

Grande de Tierra del Fuego. Die Steuerungsfaktoren der zugrundeliegenden 

biogeochemischen Flüsse wurden mit einem starken Fokus auf die 

Auswirkungen von Polsterpflanzen und ihrer Rhizosphäre untersucht. Dies hilft, 

ein besseres Verständnis für die Effekte von Gefäßpflanzen auf die 

Ökosystemfunktionen dicht bewurzelter Moore zu erlangen. Konkret wurden 

die Produktion und der Verbrauch von Methan in Mikroformen des 

Polstermoores untersucht. Diese Mikroformen zeichnen sich durch ihre 

spezifischen Pflanzenarten oder durch das Fehlen tiefer Wurzeln unter kleinen 

Moortümpeln aus. Die Methanemissionen auf Landschaftsebene wurden aus 

hochskalierten Mikroformflüssen abgeschätzt. Inwieweit diese Schätzungen 

durch die Bildklassifizierung der Moorvegetation verzerrt sein können, wurde 

exemplarisch untersucht. 

Die Raten der Kohlenstoff- und Stickstoffakkumulation waren von ähnlicher 

Größenordnung im Sphagnum- und im Polstermoor. Sie entsprachen den 

Anreicherungen anderer südlicher oder nördlicher Moore. Obwohl höhere 

Zersetzungsraten den Torf des Polstermoores charakterisierten, schien dies 

kaum Auswirkungen auf die langfristige Kohlenstoffakkumulation zu haben. 

Vegetationsveränderungen im Laufe der Moorentwicklung deuteten auf einen, 

für patagonische Moore typischen, Wechsel von einem minerotrophen zu einem 

ombrotrophen Moor hin. Ascheablagerungen im Polstermoor vor etwa 1600 

Jahren verursachten vermutlich den Vegetationswandel hin zu einer Dominanz 

von Polsterpflanzen. Die langfristige Kohlenstoffakkumulationsrate  hat sich seit 

dem Auftreten der Polsterpflanzen stark verringert, obwohl die 

durchschnittliche Kohlenstoffakkumulation in jüngster Zeit deutlich höher liegt 

im Vergleich zum Sphagnum-Moor. Dies wirft die Frage auf, ob Polsterpflanzen 

den Kohlenstoff nicht akkumulieren können, da die Primärproduktivität die 
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extrem hohen Zersetzungsraten von Streu und in der Rhizosphäre nicht über 

einen längeren Zeitraum hinweg überwiegen kann. 

Das Polstermoor emittierte nahezu kein Methan, was frühere 

Forschungsergebnisse bestätigt. Astelia-Rasen, die das untersuchte Polstermoor 

weitgehend dominierten, waren für solch vernachlässigbare Emissionen 

verantwortlich. Die Wurzeln der Polsterpflanze A. pumila gaben molekularen 

Sauerstoff in großen Mengen in die Rhizosphäre ab, wo das Methan, welches in 

tiefen Torfschichten unterhalb der Rhizosphäre entstanden war, fast vollständig 

oxidiert wurde. Ebenfalls niedrige Emissionen in anderen Mikroformen wie 

Pools oder Sphagnum- und Donatia-Rasen wurden womöglich durch einen 

lateralen Austausch von Methan in die Rhizosphäre des benachbarten A. pumila 

verursacht. Allerdings variierten die Methanflüsse deutlich, nicht nur zwischen, 

sondern auch innerhalb der verschiedenen Mikroformen. So wurden einige 

Sphagnum- und Donatia-Rasen als lokale Emissionshotspots identifiziert, 

vermutlich weil die Wurzeldichte und die Freisetzung von molekularem 

Sauerstoff unter einen bestimmten Schwellenwert gefallen waren. Daher ist das 

Vorhandensein von Polsterpflanzen nicht immer ein verlässlicher Indikator für 

extrem geringe Methanemissionen aus Polstermooren. Grundsätzlich waren die 

höchsten Methanemissionen sowohl im Sphagnum- als auch im Polstermoor im 

Vergleich zu den nördlichen Mooren auf einem mittleren Niveau. 

Die Vegetation im Sphagnum-Moor konnte anhand von hochauflösenden 

Luftbildern klassifiziert werden. Der Klassifikationsansatz kann jedoch zu einer 

starken Verzerrung in der Abschätzung von Methanflüssen auf 

Landschaftsebene führen, wenn diese basierend auf Messungen auf 

Mikroformebene hochskaliert werden. Eine solche Verzerrung wird 

beispielsweise durch eine zu einfache Klassifizierung mit nur wenigen Klassen 

verursacht, wenn dadurch die typisch kleinräumige Oberflächenheterogenität 

eines Moores nicht gut abgebildet wird und ein erheblicher Teil der Oberfläche 

nicht klassifiziert werden kann.  

Die Ergebnisse dieser Arbeit tragen zu einem besseren Verständnis der  

zeitlichen und räumlichen Muster der Kohlenstoffdynamik sowie des Umsatzes 

und der Emission von Methan in patagonischen Regenmooren bei. Aus diesen 

Ergebnissen konnten allgemeine Schlussfolgerungen auch für das Verständnis 

nördlicher Moore gewonnen werden. So wurde beispielsweise ersichtlich, wie 
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wichtig die Zeitskala für die Beurteilung der Kohlenstoffenkenfunktion eines 

Moores ist. Ferner wurde deutlich, wie wichtig das Verständnis der 

biogeochemischen Zusammenhänge im Torf oder der Oberflächenstruktur eines 

Moores für die Abschätzung von Methanemissionen auf unterschiedlichen 

räumlichen Skalen ist. 
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Resumen 

Las turberas juegan un papel crucial en el ciclo global del carbono. Estos 

ecosistemas almacenan enormes cantidades de carbono y representan una 

importante fuente natural de metano, el segundo gas de efecto invernadero con 

más relevancia despues del dióxido de carbono. La decomposición de la biomasa 

vegetal en las turberas está severamente limitada en la zona del suelo inundada 

y pobremente aereada, y así se forma la turba. Consecuentemente las turberas 

acumulan materia orgánica y con ella, carbono y nitrógeno. Las especies de 

musgo más importantes para la formación de turba son del género Sphagnum, 

cuya vegetación domina en turberas exclusivamente alimentadas por aguas 

meteóricas, turberas ombrotróficas. Perturbaciones como el drenaje, la elevada 

deposición de nitrógeno o el cambio climático alteran la vegetación de forma que 

plantas vasculares como juncos, juncias y cárices pasan a ser dominantes, un 

proceso que continuará en el futuro. Este cambio de vegetación puede afectar 

negativamente la función como sumidero de carbono a largo plazo y al mismo 

tiempo la rizosfera puede promover emisiones de metano. Los procesos 

subyacentes que gobiernan la acumulación de carbono y nitrógeno, es decir, los 

procesos de producción y consumo de carbono en la turba, así como los flujos de 

metano han sido estudiados predominantemente en el hemisferio norte donde 

este cambio de vegetación es un fenómeno relativamente reciente. 

En el hemisferio sur las turberas ombrotróficas también pueden ser dominadas 

por plantas vasculares además de por musgos Sphagnum. Ambos tipos de 

turbera han coexistido durante miles de años en condiciones medioambientales 

similares y sin impacto antropogénico. Las turberas ombrotróficas de Sphagnum 

se parecen a sus homólogas en regiones del norte en lo que respecta a 

microtopografía, biodiversidad y propiedades biogeoquímicas. Las turberas 

ombrotróficas dominadas por plantas vasculares pueden formar cojines de 

vegetación. Estas turberas difieren de las dominadas por Sphagnum y se 

encuentran en varias zonas del sur y tropicales del mundo. En el sur de 

Patagonia, las turberas ombrotróficas no han sido expuestas en general a 

impactos humanos y por ello, se puede estudiar el funcionamiento de estos 

ecosistemas en condiciones prístinas. En estas turberas, las plantas vasculares 
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dominantes que forman estos cojines de vegetación son Astelia pumila y Donatia 

fascicularis. Una característica particular de A. pumila es su sistema de raízes de 

tejido aerenquimático en estos cojines de vegetación, extremadamente denso y 

penetrante a zonas profundas del suelo. Las turberas de Patagonia con estos 

cojines sirven pues como sistemas modelo de turbera dominada por vegetación 

vascular. Estas turberas permiten pues el estudio de los efectos de la vegetación 

vascular en la acumulación de carbono y nitrógeno a largo plazo, el papel de la 

rizosfera, y en concreto los procesos relacionados con el metano. 

El objetivo de esta tesis fue conocer con más detalle los patrones espaciales y 

temporales de la dinámica de carbono y de los procesos relacionados con la 

emisóon de metano. Esta tesis consta de tres estudios que tratan sobre la 

acumulación de carbono y nitrógeno a largo plazo y sobre los procesos de 

producción, consumo y emisión de metano en una turbera dominada por 

Sphagnum y una dominada por cojines de vegetación vascular en la Isla Grande 

de Tierra del Fuego. Los factores determinantes de los subyacentes flujos 

biogeoquímicos se evaluaron con especial atención a los efectos de los cojines de 

vegetación vascular y su rizosfera en el funcionamiento del ecosistema. Los 

procesos de producción y consumo de metano en microformas de turberas 

dominadas por cojines de vegetación fueron estudiados. Estas microformas se 

caracterizan por sus especies de plantas específicas o, en zonas encharcadas, por 

la ausencia de raízes profundas. Las emisiones de metano a escala paisajística 

fueron estimadas a partir de las mediciones de flujo a nivel de microforma. El 

sesgo de estas estimaciones fue examinado mediante el uso de imágenes y la 

clasificación de la vegetación.  

Las tasas de acumulación de carbono y nitrógeno en la turbera de Sphagnum y 

en la de vegetación vascular fueron similares y comparables a otras turberas en 

regiones del sur y del norte. La turba en la turbera de vegetación vascular mostró 

mayores tasas de decomposición, seguramente debido al clima local y al aporte 

de spray marino, pero esto tuvo una influencia menor en la acumulación de 

carbono a largo plazo. La baja deposición de nitrógeno en el Sur de la Patagonia 

fue reflejada en la baja tasa de acumulación de nitrógeno a largo y corto plazo en 

la turbera de Sphagnum, lo que demuestra el carácter prístino de las turberas 

ombrotróficas en esta región. Los cambios de vegetación durante la sucesión 

ecológica indicaron una transición de turbera minerotrófica (fen) a turbera 
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ombrotrófica (bog), típica en estos ecosistemas. La ceniza depositada en la 

turbera de vegetación vascular hace aproximadamente 1600 años es la probable 

causante del cambio de vegetación hacia plantas vasculares. A pesar de la mayor 

recién tasa de acumulación de carbono en la turbera de vegetación vascular 

comparada con la turbera de Sphagnum, la aparente tasa de acumulación de 

carbono a largo plazo ha disminuido sustancialmente desde la aparición de la 

vegetación vascular. La pregunta entonces es si la turbera de vegetación vascular 

deja de acumular carbono debido a que la alta productividad de estas plantas no 

compensa a largo plazo la extremadamente alta tasa de decomposición de sus 

tejidos vegetales y en la rizosfera. 

La turbera de vegetación vascular casi no emitió metano lo que confirma previos 

hallazgos. Zonas con pasto de Astelia, predominante en la turbera de vegetación 

vascular estudiada, fueron las principales responsables de esta negligible 

emisión de metano. Las raízes de A. pumila aportaron grandes cantidades de 

oxígeno en la rizosfera, donde el metano formado y procedente de estratos más 

profundos fue oxidado en casi su totalidad. Las bajas emisiones en otras 

microformas como zonas encharcadas de Sphagnum o zonas de pasto de Donatia 

son probablemente también debidas al intercambio lateral de metano en la 

rizosfera cercana a A. pumila. Sin embargo, los flujos de metano variaron 

notablemente no solo entre las diferentes microformas sino también entre el 

mismo tipo de microforma. Algunas zonas de Sphagnum y Donatia representaron 

grandes focos de emisión de metano a nivel local, probablemente debido a que 

la densidad de raízes y el consecuente aporte de oxígeno permanecieron bajo un 

cierto umbral. Por lo tanto, la mera presencia de cojines de vegetación vascular 

no implica que no pueda haber emisiones de metano relevantes en dichas 

turberas. Las zonas encharcadas de ambas turberas estudiadas en esta tesis 

representan ejemplos de baja emisión en relación a otros ecosistemas. En 

general, las emisiones más altas de metano en ambas turberas se situan a un 

nivel intermedio en comparación con turberas en regiones del norte.    

La vegetación en la turbera de Sphagnum se clasificó usando imagenes aéreas de 

alta resolución. Sin embargo, este sistema de clasificación puede conllevar un 

gran sesgo en la estimación de emisiones de metano a nivel paisajístico si se 

utilizan mediciones a nivel de microforma. Dicho sesgo puede ser debido, por 

ejemplo, a una clasificación excesivamente simple con la elección de unas pocas 
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clases de vegetación, especialmente si la heterogeneidad de la superfície a 

pequena escala no está bien mapeada y una parte importante de la superfície no 

puede ser debidamente clasificada. 
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1. Extended overview about this study 

1.1. Introduction 

General pathways of carbon flows in peatlands 

Peatlands are semi-terrestrial ecosystems where organic matter accumulates 

because of waterlogged and poorly aerated conditions in the soil. Peat is formed 

by the dead biomass of living plants growing at the surface of a peatland and 

taking up atmospheric carbon (C) by photosynthesis. This organic matter 

produced by living plants is deposited as litter on the surface, decomposes only 

incompletely due to the anaerobic conditions in the soil and is successively 

buried by new layers of litter. Only 2-16 % of the total C fixed by photosynthesis 

(Clymo, 1984; c.f. Tolonen and Turunen, 1996) permanently accumulates in the 

waterlogged peat layers of solely rainwater-fed peatlands (bogs). Most of the 

fixed C is released as carbon dioxide (CO2) during autotrophic respiration by the 

living plants and heterotrophic respiration processes of other organisms, most 

importantly microbes decomposing the organic matter (e.g. Blodau, 2002). Also, 

as an end-product of decomposition, methane (CH4) is released from 

waterlogged peat layers (e.g. Whalen, 2005). Additionally, some C is lost from the 

peat by lateral export of dissolved organic carbon (DOC) (e.g. Blodau, 2002; 

Limpens et al., 2008).  

Despite this only small imbalance of primary productivity over decomposition, 

the undisturbed accumulation of organic matter over thousands of years has 

resulted in several meters of accumulated peat, in some regions of the world 

reaching more than ten meters (Rydin and Jeglum, 2013). Peatlands found on the 

earth’s surface today have mostly developed during the Holocene since the last 

deglaciation ~12000 years before present in areas with cool and moist climate 

(e.g. Loisel et al., 2014). At present, they are primarily distributed across the 

high-latitude regions of the world (Figure 1.1). These peatlands north of 30°N in 

boreal and subarctic regions are often termed northern peatlands in the 

literature (e.g. Gorham, 1991; Lai, 2009; Yu, 2012; Charman et al., 2013; Loisel et 

al., 2014). 
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Figure 1.1 Global distribution of peatlands, map published in Yu et al. (2010). 

Relevance of undisturbed peatlands and threats to peatlands 

Intact peatlands have stored large amounts of soil organic C due to their long-

term accumulation of peat (e.g. Clymo, 1984; Gorham, 1991; Yu et al., 2010; 

Loisel et al., 2014). To date, they act as net sinks of CO2 and are therefore an 

integral element of the terrestrial C cycle, playing a crucial role in the climate 

system (e.g. Frolking et al., 2011; Charman et al., 2013). Due to the long-term 

undisturbed accumulation of peat in bogs, their peat profiles contain pollen, 

plant macrofossil remains and other proxies that serve as natural archives, for 

example for records of past environmental, ecological and climatic conditions 

(e.g. Markgraf, 1993; Rabassa et al., 2006; Hughes et al., 2013; Gałka et al., 2017). 

In contrast to minerotrophic fens with nutrient input by groundwater, bogs are 

extremely nutrient-poor ecosystems characterized by acidic conditions as they 

are disconnected from groundwater flows. They are raised above the surface or 

follow the relief (blanket bogs) and receive their nutrients only from 

atmospheric deposition or nitrogen (N) fixation (Limpens et al., 2006; Vile et al., 

2014; Knorr et al., 2015). With these characteristics, bogs provide a habitat only 

to very specialized (plant) species adapted to these conditions, for example peat-

forming Sphagnum mosses that in turn reinforce such conditions (van Breemen, 

1995). Apart from their C storage function, unique biodiversity or scientific 

value, undisturbed peatlands provide further, also economic, services to humans 

such as the regulation of landscape hydrology and the provisioning of drinking 

water or flood control (Joosten and Clarke, 2002; Parish et al., 2008). 
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However, current anthropogenic activities have degraded peatlands in many 

parts of the world and disturbed the C accumulation of peatlands (e.g. Joosten 

and Clarke, 2002; Turunen et al., 2004; Basiliko et al., 2007; Gunnarsson et al., 

2008; Parish et al., 2008; Frolking et al., 2011; Turetsky et al., 2014; Tiemeyer et 

al., 2016; Berger et al., 2018; Veber et al., 2018; Moore et al., 2019). This has 

caused a shift in the vegetation composition of bogs from a dominance of 

Sphagnum towards an increasing cover of vascular plants due to a warmer and 

drier climate (e.g. Breeuwer et al., 2010; Dieleman et al., 2014; Gavazov et al., 

2017), lowering of the water table (e.g. Bragazza, 2006; Strack et al., 2006; Gogo 

et al., 2011) for drainage or forestry and high levels of N deposition (e.g. 

Berendse et al., 2001; Turunen et al., 2004; Gunnarsson et al., 2008; Juutinen et 

al. 2010; Wu and Blodau, 2015; Moore et al., 2019). Also, restoration efforts to 

re-activate the C sink function of degraded bogs have often resulted in a high 

cover of vascular plants (e.g. Pfadenhauer and Klötzli, 1996; Tuittila et al., 1999; 

Vasander et al., 2003; Waddington and Day, 2007). Today, there exists a variety 

of managed or degraded bogs dominated by densely rooting vascular plants such 

as rushes and sedges. The long-term impact of vascular plants on bog ecosystem 

functioning, however, remains unclear as the shift in vegetation posed a rather 

recent phenomenon that has been mostly studied on comparatively short 

timescales of decades. Thus, research is needed about the potential of bogs to 

sustain their long-term C accumulation and C sink function, also in cases of 

increased cover of vascular plants at their surface. 

Long-term carbon accumulation in peatlands and its controls 

By their special characteristic, the small but long-term disequilibrium between 

primary productivity and decomposition, peatlands have sequestered enormous 

amounts of C from the atmosphere. About one third of the global soil organic C 

pool is stored in peat (c.f. Loisel et al., 2014), and this amounts to more than 600 

gigatons of C (Gt C) (Yu et al., 2010) equaling approximately two thirds of all C in 

the atmosphere and the same amount of C as stored in all terrestrial biomass 

(Joosten and Clarke, 2002).  With 3 % peatlands cover only a comparatively small 

area of the global terrestrial surface, and are therefore characterized as the “most 

space-effective carbon stocks compared to all other terrestrial ecosystems” 

(Parish et al., 2008). Northern peatlands represent with 455-621 Gt C up to more 

than 90 % of the global total peatland C pool (Gorham, 1991; Yu et al., 2012), and 
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are comparatively well investigated in this context. Living northern peatlands 

accumulate C at an apparent long-term rate of 18.6 g C m-2 yr-1 (peatlands north 

of 30°N, Yu et al., 2010) to 23-29 g C m-2 yr-1 (Gorham, 1991; Tolonen and 

Turunen, 1996; Loisel et al., 2014: peatlands north of 45°N). The land surface 

covered by peatlands on the southern hemisphere is substantially smaller 

compared to the extent of northern peatlands (Yu et al., 2010; Figure 1.1). 

Patagonia is the most important peatland region on the southern hemisphere, 

presenting with the highest share of the land surface covered by peatlands (Yu 

et al., 2010). Despite their comparatively small extent, Patagonian peatlands 

provide a notable C pool of 7-15 Gt C with an average C accumulation rate of 16-

22.0 g C m-2 yr-1 (Yu et al., 2010; Loisel and Yu, 2013). Although some information 

is available about the C pool and its accumulation rates in southern hemisphere 

peatlands, little attention has been given to these ecosystems in this regard as 

compared to the extensive knowledge present for northern hemisphere 

peatlands. For example, a systematic comparison of different bog ecosystems 

and the within-site variability of typical microforms has not yet been assessed. 

Accumulation of organic C in peat is controlled by the balance between primary 

productivity and decomposition. Therefore, controls on primary productivity 

and decomposition drive C sequestration. Primary productivity defines the 

amount of biomass produced by plants and, as the plants themselves use some 

of the assimilated C, net primary productivity describes the difference between 

photosynthesis and autotrophic respiration. Primary productivity is generally 

linked to the hydrologic regime and climatic factors, e.g. photosynthetic active 

radiation as well as mean annual temperature and precipitation (Frolking et al., 

2001; Blodau, 2002; Charman et al., 2013). Additionally to comparatively low 

temperatures and short vegetation periods (Frolking et al., 2001), a scarce 

availability of N and phosphorus often limits primary productivity in northern 

peatlands (Aerts et al., 1992; Wang et al., 2014). Thus, decomposition is generally 

considered to be more important for C accumulation than primary productivity 

(Clymo, 1984). While vascular plants have a higher productivity (Otieno et al., 

2009; Olid et al., 2014; Gavazov et al., 2017; Korrensalo et al., 2017), the largest 

quantities of organic C have been produced by peat-forming Sphagnum mosses 

throughout the Holocene. Sphagnum mosses play a key role in creating 

waterlogged, nutrient-poor and acidic conditions by generating recalcitrant 
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litter, thereby promoting peat accumulation (van Breemen, 1995). Moreover, 

these features make Sphagnum capable to outcompete vascular plants.  

Decomposition encompasses all heterotrophic respiration processes resulting in 

the formation of CO2 or CH4. The rate of decomposition in aerobic and anaerobic 

peat layers is, therefore, one key factor regulating the emission of these two most 

important greenhouse gases from peatlands. Rapid decomposition of organic 

matter and therefore low C accumulation occurs in the aerobic peat layers at the 

surface, which typically extend only about a few decimeters (Clymo, 1984; 

Whalen, 2005; Limpens et al., 2008). Decomposition rates slow down when the 

organic matter becomes buried in deeper, waterlogged and anaerobic layers of 

the peat. These waterlogged layers are the prerequisite for C sequestration due 

to incomplete decomposition of the organic matter. For this reason, the level of 

the – generally high – water table, which is determined by the hydrological and 

climatic setting, fundamentally controls the rate of decomposition and C 

accumulation in a peatland (Clymo, 1984; Frolking et al., 2001; Blodau and 

Moore, 2003; Belyea and Malmer, 2004; Blodau et al. 2007; Knorr et al., 2008; 

Chen et al., 2012). Other autogenic factors such as the topography, geology, 

groundwater flows and chemistry furthermore affect C accumulation in a 

peatland (Turunen et al., 2004). The setting of a peatland determines the redox 

conditions and the availability of nutrients. The slowdown of decomposition 

then results from complex interactions between the microbial community, 

recalcitrant peat-forming litter, inactivation of oxidative enzymes, an 

accumulation of decomposition end-products and abiotic factors such as low 

supply of molecular oxygen (O2) as well as low pH and low temperatures 

(Freeman et al., 2004; Beer and Blodau, 2007; Limpens et al., 2008; Knorr and 

Blodau, 2009; Bonaiuti et al., 2017). 

The small imbalance between primary productivity and decomposition makes C 

accumulation in peatlands generally vulnerable to global change. For example, 

as the vegetation shifts towards increasing cover of vascular plants, 

decomposition rates might be accelerated by the labile litter produced by 

vascular plants (Dorrepaal et al., 2005; Moore et al., 2007; Gunnarsson et al., 

2008; Gogo et al., 2011) or their root exudates (Crow and Wieder, 2005; Ström 

et al., 2005; Fritz et al., 2011; Basiliko et al., 2012; Gavazov et al., 2017). Thus, 

while typically being CO2 sinks, peatlands can potentially also become 
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substantial CO2 sources, for example if drained (Frolking et al., 2011; Estop-

Aragonés et al., 2016; Gavazov et al., 2017; Veber et al., 2018). Due to the clear 

differences between Sphagnum mosses and vascular plants with regard to their 

productivity and their effects on decomposition processes, research on long-

term effects of vascular plants on C accumulation in bogs is required. The 

vegetation furthermore closely couples the accumulation of C to the 

accumulation of N in bogs that store a significant amount (9-16 %) of the world’s 

soil organic N (Limpens et al., 2006). Nevertheless, research of peat N 

accumulation received much less attention than C accumulation (Turunen et al., 

2004; Loisel et al., 2014; Wang et al., 2014; Larsson et al., 2017). For example, 

the long-term accumulation of N in Patagonian peatlands has not yet been 

described to the best of my knowledge. 

Methane dynamics in peatlands and its controls 

Peatlands function not only as long-term sinks of atmospheric C and N, but also 

as the world’s largest natural sources of CH4 responsible for about 10 % of global 

annual CH4 emissions (Aselmann and Crutzen, 1989; Mikaloff Fletcher et al., 

2004). As CH4 has a 28-fold higher global warming potential over a 100-year time 

horizon compared to CO2 (IPCC, 2014), processes governing CH4 dynamics in 

peatlands receive much attention to estimate global greenhouse gas emissions. 

Methane is produced as the final step of anaerobic decomposition (Figure 1.2) 

by either hydrogenotrophic or acetoclastic methanogenesis under strictly 

anaerobic conditions (Segers, 1998). Under these conditions, methanogenesis is 

mainly controlled by the substrate supply of labile organic matter (Hornibrook 

et al., 1997; Whalen, 2005). Methane is prevailingly produced by acetoclastic 

methanogenesis when fresh, labile organic matter is available, whereas the 

production pathway shifts towards hydrogenotrophic methanogenesis when 

organic matter becomes increasingly recalcitrant (Hornibrook et al., 1997; Popp 

et al., 1999; Chasar et al., 2000; Conrad, 2005). Subsequent to its production, CH4 

slowly diffuses along the concentration gradient from deep anaerobic peat layers 

to the atmosphere where it is released. In upper, unsaturated and aerobic peat 

layers CH4 might get consumed by methanotrophic microbes (Chasar et al., 2000; 

Whalen, 2005; Berger et al., 2018). Consequently, water table position and 

fluctuation strongly control the amount of emitted CH4 (Blodau and Moore, 2003; 

Whalen, 2005). While CH4 oxidation suppresses CH4 emissions in diffusion-
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dominated systems, plant-mediated transport by aerenchymatic roots can 

substantially increase CH4 emissions (Fechner-Levy and Hemond, 1996; 

Joabsson et al., 1999, and references therein; Chasar et al., 2000; Colmer, 2003; 

Whalen, 2005; Knoblauch et al., 2015; Burger et al., 2016; Berger et al., 2018), 

causing the vegetation to be a strong control for exchange of not only CO2. Also, 

ebullition by fast release of gas bubbles can significantly increase CH4 emissions 

and, with a high share of ebullitive fluxes, vegetated or open water pools in 

peatlands are considered to be strong CH4 emitters (Hamilton et al., 1994; 

Blodau, 2002; Burger et al., 2016). However, with respect to emissions, pools 

have received less attention than the vegetated surfaces (Pelletier et al., 2014). 

Bogs are characterized by a high spatial variability resulting from a pronounced 

microtopography with elevated hummocks at the one, or lawns and pools at the 

other extreme of the water table gradient (Couwenberg and Joosten, 2005). 

These microforms distinctly differ, for instance, in their plant communities, 

microclimate or C turnover and emissions. Controls on CH4 dynamics have 

therefore to be considered on different spatial scales from the mechanistic, 

biogeochemical process scale over the plant species and vegetation community 

scale to the landscape scale (Bridgham et al., 2013), as also CH4 fluxes vary, e.g. 

on the microform- and landscape-level (Blodau, 2002; Limpens et al., 2008; Lai, 

2009; Turetsky et al., 2014; Zalman et al., 2018). It is essential to investigate how 

processes are connected between scales, and, if knowledge gained on one scale 

is not applicable to another scale, important drivers and processes might be 

missing (Field and Ehleringer, 1993) resulting in significant errors of regional 

and global emission estimates (Bridgham et al., 2013).  

While the majority of studies elucidating CH4 dynamics in peatlands has been 

conducted on the northern hemisphere (e.g. Blodau, 2002; Lai, 2009; Frolking et 

al., 2011; Bridgham et al., 2013; Turetsky et al., 2014, and references in these), 

only little research deals with CH4 dynamics and its environmental or 

biogeochemical controls in bogs on the southern hemisphere (Fritz et al., 2011; 

Broder et al., 2015, Goodrich et al., 2015; Dullo et al., 2017; Veber et al., 2018). 

Further knowledge on CH4 production, consumption and release from these 

ecosystems and its controls is therefore required in order to improve our 

mechanistic understanding of the CH4 exchange with the atmosphere. 
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Figure 1.2 Conceptual illustration of CH4 dynamics in the soil (microbial processes given in italics) 

as published by Dean et al. (2018). Organic matter is degraded in anoxic environments by a chain 

of microbial respiration processes resulting in CO2 and CH4 as end-products. Methane diffusing 

upwards can be oxidized by methanotrophs. In theory, different electron acceptors are available 

for microbial respiration processes, as shown here by a theoretical distribution based on their 

electron potential. Methane can be released from the peat by diffusion, ebullition or 

aerenchymatic transport.  

Relevance of vascular plants for CH4 dynamics in peatlands 

Many vascular wetland plants develop an aerenchymatic tissue to aerate their 

roots when growing in waterlogged soil (Joabsson et al., 1999; Brune et al., 2000; 

Colmer, 2003). These aerenchymatic roots provide a bidirectional shortcut 

between the atmosphere and anoxic soil layers. Not only O2 can be transported 

downwards, also CH4 can diffuse upwards through the aerenchyma. Methane 

thereby bypasses oxic surface soil layers and is prevented from oxidation which 

results in enhanced CH4 emissions (so-called “chimney effect”, e.g. Joabsson et 

al., 1999 and references therein; Chasar et al., 2000; Colmer, 2003; Ström et al., 

2005; Whalen, 2005; Goodrich et al., 2015; Knoblauch et al., 2015; Berger et al., 

2018). Moreover, roots release labile organic matter as substrate for CO2 and CH4 

production which can further accelerate CH4 emissions (e.g. Joabsson et al., 1999; 

Colmer, 2003; Ström et al., 2005; Whalen, 2005). In this context, an increasing 

cover of vascular plants, which may e.g. develop in degraded peatlands, has been 
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shown to stimulate CH4 production and release (Strack et al., 2006; Turetsky et 

al., 2014; Henneberg et al., 2015). 

However, O2 diffusing downwards can also leak from roots into the rhizosphere 

where it creates oxic microzones within anoxic soil and becomes available for 

microbial respiration (“rhizosphere oxygenation effect”, e.g. Popp et al., 1999; 

Brune et al., 2000; Colmer, 2003;  Ström et al., 2005; Knorr et al., 2008; Fritz et 

al., 2011; Agethen et al., 2018). Release of O2 results in an opposite effect: CH4 

oxidation within the soil is enhanced and emissions are suppressed. Such O2 

diffusion through the aerenchyma into the rhizosphere can even decouple CH4 

emissions from its key control, water table and anoxic conditions, by reducing 

CH4 concentrations in the peat and emissions from it to negligible amounts (Fritz 

et al., 2011; Dullo et al., 2017). The strength of these two opposing root effects 

likely depends on the specific plant species, the composition of the vegetation 

and their root characteristics. Promotion of CH4 release or suppression of CH4 

production is presumably determined by the ratio of root density and root 

activity, associated with O2 release versus presence of labile root organic matter 

accompanied by O2 consumption (Blodau, 2002; Agethen et al., 2018). Thus, the 

prevalent vegetation strongly controls the exchange of CH4 between wetlands 

and the atmosphere and can be used as a proxy to estimate CH4 emissions (e.g. 

Ström et al., 2005; Dorodnikov et al., 2011; Couwenberg and Fritz, 2012). 

However, the knowledge available about the relationships between the 

prevalent vegetation and CH4 dynamics is up to date been restricted to northern 

peatlands except three recent studies by Fritz et al. (2011), Goodrich et al. (2015) 

and Dullo et al. (2017). There is clearly a need for further research to deepen 

these first insights into CH4 emissions and its controls on different spatial scales 

from the southern hemisphere. 

Special characteristics of Patagonian peatlands 

In light of the large land mass covered by northern peatlands (Figure 1.1), it is 

plausible that the greatest part of the currently available knowledge about the 

ecology or biogeochemistry of peatlands was obtained on the northern 

hemisphere. Nevertheless, this view hampers a comprehensive understanding of 

peatland ecosystem functioning and, thus, our ability to deal adequately with the 

challenges of global change, in particular global warming and elevated N 
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deposition. This is due to some special characteristics of southern hemisphere 

peatlands, but in particular Patagonian peatlands. For instance, atmospheric N 

deposition remains very low in Patagonian peatlands and has been estimated at 

the north coast of the Beagle Channel to range between 0.1 to 0.2 g N m-2 yr-1. 

(Fritz et al., 2012), which is attributable to the strong influence of westerly winds 

(Björck et al., 2012), hardly transporting any anthropogenic pollutants when 

blowing from the Pacific. Additionally, Patagonian peatlands do not have a long 

and intensive history of anthropogenic ecosystem modifications (Kleinebecker 

et al., 2008; Fritz, 2012; Iturraspe, 2012; Grootjans et al., 2010; Paredes et al., 

2014). Consequently, Patagonian peatlands provide the nowadays rare 

opportunity to study ecosystem functioning under pristine, pre-industrial 

conditions (c.f. Pancotto et al., 2003; Fritz et al., 2012; Knorr et al., 2015; Borken 

et al., 2016), such as C dynamics, as done in this thesis. However, Patagonia's 

peatlands are increasingly exposed to anthropogenic pressure (Iturraspe, 2012; 

Loisel and Yu, 2013; Grootjans et al., 2014). Moreover, peatlands in Patagonia are 

of global significance, as they constitute the southern counterparts to northern 

peatlands while almost no other land mass is found in comparable southern 

latitudes (c.f. Fritz, 2012), and as they host a unique biodiversity (Kleinebecker 

et al., 2007; 2010; Paredes et al., 2014). Placing these ecosystem more into the 

spotlight of scientific research may not only offer greater insights into general 

ecological or biogeochemical mechanisms, but may also aid in their protection 

and preservation. 

Patagonia has attracted scientists since the early discoveries. However, most 

researchers have drawn their findings from the undisturbed peat accumulation 

and studied peatlands mainly from a paleogeological and paleoecological 

perspective (Heusser 1989; Markgraf, 1993; Heusser, 1998; Rabassa et al., 2000; 

Mauquoy et al., 2004; Rabassa 2006; Markgraf and Huber, 2010; Björck et al., 

2012; Daley et al., 2012; Kilian and Lamy, 2012; Borromei et al., 2014; Musotto 

et al., 2015; Van Bellen et al., 2015; Chambers et al., 2014). Building on these and 

other older works, also some investigations on the ecology of Patagonian 

peatlands were conducted more recently. Patagonian raised bogs dominated by 

peat-forming Sphagnum mosses (hereafter termed Sphagnum bogs) have been 

found to strongly resemble their northern counterparts (hereafter termed 

northern bogs) with respect to their microtopography and floristic 

(Kleinebecker et al., 2007) or fungal composition (Paredes et al., 2014), the 
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elemental composition in plant tissues (Schmidt et al., 2010) or biogeochemical 

peat and pore water characteristics (Biester et al., 2003; Kleinebecker et al., 

2008; Broder et al., 2012, Broder et al., 2015). Also pools are found with sparse 

or no vegetation (Fritz et al., 2011; Kip et al., 2012; González Garraza et al., 2018). 

A unique feature of these Sphagnum bogs is their simple vegetation composition 

with only one dominant Sphagnum species, Sphagnum magellanicum 

(Kleinebecker et al., 2007; Fritz et al., 2012; Loisel and Yu, 2013). Contrary to the 

majority of global bogs, bogs on the southern hemisphere (hereafter termed 

southern bogs) are not only vegetated by Sphagnum mosses, dwarf shrubs or a 

few graminoids such as the rush-like species Tetroncium magellanicum. 

Exclusively southern bogs can be also dominated by dense, extensive lawns of 

cushion-forming vascular plants (Ruthsatz and Villagran, 1991; Heusser, 1995; 

Kleinebecker et al., 2007; Grootjans et al. 2010; Iturraspe, 2012; Borromei et al., 

2014; hereafter termed cushion bogs) that developed without an initiation by 

man. 

Cushion bogs and other vascular-plant dominated peatlands 

Ombrotrophic cushion bogs are a typical feature of the Patagonian landscape, but 

also occur in other parts of the southern hemisphere and in tropical regions. 

Cushion bogs are found for instance all along the high Andes (Coombes and 

Ramsay, 2001; Skrzypek et al., 2011; Benavides et al., 2013; Fonkén, 2014), in 

the highlands of eastern Africa (Dullo et al., 2017) as well as in New Guinea 

(Hope, 2014), New Zealand, and Tasmania (Gibson and Kirkpatrick, 1985; 

Ruthsatz and Villagran, 1991) and some sub-Antarctic islands (Ruthsatz and 

Villagran, 1991). While these ecosystems did not attract much scientific 

attention so far, they differ distinctly from Sphagnum and northern bogs in some 

features as described in the following.  

In Patagonia, cushion bogs are, with increasing distance from the coast, gradually 

replaced by Sphagnum bogs (Kleinebecker et al., 2007; Figure 1.3). The 

environmental drivers that lead to the formation of these two contrasting bog 

ecosystems are not fully understood and are the subject of current research. For 

instance, the precipitation regime was identified as an important climatic 

variable (Kleinebecker et al., 2008). Presence of cushion plants close to the coast 

has furthermore been attributed to elevated nutrient deposition due to high sea 



Extended overview about this study 

24 

 

spray input in windy and rainy areas (Kleinebecker et al., 2008) while Sphagnum 

might suffer from desiccation stress due to strong winds (Fritz, 2012). The input 

of sea spray results in elevated elemental concentrations of base cations 

(Kleinebecker et al., 2008), halogens (Biester et al., 2004) or sulfate (Broder et 

al., 2015) and a higher decomposition degree (Broder et al., 2012) in the peat 

compared to more continental sites with higher Sphagnum dominance. 

Elemental concentrations in plant tissues reflect the change in the floristic 

composition attributed to the increasing continentality (Schmidt et al., 2010).  

Cushion-forming vascular plants, for instance of the genus Astelia (Asteliaceae), 

Donatia (Stylidiaceae) or Oreobolus (Cyperaceae), have independently 

developed a dense cushion life form to protect from harsh climatic conditions in 

cold and windy environments (Gibson and Kirkpatrick, 1985; Boucher et al., 

2016). Many cushion-forming species are characterized by tiny leaves, high 

nutrient use efficiency (Fritz, 2012) and extremely dense and deep-reaching root 

systems (Heusser, 1995; Fritz et al., 2011, Knorr et al., 2015). Like other vascular 

plants growing under waterlogged conditions, roots of cushion plants are also 

characterized by aerenchymatic tissues as an adaptation to O2 shortage. As 

reported by Fritz et al. (2011) and Broder et al. (2015), the extensive, 

aerenchymatic roots and a pronounced O2 supply by the cushion plant Astelia 

pumila resulted in a thorough oxidation of pore water CH4, enhanced organic 

matter decomposition and negligible CH4 emissions in Patagonian cushion bogs. 

Aerobic conditions and presence of labile root organic matter in the rhizosphere 

of this cushion plant might also promote nonsymbiotic fixation of molecular N 

suggesting enhanced N and C cycling in these ecosystems (Knorr et al., 2015). 

Moreover, Patagonian cushion bogs are characterized by a high fungal diversity 

benefiting from root O2 release and thereby decomposition is furthermore 

stimulated (Paredes et al., 2014). However, to my knowledge, the 

abovementioned studies were the first dealing with C dynamics in Patagonian 

cushion bogs, restricting general conclusions from this type of ecosystem with 

respect to C cycling. The manifold but hardly investigated, mutual interactions 

between specific plant traits and peat properties thus require further research 

in cushion bogs.  

A variety of bogs dominated by vascular plants exists on the northern and 

southern hemisphere. The occurrence of degraded bogs dominated by vascular 
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plants is, however, a rather recent phenomenon. In Patagonia, cushion bogs have 

already existed for a long-term of millennia (at least since 2600 14C yrs. BP; 

Heusser, 1995). Apart from cushion bogs or degraded bogs, another example of 

a vascular plant-dominated bog naturally occurring are restiad bogs in New 

Zealand that are characterized by rush-like herbs of the family Restionaceae 

(Clarkson et al., 2009). Cushion bogs can therefore be regarded as model systems 

in two respects: Firstly, they may represent already end-members of the 

vegetation succession towards the dominance of vascular plants as already (at 

least partly) anticipated on the northern hemisphere (Gunnarsson et al. 2008; 

Limpens et al. 2008; Wu et al., 2015). Cushion bogs therefore provide the highly 

required opportunity to study long-term effects of a vegetation dominated by 

vascular plants on C (and N) accumulation in order to evaluate the long-term C 

sink function of bogs. Secondly, they are extreme examples for densely rooted 

bogs. Latest research has given some evidence that very low CH4 pore water 

concentrations could be a more common phenomenon in vascular plant-

dominated bogs (Knorr et al., 2015; Dullo et al., 2017; Agethen et al., 2018). 

Cushion bogs as model systems thus allow to study rhizosphere effects on C 

dynamics and CH4 turnover and emission, improving our mechanistic 

understanding for these relationships. 

 

 

Figure 1.3 Cushion bogs are with increasing distance from the coast gradually replaced by 

Sphagnum bogs (Kleinebecker et al., 2007). Precipitation patterns, input of nutrients by sea spray 

deposition and strong winds have been discussed as important environmental drivers leading to 

the formation of these contrasting bog ecosystems (Kleinebecker et al., 2008; Fritz, 2012).  
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1.2. Objectives 

Blablabla  
The overall aim of this thesis was to provide deeper insights into temporal and 

spatial patterns of C dynamics and CH4 turnover and emission in a raised 

Sphagnum-dominated bog ecosystem (Sphagnum bog) and a vascular cushion 

plant-dominated bog ecosystem (cushion bog). A particular importance was 

attached to a better understanding of the long-term impacts of vascular cushion 

plants on ecosystem functioning in densely rooted cushion bogs. Thus, a special 

emphasis was given to the C dynamics in under-researched cushion bogs to 

evaluate whether these ecosystems continue to be long-term C sinks and 

whether they are near-zero CH4 emission systems. Such knowledge is also of 

relevance in the context of northern peatland restoration approaches and 

anticipated climate change. 

The main objectives that I addressed where to:   

I. Quantify long-term C and N accumulation rates in both contrasting 

ombrotrophic bogs. 

II. Evaluate the influence of different plant communities on long-term C 

and N accumulation rates in both contrasting ombrotrophic bogs. 

III. Quantify austral summer CH4 emissions from dominant microforms in 

both contrasting ombrotrophic bogs. 

IV. Explain differences in CH4 production and emission from different 

microforms of the cushion bog on a process level. 

V. Estimate landscape-level CH4 release in the Sphagnum bog from 

upscaled microform-scale fluxes.  

 

This thesis consists of three individual studies dealing with past to present C and 

N accumulation (Study I), small-scale present CH4 release and its controls 

(Study II), and landscape-level CH4 release and its bias introduced by image 

classification of the bog vegetation (Study III) in both contrasting bog 

ecosystems on the Isla Grande de Tierra del Fuego. 
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1.3. Methods 

Study sites  

The research sites selected for this study are situated on the Isla Grande de Tierra 

del Fuego (53°-55°S, Figure 2.1). The Isla Grande de Tierra del Fuego is the 

largest island of the vast archipelago in southern Patagonia at the southernmost 

tip of South America. The oceanic climate of Tierra del Fuego is windy and cold, 

with an annual mean temperature of ~5 °C, and wet, with an annual mean 

precipitation ranging between 300-600 mm yr-1 (Rabassa et al., 2006). Glacial 

and periglacial processes in the region left deep valleys embedded in steep 

mountain flanks, local drumlin fields or end moraines and alluvial fans that 

provided a landscape for peatland formation (Rabassa et al., 2006 and references 

therein). Peat started to accumulate at least about 15000 14C yrs. BP (Markgraf 

and Huber, 2010; Loisel and Yu, 2013), near the nowadays largest city in that 

area, Ushuaia, between 12000-13000 14C yrs. BP, and even only at 

10000 14C yrs. BP in Andean valleys of Tierra del Fuego (Coronato 1990, 1993, 

1995 in Rabassa et al., 2006). The two rain water-fed bog ecosystems selected 

for this study are both located at the northern coast of the Beagle Channel and 

characterized by a distinct, contrasting vegetation composition. 

Raised Sphagnum-dominated bog ecosystem 

The Sphagnum bog (Valle de Pipo, 54°49′S, 68°27′W, Parque Nacional Tierra del 

Fuego) is a raised bog as commonly found in Andean valleys of Tierra del Fuego 

(Grootjans et al., 2010). The surface exhibits a pronounced micro-relief and is 

composed of alternating stripes of dry hummocks elevated up to 50 cm above 

the water table and wet lawns with pools. The vegetation is dominated by one 

single peat-forming moss, Sphagnum magellanicum, presenting with more than 

40 % cover and growing in all habitats along the entire microtopographical 

moisture gradient as typical for Patagonian Sphagnum bogs (Kleinebecker et al., 

2007; Fritz et al., 2012; Loisel and Yu, 2013). Only one other peat-forming moss, 

Sphagnum cuspidatum, can be found in pools or at their margins. The dwarf-

shrub Empetrum rubrum and living or dead shoots of the rush Marsippospermum 

grandiflorum distinctly characterize drier sites at intermediate positions of the 

microtopographical moisture gradient or dry Sphagnum hummocks. Other 
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vascular plants such as Tetroncium magellanicum, Gaultheria antarctica, 

Nothofagus antarctica, Carex magellanica, Rostkovia magellanica, Nanodea 

muscosa and Pernettya pumila are occurring frequently but only with low cover. 

Small patches of the surface are covered by lichens or display bare peat without 

any vegetation. 

Vascular cushion plant-dominated bog ecosystem 

The cushion bog (close Bahía Moat, 54°58’S, 66°44’W) forms part of a complex 

system of sloping mires, blanket bogs and fens (Iturraspe, 2012; Borromei et al., 

2014). Compared to the Sphagnum bog, the studied cushion bog located close to 

the coast has a flat micro-relief with a surface largely covered by firm lawns of 

the evergreen cushion-forming plant Astelia pumila. S. magellanicum or cushion-

forming Donatia fascicularis grow in small lawns at pool margins, presumably 

providing a wind-sheltered habitat for S. magellanicum. These pools can be 

sparsely vegetated by the rush-like herb T. magellanicum that is associated 

predominantly with Sphagnum lawns, but also occurs in Astelia and Donatia 

lawns. Pool sediments are inhabited by cyanobacteria and submerged 

S. cuspidatum (Kleinebecker et al., 2007; Kip et al., 2012; González Garraza et al., 

2018). 

A. pumila and D. fascicularis are characterized by a large aerenchymous root 

system compared to their small, densely packed and slowly growing 

aboveground biomass. The density in the rhizosphere of A. pumila down to 1.7 m 

peat depth encompasses around 2.15 g dry root biomass L-1 (of peat), which 

is  four times larger than in northern bogs (Fritz et al. 2011). A. pumila root 

lifetimes have been estimated to be around three to four years referring to a fast 

root turnover (Knorr et al., 2015). However, pollen assemblages of the tree 

Nothofagus betuloides and of the dwarf shrub Empetrum accumulated in peat 

formed by Sphagnum indicated a distinctly different vegetation composition 

before 2600 yrs. BP (Heusser, 1995; Borromei et al., 2014), as typical for 

Sphagnum bogs. 
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Climatic settings 

Latest annual precipitation measurements took place in 2016 during a 

comparatively dry year at the Sphagnum bog and amounted to 515 mm (Holl et 

al., 2019). In Ushuaia, January is usually the warmest month of the austral 

summer with 9.1 °C on the average while the coldest month of austral winter is 

June with 1.2 °C on the average (Iturraspe, 2012). The cushion bog is located in 

exposed proximity to the Beagle Channel with harsh winds resulting in an 

oceanic climate. Annual precipitation exceeds amounts measured at the 

Sphagnum bog and ranges between 503 mm (Fritz, 2012) to 726 mm (Holl et al., 

2019). The annual temperature amplitude is slightly lower with warmest 

average temperatures of 9-10 °C during February and 2-5.4 °C in June (Holl et al., 

2019). 

Setup and sampling in the field 

Record of environmental conditions 

A weather station (HOBO U30 NRC, Onset, USA) was set up at the center of each 

study site to monitor air temperature (HOBO S-TMB-M0x, Onset, USA) and 

photosynthetic active radiation (HOBO S-LIA-M003, Onset, USA, up to 

2500 µmol m-2 s-1) during two measurement campaigns in austral summer 

(January to April 2015 and 2016, respectively). Water table fluctuations 

(Levelogger Edge 3001 and Barologger Edge, Solinst, Canada; both installed in 

perforated PVC tubes) and soil temperature (HOBO TMCx-HD and HOBO U-12-

008, Onset, USA) were installed in four depths of 0.05, 0.1, 0.3 and 0.5 m in a 

Sphagnum lawn and a Sphagnum hummock at the Sphagnum bog and at two 

replicate sites in Astelia lawns of the cushion bog. 

The study sites were during austral summer (January-April) characterized by 

daily mean photosynthetic active radiation values up to ∼ 700 µmol m−2 s−1 with maximum values exceeding 2000 µmol m−2 s−1 and generally higher values in the 

Sphagnum bog compared to the cushion bog (Figure 2.8, Figure 3.2). Daily mean 

air temperatures ranged from 2 °C to 19 °C in the Sphagnum bog with a slightly 

lower amplitude in the cushion bog. The amplitude in soil temperatures was also 

higher in the Sphagnum bog compared to the cushion bog at all measured depths 
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as was the water table. The water table fluctuated between 0.16 m and -0.23 m 

close to or even above the surface of lawns in both bogs. At the hummock in the 

Sphagnum bog, the water table was considerably lower and fluctuated between 

-0.38 and -0.67 m below the surface. 

Chamber measurements 

The closed chamber technique was used to determine CH4 fluxes in austral 

summer from December 2014 to March 2015 and in February to March 2016 

(study II and III). Measurements were performed on dominant microforms 

(Figure 1.4) representing the main vegetation units of both studied bogs. Each 

microform is characterized by a distinct plant community and its specific plant 

species. Flux measurements were conducted under a broad range of irradiance 

to determine diurnal variations in CH4 fluxes. The chamber was connected to a 

gas analyzer (Los Gatos ultraportable greenhouse gas analyzer 915-001, Los 

Gatos Research) to record the increase in CH4 concentrations over time. Soil–

atmosphere CH4 fluxes were calculated from the gas concentration increase 

modelled as either a linear or exponential function of time.  

 

 

Figure 1.4 Selected microforms for closed chamber CH4 flux measurements. Note that fluxes from 

pools were not only determined in the Sphagnum, but also in the cushion bog. 
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Sampling of pore water and in-situ characterization  

Multilevel piezometers (MLPs), as described in Beer and Blodau (2007), were 

installed to reveal the controls on CH4 production on the biogeochemical process 

level (study II). Pore water and gas samples in peat depth profiles of the cushion 

bog were sampled with MLPs during the two measurement campaigns in austral 

summer 2015 and 2016. The MLPs were equipped with diffusive equilibration 

samplers and installed in those Astelia lawns and pools, where also closed 

chamber measurements were performed. An aliquot of each pore water sample 

was measured in-situ either with a pH ∕ EC (electrical conductivity) meter 

(Combo HI 98129/130, Hannah Instruments, Germany) or used to determine O2 

concentrations in-situ with a planar trace oxygen minisensor (Fibox 3, PreSens 

Precision Sensing GmbH, Germany).  

Peat core sampling 

Eight continuous peat profiles from the surface to the underlying mineral 

material were collected using a Russian peat corer (Eijkelkamp Agrisearch 

Equipment, Giesbeek, the Netherlands) to obtain C and N accumulation rates 

(study I). Sphagnum lawns (LAW) and Sphagnum hummocks (HUM), were 

sampled in the Sphagnum bog. Astelia lawns (AST) and Sphagnum lawns (SPH) 

were selected in the cushion bog. Surface peat cores were collected from one 

Sphagnum lawn in the Sphagnum bog and one Astelia lawn in the cushion bog to 

determine the age of recently accumulated peat. 

Analytical methods 

Pore water chemistry 

Pore water concentrations of hydrogen (H2) as well as CH4, dissolved inorganic 

carbon (DIC) and their C stable isotopic signatures were determined from MLP 

gas samples (study II). Gaseous CH4 and CO2 concentrations were measured with 

a gas chromatograph (8610C, SRI Instruments, USA) equipped with a methanizer 

and flame ionization detector (FID). Hydrogen concentrations were analyzed on 

a H2 analyzer (Ametek ta3000 H2 analyzer, Trace Analytical TA 3000r). Sulfate 
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concentrations in the pore water were obtained by ion chromatography (883 

Basic IC plus, Metrohm, Herisau, Switzerland). 

Stable C isotopic signatures of CH4 and CO2 were simultaneously determined by 

cavity ring-down spectroscopy (CRDS; Picarro G2201-i connected to a small 

sample isotope module (SSIM, model A0314), Picarro Inc., USA). As this set-up required a minimum sample volume of 20 mL, samples were diluted with N prior 

to measurements. The instrument was calibrated in the beginning of every 

measurement day using two working standards of CH4 (1000 ppm, −42.48 ‰) 

and CO2 (1000 ppm, −31.07 ‰). Isotopic signatures are given in δ-notation 

relative to Vienna Peedee Belemnite (VPDB). As samples were stored for several weeks and δ13C-CO2 values were biased in case of high CH4 concentrations in the 

sample, a correction procedure was applied following Berger et al. (2018). 

Solid peat characteristics and calculation of accumulation rates 

Plant macrofossils were analyzed from dried peat samples (study I) in order to 

reconstruct the local dominant vegetation from continuous peat profiles and to 

identify the vegetation shift towards a dominance of cushion plant vegetation 

AST profiles. Total C and N contents and natural abundance of δ15N and δ13C 

stable isotopes in dried and milled peat were determined using an elemental 

analyzer (EA 3000, EuroVector, Redavalle, Italy) connected to an stable isotope 

ratio mass spectrometer (IRMS, NU instruments, Wrexham, UK). Further 

elemental composition was determined by wavelength-dispersive X-ray 

fluorescence spectroscopy (ZSX Primus II, Rigaku, Tokyo, Japan). Fourier-

transformed infrared spectroscopy (FTIR) was applied to characterize peat 

organic matter quality down to 4 m as described in detail in Broder et al. (2012). 

Spectra were recorded on a FTIR spectrometer (Varian 660; Palo Alto, USA) and 

subsequently baseline-corrected.  

Radiocarbon (14C) signatures of fossil bulk peat material was determined by 

accelerator mass spectrometry (AMS) at the Keck-CCAMS facility of the 

University of California, Irvine. The sample preparation routine conducted at the 

Department of Soil Ecology at the University of Bayreuth as well as further 

methodological details are described in Schulze et al. (2009). Age-depth 

modelling was conducted by applying the rbacon software routine (Blaauw and 

Christen, 2011) to estimate the age of non-14C dated peat slices. The 14C ages of 
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radiocarbon dated samples were calibrated applying calibration curves for 

southern hemisphere dates (SHcal13, Hogg et al., 2013, and SH1-2, Hua et al., 

2013) and expressed as calibrated calendar years before present (cal. yrs. BP = 

before 1950). Apparent peat, C and N accumulation rates (PAR in mm yr-1, CAR 

and NAR in g C m-2 yr-1 and g N m-2 yr-1, respectively) were computed for every 

10 cm peat slice. Thereto, peat height increment was divided by the respective 

time increment derived from modelled weighted mean ages in order to obtained 

PAR, and multiplied with bulk density (dry mass per wet volume, g cm-3) and C 

or N contents to calculate CAR and NAR. Apparent long-term rates of C and N 

accumulation (LORCA, LORNA) were calculated to estimate accumulation rates 

over the whole lifespan of both bogs.  

Peat samples of surface profiles were sent to Flett Research Ltd. (Winnipeg, 

Canada) for radioactive lead (210Pb) dating. Peat age was determined in this 

approach by applying a constant-rate-of-supply (CRS) model (Appleby, 2001). 

Recent accumulation rates of C and N during the last 50 years (RERCA, RERNA) 

were calculated likewise accumulation rates of continuous peat profiles, but with 

time intervals derived from CRS modelled ages. 

Aerial image classification and upscaling of microform-level 

CH4 fluxes 

An Unmanned Aerial System (UAS) remote sensing platform (Microdrones MD4-

200, Microdrones GmbH, Siegen, Germany) was operated during a flight 

campaign in austral summer 2014 in the Sphagnum bog (study III). A color-

infrared (CIR) modified camera (Canon PowerShot SD780 IS) was mounted on 

the UAS platform to obtain aerial images for the classification of the bog 

vegetation. A representative area of 1.8 ha in the center of the Sphagnum bog, 

which included the CH4 fluxes measurement sites, was selected to apply two 

different approaches for bog vegetation classification using aerial images. The 

first approach was to determine the area covered by the dominant microforms 

Sphagnum lawn, Sphagnum hummock, Empetrum heath, pool and others 

(microform-level classification) defined by a typical species composition as 

determined by vegetation surveys. “Others” included bare peat, S. cuspidatum, 

lichens and transitional microforms that could not be clearly assigned to 

Sphagnum hummocks. The second approach aimed at identifying image object 
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classes on a spatial scale of predominant plant species characteristic for a 

specific microform, such as S. magellanicum, S. cuspidatum, E. rubrum, 

M. grandiflorum, lichens, bare peat and pools (species-level classification).  

In order to up-scale the CH4 fluxes of the classified area from the microform- to 

the landscape- level, mean microform fluxes were multiplied with the fractional 

surface cover of the respective microform obtained by the microform-level 

classification and summed to the area-weighted mean (landscape-level CH4 

release). For the up-scaling based on the species-level classification, mean 

microform fluxes were multiplied with the fractional surface cover of the 

respective image classes of E. rubrum (Empetrum heath fluxes), S. magellanicum 

(Sphagnum lawn fluxes), M. grandiflorum (Sphagnum hummock fluxes) and 

pools (pool fluxes). Standard deviation of CH4 fluxes were linearly extrapolated 

to the classified area similar as the fluxes itself.  
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1.4. Results and discussion 

Long-term and recent accumulation rates of C and N 

Long-term rates of C and N accumulation (LORCA, LORNA) were derived from 
14C-dating in peat profiles of the most dominant microforms (study I). The 

LORCA determined for the Sphagnum bog (21.89 ± 5.82 g C m-2 yr-1) 

corresponded well with that of other southern (22 g C m-2 yr-1; Yu et al., 2010) or 

northern peatlands (22.9 g C m-2 yr-1; Loisel et al., 2014). LORCA in the cushion 

bog fell in a similar range (22.21 ± 8.78 g C m-2 yr-1), despite the high present-day 

net ecosystem exchange C sink determined by eddy covariance measurements at 

this site (Holl et al., 2019). Clearly greater contemporary C fluxes compared to 

LORCA were attributed to the drivers of peatland C fluxes operating a different 

timescales and have been observed at a range of sites across the world (Ratcliffe 

et al., 2018, and references in there). Compared with cushion bogs of the tropical 

high Andes of Bolivia and Ecuador with 9-37 g C m-2 yr-1 (Hribljan et al., 2014; 

Hribljan et al., 2016), the cushion bog LORCA reached a comparable magnitude. 

Long-term rates of N accumulation have not yet been determined for Patagonian 

peatlands to the best of my knowledge. However, the Sphagnum bog LORNA 

(0.35 ± 0.14 g N m-2 yr-1) agreed with the LORNA of northern peatlands 

(0.5 ± 0.04 g N m-2 yr-1; Loisel et al., 2014), though being lower possibly due to 

low N deposition rates in Patagonia (0.1-0.2 g N m-2 yr-1; Fritz et al., 2012). 

LORNA in the cushion bog (0.55 ± 0.29 g N m-2 yr-1) was again comparable to the 

Sphagnum bog, though slightly elevated and of the same magnitude as northern 

peatlands.  

Recent rates of C and N accumulation (RERCA, RERNA) over the past centuries 

were determined by lead dating (210Pb). RERCA in the Sphagnum bog 

(63.81 ± 19.74 g C m-2 yr-1) was substantially higher compared to LORCA 

and comparable to rates reported from a Chilean Sphagnum bog (up to 

87.06 g C m-2 yr-1, León and Oliván, 2014). RERNA (0.40 ± 0.12 g N m-2 yr-1) 

was similar to LORNA and elevated compared to the Chilean bog (0.15-

2.37 g N m-2 yr-1, León and Oliván, 2014). However, RERNA was notably lower 

compared to a Canadian bog (1.4-3.2 g N m-2 yr-1; Turunen et al., 2004), possibly 

due to the lower N deposition rates. RERCA and RERNA in the cushion bog 

(245.42 ± 55.42 g C m-2 yr-1 and 4.69 ± 0.26 g N m-2 yr-1) highly exceeded LORCA 
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and LORNA, were higher than those rates reported from northern and southern 

Sphagnum bogs (Turunen et al., 2004; León and Oliván, 2014) and agreed with 

previous findings in cushion bogs (RERCA: 219 g C m-2 yr-1; Hribljan et al., 2016). 

Higher C and N contents of vascular plants (Schmidt et al., 2010; Loisel et al., 

2014) as well as higher productivity (Olid et al., 2014; Gavazov et al., 2017) 

compared to Sphagnum mosses could generally explain higher RERCA and 

RERNA in cushion bogs. High N2 (molecular N) fixation rates in peat below peat 

A. pumila (Knorr et al., 2015) provide another explanation for the notably higher 

RERNA, also compared to LORNA in the cushion bog.  

Controls on C and N accumulation rates and the impact of 

vegetation 

The controls on long-term C accumulation rates were examined from plant 

macrofossil analyses and solid peat characteristics (study I). A strong 

correlation between CAR and NAR across all peat profiles showed the crucial 

importance of N and thus of the vegetation composition in driving C 

accumulation (Wang et al., 2014). As revealed from plant macrofossil analyses, 

the vegetation in both bogs shifted from a dominance of vascular plants other 

than cushion plants (e.g. shrubs, grasses) to a dominance of S. magellanicum after 

~1200 cal. yrs. BP of peat accumulation in the Sphagnum bog and ~4200 cal. yrs. 

BP (calibrated years before present) of peat accumulation in the cushion bog. 

These vegetation shifts induced an abrupt or gradual decrease in apparent C and 

N accumulation rates (CAR, NAR) in all peat profiles, probably related to 

decreasing bulk densities in peat formed by recalcitrant Sphagnum litter 

(Dorrepaal et al., 2005; Moore et al., 2007) and its lower C and N contents as 

compared to vascular plants (Schmidt et al., 2010; Loisel et al., 2014). 

Furthermore, these vegetation shifts were interpreted as a fen-to-bog transition 

that has been observed in many Patagonian bog ecosystems (Loisel and Yu, 

2013). 

While the long-term increase in CAR observed in LAW profiles agreed well with 

findings of Yu et al. (2010), this pattern was not observed in HUM profiles despite 

similar temporal patterns of peat properties in HUM and LAW profiles. This 

suggests that both HUM sites were apparently characterized by similar 

conditions that differed from those at both LAW sites. Similar CAR patterns 
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apparently have been caused within microforms, but different patterns between 

microforms. Such intrinsic features of the coring sites were, for example, local 

microtopography and hydrology or small vegetation changes. These features 

affect the microclimate or peat density as major drivers for accumulation rates 

and lead to differences in accumulation rates between microforms 

(Belyea and Clymo, 2001; Turunen et al., 2004; Loisel et al., 2014). Interestingly, 

CAR and NAR observed in one LAW profile substantially decreased down to 

< 10 g C m-2 yr-1 around 1000 cal. yrs. BP and even indicated a near-zero C and N 

accumulation since that time in the other LAW profile. Such low accumulation 

might originate from locally and temporarily different vegetation growing under 

drier conditions. For example, presence of lichens as occurring on the surface of 

the Sphagnum bog (study III) could substantially reduce peat accumulation 

(Harris et al., 2018). In accordance to this, drier conditions explaining notably 

lower CAR were inferred from E. rubrum remains in peat profiles of Tierra del 

Fuego (Heusser, 1989; Björck et al., 2012) as observed at ~1100 cal. yrs. BP in 

the plant macrofossil analyses of the LAW profile. 

The vegetation shift towards a dominance of A. pumila in the cushion bog has 

been macroscopically identified at ~1600 cal. yrs. BP in both AST profiles and 

was confirmed by plant macrofossil analyses. This vegetation shift was 

associated with repeated deposition of ash layers adding nutrients and 

stimulating decomposition (Broder et al., 2012) thereby favoring vascular plants 

(Hughes et al., 2013). The shift also coincided with peaking CAR and 

NAR, indicating that primary productivity was initially promoted (Hughes et al., 

2013). However, CAR and NAR sharply dropped again down to low values 

~10 g C m-2 yr-1 and < 0.5 g N m-2 yr-1 since the appearance of cushion plants. 

Such low CAR of ~10 g C m-2 yr-1 agreed well with the low CAR determined 

for an A. pumila dominated peat profile in a Chilean bog with mixed vegetation 

(< 10 g C m-2 yr-1, Mathijssen et al., 2019). Very low C/N ratios of ~29 and a 

comparatively high FTIR-derived humification index in peat formed since 

~1600 cal. yrs. BP in AST profiles suggested high decomposition rates in peat 

originating from cushion plants, as described by previous authors (Ruthsatz and 

Villagran, 1991; Kleinebecker et al., 2007; Fritz et al., 2011; Mathijssen et al., 

2019). These high decomposition rates presumably originated from labile litter 

of vascular cushion plants (Dorrepaal et al., 2005; Moore et al., 2007) that were 

furthermore accelerated by high root biomass turnover (Knorr et al., 2015) and 
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root oxygen release to the rhizosphere (study II; Fritz et al., 2011) stimulating 

fungal decomposition (Paredes et al., 2014). Moreover, the rhizosphere of Astelia 

lawns is characterized by a root density four times larger than in northern 

hemisphere raised bogs (Fritz et al., 2011). It appears that the higher primary 

productivity as determined from eddy covariance measurements at this site 

(Holl et al., 2019) cannot outweigh the high decomposition rates of the litter and 

in the rhizosphere on a longer time scale. 

Apart from vegetation effects, the local climate affected peat, C and N 

accumulation in both bogs. The cushion bog was exposed to nutrient input 

through sea spray deposition as indicated by elemental concentrations in the 

peat due to its more coastal setting compared to the Sphagnum bog. Sea spray 

deposition may have resulted in higher long-term average decomposition rates 

(Kleinebecker et al., 2008; Broder et al., 2012) as suggested by higher C/N ratios 

(mean Sphagnum bog: 65.37 ± 11.37, mean cushion bog: 44.85 ± 12.59) and a 

lower FTIR-derived humification index as well as pronounced temporal 

variations in these decomposition indicators. However, higher decomposition 

rates in the cushion bog did not result in generally lower accumulation rates 

compared to the Sphagnum bog. 

Methane emissions from dominant bog microforms 

Austral summer CH4 fluxes in South Patagonia as determined from chamber 

measurements differed strongly in both bog ecosystems and across the 

dominant surface microforms (study II and III). Generally, highest emissions 

obtained in the present study were at intermediate levels compared to emissions 

from northern bogs (Blodau, 2002; Laine et al., 2007; Limpens et al., 2008; 

Turetsky et al., 2014; Zalman et al. 2018; 0.2 to 5 and up to 10 mmol m−2 d−1). CH4 

flux data from southern bogs exist to date mainly for a New Zealand restiad bog 

with comparatively high fluxes of 9.4 mmol m−2 d−1 (150 mg   m−2 d−1, maximum 

during austral summer, Goodrich et al., 2015). However, other CH4 flux data from 

Patagonian bogs are scarce. The emissions obtained in this study even showed a 

pronounced spatial pattern within microforms. Only Sphagnum lawns were local 

emission hotspots in the Sphagnum bog with 3.06 ± 1.6 mmol m−2 d−1. Sphagnum 

hummocks were small CH4 sources of 0.65 ± 0.38 mmol m−2 d−1, while Empetrum 

heaths and unexpectedly also pools emitted negligible amounts of CH4 with less 
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than 0.4 mmol m−2 d−1, contrary to a previous study in Chilean bogs (Broder et 

al., 2015). Similarly as in the Sphagnum bog, only Sphagnum lawns emitted with 1.52 ± 1.10 mmol m−2 d−1 considerable amounts of CH4 in the cushion bog, while 

emissions from pools were surprisingly low (0.23 ± 0.25 mmol m−2 d−1). Studies 

on the northern hemisphere have identified pools as hotspots of CH4 emissions 

from peatlands (Hamilton et al., 1994; Pelletier et al., 2014; Burger et al., 2016). 

However, the data obtained in the present study suggest that pools in Patagonian 

bogs belong to examples of low-emission pools in tundra landscapes (Knoblauch 

et al., 2015). The large areas dominated by the cushion plant A. pumila released 

nearly no CH4 with 0.09 ± 0.16 mmol m−2 d−1, confirming earlier research (Fritz 

et al., 2011). Unexpectedly, lawns dominated by the cushion forming 

D. fascicularis were small sources of CH4 with 0.66 ± 0.96 mmol m−2 d−1, which 

lies in comparable order of magnitude as Sphagnum hummocks in the Sphagnum 

bog. Donatia lawns could potentially be also local emission hotspots as indicated 

by surprisingly high emissions from one Donatia lawn with 

2.10 ± 0.14 mmol m−2 d−1. 

Controls on CH4 emissions in the cushion bog and the impact 

of roots 

The controls on CH4 emissions in the cushion bog were examined from records 

of environmental conditions as well as pore water biogeochemistry in peat 

profiles below Astelia lawns and pools (study II). The spatial variability 

observed in CH4 fluxes of the cushion bog was mainly controlled by the dominant 

plant species of each lawn microform. Due to the low seasonality in the study 

region, for instance in precipitation regimes, peat redox conditions did not vary 

substantially and the coupling between the water table depth and CH4 emissions 

did not become apparent (Blodau and Moore, 2003; Knorr et al., 2009). As CH4 is 

produced under anaerobic conditions which can be found in pools, the 

unexpectedly low fluxes from pools in both studied bogs might be caused by an 

inhibition of microbial activity induced by low supply of fresh organic substrate 

for methanogenesis, for instance (Segers, 1998; Whalen, 2005).  

The observed negligible emissions from Astelia lawns (0.09 ± 0.16 mmol m−2 d−1) 

and pools (0.23 ± 0.25 mmol m−2 d−1) in the cushion bog pools were well 

explained by near-zero pore water CH4 concentrations (Astelia lawns: 
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< 0.003 mmol L-1; pools: ~0.03 mmol L-1) in the rhizosphere, stretching over 

almost 2 m depth and – surprisingly – corresponding depths also below pools. 

Below the densely rooted rhizosphere, CH4 concentrations steeply increased up 

to 0.25 ± 0.08 mmol L-1 (pools: 0.40 ± 0.25 mmol CH4 L-1). These levels were in 

the lower range of concentrations obtained for northern bogs mostly around 

0.5 mmol L-1 (e.g. Blodau and Moore, 2003; Beer and Blodau, 2007; Corbett et al., 

2013). Extremely low CH4 pore water concentrations, as measured in upper peat 

layers down to almost 2 m below the water table level, agreed with previous 

findings at the study site here (Fritz et al., 2011) or other cushion bogs (Dullo et 

al., 2017). 

DIC:CH4 ratios in the pore water notably smaller than 40 were indicative for 

methanogenic conditions (e.g. Hornibrook et al., 1997; Blodau and Moore, 2003; 

Corbett et al., 2013) in deep peat layers below the rhizosphere of Astelia lawns. 

Hydrogenotrophic methanogenesis typically becomes the predominant 

methanogenic pathway in deeper, decomposed peat layers with increasingly 

recalcitrant organic matter (Hornibrook et al., 1997; Popp et al., 1999; Chasar et 

al., 2000; Conrad, 2005). This methanogenic pathway strongly alters the isotopic 

signature of CH4 by discriminating against 13C, resulting in a relatively depleted δ13C-CH4 signature of ∼ -110 to -60 ‰ (Whiticar et al., 1986); as was observed here with δ13C values close to -80 ‰. Thus, the isotopic signal of δ13C-CH4 

suggested that CH4 was produced by hydrogenotrophic methanogenesis at 

substantial rates in these deep peat layers. 

While diffusing upwards, CH4 was almost completely oxidized in small-scale 

aerobic microsites of the rhizosphere, with aerenchymous roots releasing O2 into 

waterlogged peat suppressing methanogenesis. This was indicated by DIC:CH4 

ratios exceeding 100 in the rhizosphere and suggesting methanotrophic activity 

(Colmer, 2003; Mainiero and Kazda, 2005; Knorr et al., 2008a, Fritz et al., 2011; 

Dullo et al., 2017). Methanotrophy was further proposed by C isotopic signatures 

of CH4 and CO2, for example by a δ13C-CH4 signature enriched by up to 10 ‰ in 

the rhizosphere as this biogeochemical pathway discriminates against 13C 

leaving the residual CH4 enriched (Chasar et al., 2000; Popp et al., 1999). Similar 

effects of dense aerenchymous roots on rhizosphere CH4 dynamics were 

reported, though, for mesocosms of a rewetted, temperate, northern peatland 

dominated by rushes (Agethen et al. 2018). 
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Presence of roots created a coexistence of anaerobic microsites next to aerobic 

microsites (Popp et al., 1999; Colmer, 2003; Knorr et al., 2008a; Corbett et al., 

2013) and led to a pronounced variation in replicate δ13C-CH4 values ranging 

between -90 to -70 ‰. Molecular oxygen released into the rhizosphere 

diminished with increasing distance to living roots, as it was consumed by 

microbial respiration and CH4 oxidation. At the end of this emerging oxic-anoxic 

gradient, CH4 was produced by acetoclastic methanogenesis in anaerobic 

microsites (Whiticar et al., 1986; Steinmann et al., 2008). This methanogenic 

pathway prevails when fresh, labile organic matter is available (Hornibrook et 

al., 1997; Popp et al., 1999; Chasar et al., 2000; Conrad, 2005) such as in the 

A. pumila rhizosphere, probably providing high amounts of labile organic matter 

as substrate for methanogenesis. Thus, coexistence of methanogenesis and 

methanotrophy within short spatial scales but in distinct microsites was the 

most likely explanation for the observed pattern of C isotopes in CH4 and CO2 and 

resulting fractionation factors in the rhizosphere. Life time and activity of 

A. pumila roots are highly dynamic (Knorr et al., 2015) and supposedly governed 

the temporal and spatial expansion of these microsites. Such exceptional high 

activity of the rhizosphere and accelerated C turnover (see section on controls 

on C accumulation, study I) was furthermore suggested by 80 % larger total 

ecosystem respiration of the studied cushion bog compared to the studied 

Sphagnum bog, determined by eddy covariance measurements (Holl et al., 2019). 

The insights into the biogeochemical processes of the rhizosphere gained in this 

study thus complete the findings of C exchange on the landscape-level.  

Methanotrophy in sparsely or even non-rooted peat below pools was less 

pronounced. This was indicated by a δ13C-CH4 signature depleted compared to 

Astelia lawns down to 2 m in depth, largely following that of δ13C-CO2 and 

comparably high apparent fractionation factors (Whiticar et al., 1986; 

Hornibrook et al., 2000). Given the surprisingly low CH4 concentrations in the 

pore water below pools, a lateral exchange of CH4 to the net methanotrophic 

rhizosphere of neighboring A. pumila was hypothesized, supposedly explaining 

also low emissions observed from some Sphagnum and Donatia lawns. Thus, the 

root O2 release of nearby A. pumila influenced even CH4 dynamics below adjacent 

microforms. 
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Cushion vegetation was apparently not a general proxy for negligible CH4 

emissions, as Donatia lawns showed the second highest CH4 emissions 

(0.66  ± 0.96 mmol CH4 m−2 d−1) in the cushion bog. It was expected that lawns 

dominated of cushion-forming D. fascicularis would emit only negligible amounts 

of CH4, likewise Astelia lawns. D. fascicularis established a deep and 

aerenchymous root system, though with a substantially lower root density 

(< 0.05 g dm-3 at 0.5 m depth) compared to A. pumila (> 4 g dm-3) (Fritz et al. 

2011). The lower root density of D. fascicularis was probably below a specific 

threshold at which O2 release did not suppress emissions any more. Instead, the 

roots might have accelerated CH4 production through the presence of labile 

organic matter while facilitating emissions (e.g. Joabsson et al., 1999; Blodau, 

2002; Colmer, 2003; Whalen, 2005; Agethen et al., 2018). A similar effect on CH4 

dynamics was suggested for the presence of T. magellanicum, a species that does 

not form cushions but presumably establishes aerenchymous roots as it 

tolerates inundation (von Mehring, 2013). In summary, the pronounced spatial 

variability in CH4 fluxes (study II) was apparently controlled by the spatial 

distribution of vascular plant root characteristics and its oxidative effects. 

Estimate of landscape-level CH4 release from both bog 

ecosystems 

Landscape-level CH4 release in the Sphagnum bog was computed from upscaling 

microform-level CH4 fluxes. Both approaches, the species- and the microform-

level classification used to classify the bog vegetation from aerial images (study 

III), provided estimates of the surface area covered by a specific plant species or 

microform. Sphagnum lawns and Empetrum heaths dominated the Sphagnum 

bog with covering 50-80 % of the bog’s surface, depending on the classification 

approach. Their contribution to the CH4 release on the landscape-level was, 

however, distinctly different. Sphagnum lawns, the microform with significantly 

elevated CH4 emissions (3.06 ± 1.60 mmol m−2 day−1) as compared to all other 

microforms, contributed up to 90 % to the CH4 release on the landscape-level, 

while Empetrum heaths contributed less than 10 %. Taking into consideration 

the surface cover of predominant plant species characteristic for a specific 

microform, the landscape-level CH4 fluxes amounted to 1.36 mmol m−2 d−1. This 

estimate fits well to the range of previously reported CH4 emissions from 
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northern peatlands that vary between 0.2-5 mmol m−2 d−1 (see section on CH4 

emissions, study II). 

The simpler microform-level classification resulted with 0.82 mmol m−2 d−1 in a 

substantially lower estimate of the landscape-level CH4 release compared to the 

more detailed species-level classification. This result is inconsistent with studies 

by Becker et al. (2008) and Hartley et al. (2015) who reported that a coarse 

classification leads to higher total CH4 fluxes in comparison with a finer 

classification. The considerably lower estimate provided by the microform-level 

classification in the present study might be due to a substantial surface area of 

almost 30 % that could not be assigned to any of the four microforms were CH4 

fluxes were determined (microform “unclassified/others”). This surface 

remained unclassified as this area represented, for instance, a transition from 

Empetrum heath to Sphagnum hummock. Also, those Sphagnum lawns remained 

unclassified if they were smaller than 60 x 60 cm, i.e. the size of one image 

classification grid cell suggested by Becker et al. (2008) and applied for the 

microform-level classification. Thus, the area covered by Sphagnum lawns and 

its contribution to the landscape-level CH4 release was probably underestimated. 

The finer species-level classification allowed to partition transitional microforms 

composed of several specific plant species, and hence only 6 % of the area 

remained unclassified. This approach is thus suggested to better reflect the 

small-scale surface heterogeneity of the bog. Even though CH4 release is 

controlled by more factors than just the dominant plant species (study II) or the 

microtopographical water table gradient (Blodau and Moore, 2003; Bridgham et 

al., 2013), this classification allowed to assign a CH4 flux to a higher proportion 

of the bog’s surface area. The species-level classification therefore yielded 

presumably a more realistic estimate of the landscape-level CH4 release 

compared to the microform-level classification.  

Landscape-level CH4 release in the cushion bog could only be roughly estimated 

from microform-level CH4 fluxes, as no vegetation classification of the bog`s 

surface area was available. Given the near-zero CH4 emissions of Astelia lawns of 

less than 0.1 mmol m−2 d−1 (study II) and their obviously large fractional surface 

cover of more than 50 % observed in the field (conservative estimation), overall 

landscape CH4 emissions would probably be among the lowest described for 

pristine bog ecosystems worldwide (Blodau, 2002; Turetsky et al., 2014). 
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However, my co-researchers and I found other parts of the partly studied 

complex bog system to be widely dominated by D. fascicularis instead of 

A. pumila. Also, other authors described the cushion bogs in that landscape to be 

covered by both, A. pumila and D. fascicularis (Heusser, 1995; Grootjans et al., 

2014). Such shift in the prevailing cushion plant species indicate later succession 

stages of these parts of the bog (Heusser, 1995) as also described for Chilean 

cushion bogs (Ruthsatz and Villagran, 1991; Kleinebecker et al., 2007). The 

spatial representativeness of the flux data is limited, given the low number of 

replicate flux measurements from microforms dominated by D. fascicularis. 

Nevertheless, landscape-level CH4 release from cushion bogs might be significant 

once D. fascicularis dominates, reaching amounts between 0.5-1.5 mmol m−2 d−1 

as estimated from mean D. fascicularis and S. magellanicum fluxes (study II). 

Under such circumstances, cushion bogs would be intermediate CH4 sources 

compared to northern bogs with emissions ranging from 0.2-5 mmol m−2 d−1 (see 

section on CH4 emissions, study II).  
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1.5. Synthesis 

Conclusions from main observations and general implications 

Long-term and recent rates of C and N accumulation were of similar magnitude 

in the Sphagnum and in the cushion bog. The accumulation rates corresponded 

well with that of other southern or northern peatlands, and the relevance of 

Patagonian peatlands as important C stocks on the southern hemisphere was 

confirmed. Long-term differences in temporal patterns of accumulation rates 

between microforms in the Sphagnum bog suggested that microforms of the 

same type may have developed synchronously due to local intrinsic factors and 

that a fixed sequence in the development of microforms may have existed. This 

points to the relevance of the within-site variability to understand long-term 

accumulation in peatlands. 

It was observed in the Sphagnum bog that a peak in apparent rates of C 

accumulation only lasting for a relatively short time of few centuries shifted the 

mean of C accumulation rates on longer time scales of millennia substantially. 

The near-zero accumulation rate was, however, probably a temporary 

phenomenon, as living Sphagnum mosses were found at the peat surface. One 

important finding with respect to accumulation rates in the cushion bog was that 

ash depositions and its fertilization effects presumably promoted vascular 

cushion plant growth. Despite C accumulation was initially accelerated by this 

vegetation shift and average C accumulation rates since that time were 

comparatively high, the substantial decrease of C accumulation rates since the 

appearance of cushion plants opens the question whether cushion plants might 

fail to accumulate C on a longer time scale. General conclusions can be drawn 

from these results: Firstly, the temporal scale of investigation is highly relevant 

for the conclusions drawn whether a peatland is a C source or sink and to which 

extend. And secondly, it may be difficult to predict to what proportion recently 

formed organic matter will be transferred to the peat on a long time scale. For 

example, as degraded bogs with vascular plant vegetation can hardly be 

investigated with respect to this aspect today, it is difficult to derive conclusions 

about the long-term C sink function of peatlands under anthropogenic pressure. 

Austral summer CH4 emissions of Patagonian bog ecosystems were moderate in 

the Sphagnum bog, but low in the cushion bog. In both ecosystems, the spatial 
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heterogeneity of microforms was pronounced and thus also the spatial 

variability of CH4 emissions. Methane fluxes showed a remarkable spatial pattern 

even within microforms of the cushion bog with small patches of Sphagnum or 

Donatia lawns being local emission hotspots. Local emission hotspots 

presumably developed when root density and O2 release dropped below a 

certain threshold (“tipping point”). Methane emissions from cushion bogs may 

therefore be significant on the landscape-level as the composition of the 

vegetation and the spatial pattern of surface microforms changes towards 

dominance of cushion-forming D. fascicularis or smaller lawns of A. pumila. Thus, 

presence of cushion-vegetation may not always be a good proxy for negligible 

landscape CH4 emissions.  

The spatial pattern of CH4 emissions in the cushion bog was prevailingly driven 

by root density and root activity of vascular plants. A lateral exchange of CH4 to 

the rhizosphere of neighboring A. pumila was hypothesized, as the extremely 

active rhizosphere established by A. pumila strongly controlled C turnover in the 

upper two meters of the peat layers, not only below Astelia lawns. This was 

shown by highly decomposed peat in the rhizosphere and substantial root O2 

release into the rhizosphere as indicated by C isotopic signatures of CH4 and CO2. 

General conclusions can be drawn also from these results: It appears that highly 

decomposed peat may be only a weak source of CH4 as it has recently be shown 

for a rewetted cutover bog dominated by rushes. Moreover, the presence of 

aerenchymatic vascular plants alone may not always be a clear indication for 

high or low CH4 emissions. Peat and root characteristics, its spatial distribution 

and oxidative effects in the peat need to be included for an estimate of CH4 

emissions from peatlands dominated by vascular plants, where a root density 

and root activity “tipping point” may be a general phenomenon. Furthermore, 

such understanding of biogeochemical controls is of relevance not only for an 

understanding of CH4 fluxes on the plant species or vegetation community scale, 

but also for upscaling CH4 fluxes to the landscape or regional scale. 

The small-scale surface heterogeneity of bogs need to be considered also with 

respect to transitional microforms that can make up a substantial part of the 

surface area of a bog. The small-scale surface heterogeneity and CH4 fluxes 

should be quantified as accurately as possible when upscaling from the 

microform- to the landscape-level. In order to avoid errors in emission estimates 
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derived from upscaling CH4 fluxes, the potential bias introduced due to not 

clearly identifiable areas of the surface and by the classification approach should 

be taken into account. 

Future research topics 

The results of this study can only provide little insights into the temporal and 

spatial patterns of C dynamics in Patagonian bogs. I propose the following topics 

for further studies that would partly aim also to enhance the understanding of 

ecosystem functioning in northern bogs: 

• Pronounced long-term differences in accumulation rates between 

microforms in the Sphagnum bog and the rather general explanations 

found here stressed the importance to evaluate the within-site 

variability in accumulation rates and its past controls to understand C 

and N accumulation in bogs. 

• One rather speculative conclusion from this finding was that 

microforms in the Sphagnum bog appeared to develop synchronously 

and that a fixed sequence in the development of microforms may have 

existed. This clearly merits further research needs which would 

improve the general understanding of bog ecosystem functioning. 

• More research is needed on the 1600 years of peat accumulation in 

Astelia lawns of the cushion bog to confirm high recent accumulation 

rates but low accumulation on longer time scales. 

• CH4 flux estimates from Patagonian bogs are still afflicted with a 

comparatively high uncertainty as the number of chamber 

measurements was restricted. Future measurements should take into 

account a high spatial variability within microforms of cushion bogs. 

• The mechanistic understanding of CH4 turnover in the rhizosphere of 

cushion bogs was summarized on a conceptual level that need to be 

confirmed. 

• Despite cushion bogs constitute a significant part of the area covered by 

peatlands on the southern hemisphere, almost no other CH4 flux data 

exist, to the best of my knowledge, from this wetland type except for the 
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site studied here. It therefore still remains unclear whether cushion 

bogs are almost zero emission systems. Future research is required to 

quantify landscape-level CH4 release from cushion bogs, also to clarify 

the relevance of this wetland type with respect to CH4 emissions on a 

regional scale. 

The results of this study show that Patagonian bogs provide a unique 

opportunity to investigate the functioning of bogs. Lower N accumulation rates 

proved the pristine character of Patagonian bogs and their importance as 

reference systems for their anthropogenically affected northern counterparts. 

However, also Patagonian peatlands are increasingly under pressure by human 

activities. Land use activities should, if at all, be carried out as carefully as 

possible in order to preserve the special character of Patagonian peatlands. This 

is the prerequisite to learn further about the temporal and spatial patterns of C 

dynamics in pristine Patagonian bog ecosystems.
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2. Study I 

Effects of vascular plants on long-term carbon and 

nitrogen accumulation in pristine, ombrotrophic 

bogs of southern Patagonia* 

Blablabla  
Abstract. Peatlands are long-term sinks of carbon (C) and nitrogen (N) that are 

exposed to anthropogenic pressure, which has often induced a vegetation shift 

towards presence of vascular plants. However, the long-term effects of this 

vegetation shift on the sink function of peatlands remain unclear. Little attention 

has to date been given to Patagonia, the most important peatland region on the 

southern hemisphere where, contrary to the northern hemisphere, peatlands 

sustained a pristine character. In Patagonia, the occurrence of bogs dominated 

by vascular cushion plants has been a natural phenomenon since millennia, 

allowing to study long-term impacts of vascular plants on accumulation and 

decomposition patterns. We determined long-term and recent rates of C and N 

accumulation (LORCA, LORNA, RERNA, RERCA) and their within-site variability 

in a Sphagnum-dominated and vascular plant-dominated bog, analyzed plant-

macrofossils and assessed decomposition indicators (C/N ratio, humification 

index, stable isotopes). 

Despite depth profiles of decomposition indicators revealed long-term site-

specific factors affecting decomposition, rates of C and N accumulation were 

of similar magnitude in the Sphagnum (21.89 ± 5.82 g C m-2 yr-1, 

0.35 ± 0.14 g N m-2 yr-1) and in the cushion bog (22.21 ± 8.78 g C m-2 yr-1, 

0.55 ± 0.29 g N m-2 yr-1) and corresponded to that of other southern or northern 

peatlands. We found long-term, within-site differences in temporal patterns of 

accumulation rates, suggesting that microforms of the same type may have 

evolved synchronously during the peatland development time. This 

demonstrates the importance asses the within-site variability in accumulation 

rates and its past controls in order to understand C accumulation in bogs. Ash 

depositions in the cushion bog about approximately 1600 years ago presumably 

triggered the vegetation shift towards dominance of cushion plants by a 

fertilization effect. Despite average RERCA during the past decades was distinctly 
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higher in the cushion bog (245.42 ± 55.42 g C m-2 yr-1) compared to the 

Sphagnum bog (63.81 ± 19.74 g C m-2 yr-1), accumulation rates substantially 

decreased since the appearance of the cushion plants. This raises the question 

whether cushion plants might fail to accumulate carbon on a longer time scale 

due to extremely high decomposition rates as suggested by decomposition 

indicators. This conclusion clearly merits further research to understand long-

term effects of vascular plants dominance on the C sink function also of northern 

bogs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Unpublished manuscript: Münchberger, W., Knorr, K.-H., Blodau, C., Gałka, M., Borken, 
W., Pancotto, V. A., and Kleinebecker, T.: Effects of vascular plants on long-term carbon 
and nitrogen accumulation in pristine, ombrotrophic bogs of southern Patagonia.   
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Introduction  

Boreal and subarctic peatlands are crucial players in the global carbon (C) cycle 

that have accumulated approximately 500 gigatons (Gt) C during the Holocene 

over the last ~12000 years (Gorham, 1991; Yu et al., 2012). Only a small 

imbalance of 2-16 % (Tolonen and Turunen, 1996) between C uptake by plant 

photosynthesis and incomplete microbial decomposition and associated C 

release formed this giant, stable C reservoir in living, undisturbed peatlands over 

millennia (Clymo, 1984; Charman et al., 2013). Both processes are slowed-down 

in peatlands, since a scarce nutrient availability limits primary productivity and 

waterlogged peat hampers decomposition (Aerts et al., 1992; Beer and Blodau, 

2007; Wang et al., 2014; Bonaiuti et al., 2017). Due to its small magnitude, the 

imbalance between these opposing processes is sensitive to changes in the 

controls of primary productivity and decomposition as a result affecting C 

accumulation. Therefore, peatlands are also major potential C sources in the 

form of methane (CH4) and carbon dioxide (CO2) to the atmosphere (Limpens et 

al., 2008; Kohorla et al., 2010; Yu et al., 2010; Frolking et al., 2011). Currently, 

they are the world’s largest natural CH4 sources (Mikaloff Fletcher et al., 2004) 

and, while typically being CO2 sinks, they can also become substantial CO2 

sources, for example if drained (Frolking et al., 2011; Estop-Aragonés et al., 

2016). 

The rate of C accumulation in peatlands varies with time as the controls on C 

accumulation change. The local climate and hydrology or the surface 

microtopography determine the long-term C accumulation (Clymo, 1984; Belyea 

and Malmer, 2004; Charman et al., 2013; Loisel and Yu, 2013). The prevalent 

vegetation and its succession exert a further major control on a peatlands’ C 

balance (Clymo, 1984; Belyea and Malmer, 2004; Loisel and Yu, 2013). For 

example, vascular plants have a higher productivity (Olid et al., 2014; Gavazov et 

al., 2017), but also more labile litter compared to peat-forming Sphagnum 

mosses (Dorrepaal et al., 2005; Moore et al., 2007) or may enhance peat 

decomposition by root exudates (Fritz et al., 2011; Gavazov et al., 2017; 

Münchberger et al., 2019). Thus, primary productivity has even been identified 

as a more important control than decomposition throughout the past 1000 years 

of peatland C accumulation on the northern hemisphere (Charman et al., 2013). 

The vegetation furthermore closely couples the accumulation of C to the 
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accumulation of nitrogen (N). Plant growth requires a permanent supply of N 

which may in rainwater-fed peatlands (bogs) only be covered by N fixation or 

other atmospheric sources (Limpens et al., 2006; Vile et al., 2014; Knorr et al., 

2015). During senescence, vascular plants effectively recycle nutrients leaving 

only nutrient-depleted litter resistant to decomposition (Wang et al., 2014). 

Thus, the availability of N for plants and microbes strongly drives the incomplete 

decomposition i.e. accumulation of organic C in plant residues in peatlands 

(Loisel et al., 2014; Olid et al., 2014; Wang et al., 2014; Knorr et al., 2015). 

Nevertheless, research of peat N accumulation received much less attention than 

C accumulation (Loisel et al., 2014; Wang et al., 2014). 

Human impacts strongly altered living peatlands despite their important natural 

C sink function. Past and present land use activities such as drainage, peat 

harvest and agriculture disturb the C accumulation of peatlands worldwide 

(Basiliko et al., 2007; Frolking et al., 2011; Tiemeyer et al., 2016; Veber et al., 

2018). Restoration efforts to re-activate the C sink function of peatlands often 

resulted in a high cover of vascular plants instead of the former Sphagnum 

dominance (Pfadenhauer and Klötzli, 1996; Tuittila et al., 1999; Limpens et al., 

2008). Sphagnum mosses need wet and nutrient-poor growth conditions to 

outcompete vascular plants (van Breemen, 1995). A warmer and drier climate as 

well as the nowadays high rates of N deposition (up to 1.4 g m-1 yr-1, Limpens et 

al., 2006) therefore favor the growth of vascular plants and could likewise induce 

a vegetation shift in the plant community structure of peatlands (Berendse et al., 

2001; Turunen et al., 2004; Gunnarsson et al., 2008; Dieleman et al., 2014; Olid 

et al., 2014; Gavazov et al, 2017; Moore et al., 2019). The higher vascular plant 

presence may accelerate not only biomass production, but also litter 

decomposition (Dorrepaal et al., 2005; Moore et al., 2007; Gunnarsson et al., 

2008; Gogo et al., 2011; Olid et al., 2014; Gavazov et al., 2017), both processes 

that generate the imbalance needed for C accumulation. Hence, anthropogenic 

climate change and human release of reactive N exert a further pressure on 

peatlands. Long-term effects of this vegetation shift remain unclear and research 

is needed about the potential of peatlands to sustain their long-term C 

accumulation and C sink function. 

South Patagonian peatlands sustained – unlike many northern hemisphere 

counterparts – a pristine character and provide the nowadays rare opportunity 
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to study undisturbed C and N accumulation over millennia (Loisel and Yu, 2013). 

These peatlands remain largely preserved from human impacts (Kleinebecker et 

al., 2008; Fritz et al., 2011; Grootjans et al., 2010; Paredes et al., 2014). Even 

atmospheric N deposition remains low (0.1-0.2 g N m-2 yr-1, Fritz et al., 2012) and 

only comparatively little effects of anthropogenic climate warming change are 

expected. Ombrotrophic Patagonian peatlands can be either dominated by 

raised, peat-forming Sphagnum mosses (hereafter termed Sphagnum bogs) or 

cushion-forming vascular plants (hereafter termed cushion bogs). A unique 

feature of Patagonian bogs is their simple vegetation composition (Loisel and Yu, 

2013) with only one dominant Sphagnum species, Sphagnum magellanicum, in 

Sphagnum bogs (Kleinebecker et al., 2007; Fritz et al., 2012; Loisel and Yu, 2013) 

or dense, extensive lawns of cushion-forming Astelia pumila or Donatia 

fascicularis in cushion bogs (Heusser, 1995; Kleinebecker et al., 2007; Borromei 

et al., 2014). This allows for investigations of C and N accumulation with 

comparatively few interacting effects between plant species and, due to the 

atmosphere as the single source of elements, without any catchment effects. Yet, 

little attention has been given to this most important peatland region on the 

southern hemisphere with the highest share of the land surface covered by 

peatlands (Yu et al., 2010). 

Long-term decomposition patterns in the peat profile reflect past changes in the 

controls on C accumulation and are a key to understand variations in C and N 

accumulation over time. Plant macrofossil residues (e.g. Vitt et al., 2009; Hughes et al., 2013; Gałka et al., 2017), natural abundance of stable C and N isotopes 

(Alewell et al., 2011; Biester et al., 2014) and the decomposition degree as 

indicated by C/N ratios or an FTIR-derived humification index (Broder et al., 

2012; Biester et al., 2014) are important peat characteristics that have been 

shown to provide information about past controls on decomposition. Although 

some studies in southern Patagonia have been carried out addressing 

decomposition and C accumulation (e.g. Broder et al., 2012; Loisel and Yu, 2013; 

Knorr et al., 2015), a systematic comparison of a cushion bog and a Sphagnum 

bog and the within-site variability of typical microforms has not yet been 

assessed. Long-term rates of N accumulation have not yet been determined for 

Patagonian peatlands to the best of our knowledge. The vegetation composition 

in the cushion bog shifted from Sphagnum-dominated to vascular plant-

dominated about 2600 14C yrs. BP (years before present, Heusser, 1995). Thus, 
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this site provided an ideal location to investigate the long-term impact of 

vascular plants on accumulation and decomposition patterns. 

We hypothesized that (I) carbon and nitrogen accumulate in a Patagonian 

Sphagnum bog at similar rates compared to northern hemisphere Sphagnum 

bogs, and that (II) long-term accumulation rates and decomposition patterns in 

a Patagonian cushion bog do not differ from those observed in the Sphagnum bog 

while (III) young accumulation rates since the appearance of cushion plants are 

on the average highest in lawns of the cushion-forming vascular plant Astelia 

pumila of the cushion bog, and that (IV) the shift in the vegetation composition 

from Sphagnum-dominated to cushion plant-dominated vegetation can be 

attributed to substantial changes in accumulation rates in the cushion bog and 

that this vegetation shift is also reflected in peat decomposition patterns. 

Material and Methods 

Description of the study site 

The study was conducted in a raised Sphagnum-dominated bog (hereafter 

termed Sphagnum bog) and a cushion plant- dominated bog (hereafter termed 

cushion bog) located on Isla Grande de Tierra del Fugeo close to the Beagle 

Channel in southernmost Patagonia, Argentina (Figure 2.1). Cushion bogs are a 

typical feature of coastal areas in Tierra del Fuego (Iturraspe, 2012; Grootjans et 

al., 2010) that are gradually replaced by Sphagnum bogs with increasing distance 

from the coast (Kleinebecker et al., 2007). Strong winds and mild winters with 

an oceanic climate are typical for the region (Kleinebecker et al., 2008) with 

average temperatures of 5 °C and 6 °C and mean annual precipitation amounting 

to 487 mm and 500 mm (Servico Meterológico Nacional; for the period between 

1981 and 1990; Fritz, 2012; Iturraspe, 2012) in the Sphagnum and cushion bog, 

respectively.  
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Figure 2.1 Location of the study sites near Ushuaia in Tierra del Fuego, southernmost Patagonia 

(Argentina). The map was created at http://www.simplemapp.com accessed on 11.12.2017 and 

in Matlab (MATLAB Mapping Toolbox Release R2017a). 

Detailed site descriptions can be found in previous studies (Lehmann et al., 2016; 

Münchberger et al., 2019; Holl et al., 2019) and are presented here only briefly: 

The surface of the Sphagnum bog (Valle de Pipo, 54°49′S, 68°27′W, Parque 
Nacional Tierra del Fuego) exhibits a pronounced micro-relief and is composed 

of alternating stripes of dry hummocks elevated up to 50 cm above the water 

table and wet lawns with pools. As typical for Patagonian bogs (Kleinebecker et 

al., 2007; Fritz et al., 2012; Loisel and Yu, 2013), the vegetation is with > 40 % 

cover (Lehmann et al., 2016) dominated by one single peat-forming moss, 

Sphagnum magellanicum, growing in all habitats along the entire 

microtopographical moisture gradient. Vascular plants such as the dwarf-shrub 

Empetrum rubrum and the rush Marsippospermum grandiflorum reach notable 

surface cover only at elevated, drier sites. Other frequently occurring vascular 

plants such as Tetroncium magellanicum, Gaultheria antarctica, Nothofagus 

antarctica, Carex magellanica, Rostkovia magellanica, Nanodea muscosa and 

Pernettya pumila are present with low cover. Small patches of the surface are 

covered by lichens or showed bare peat without any vegetation. 

The micro-relief at the cushion bog (close Bahía Moat, 54°58’S, 66°44’W) is flat 

compared to the Sphagnum bog with a surface largely covered by lawns of the 
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cushion-forming plant Astelia pumila. A mosaic of pools and small lawns (patches 

of few square meters) dominated by S. magellanicum or cushion-forming Donatia 

fascicularis are embedded in these Astelia lawns. The bog’s vegetation was 

previously dominated by S. magellanicum while A. pumila invaded around 

2600 14C yrs. BP (Heusser, 1995). A. pumila establishes a dense, aerenchymous 

rooting system (Münchberger et al., 2019) with on the average 2.15 g dry root 

biomass L-1 (of peat) down to 1.7 m (Fritz et al., 2011) and a high root turnover 

as indicated by low root lifetimes of  ~3-4 years (Knorr et al., 2015). 

Sampling of peat cores in the field 

We selected four different microforms each characterized by a distinct plant 

community and its specific plant species (Figure 2.2) to obtain continuous peat 

profiles from the surface to the underlying mineral material in austral summer 

(February/March) 2014 and 2015. The most dominant microforms, Sphagnum 

lawn (LAW) and Sphagnum hummock (HUM), were sampled in the Sphagnum 

bog. Astelia lawns (AST) and Sphagnum lawns (SPH) were selected in the cushion 

bog. Although covering only small areas of the cushion bogs’ surface, we assessed 

Sphagnum lawns as a relevant microform for carbon and nutrient dynamics due 

to the presumably higher cover of S. magellanicum in the past (Heusser, 1995; 

Borromei et al., 2014). All four microforms were sampled with a replicate of two 

to account for within-site differences. The selected microforms were carefully 

cored to avoid peat compaction using a Russian peat corer (Eijkelkamp 

Agrisearch Equipment, Giesbeek, the Netherlands) and segmented into 10 cm 

slices.  

 



Study I 

59 

 

 

Figure 2.2 Pictures showing the investigated microforms characterized by a distinct plant 

community and its specific plant species in the two contrasting Patagonian bog types. HUM and 

LAW profiles were sampled in hummocks (a) and lawns (b) of a Sphagnum bog, SPH and AST 

profiles were sampled in Sphagnum and Astelia lawns of a cushion bog (c). Note the dominance 

of S. magellanicum in Sphagnum hummocks and Sphagnum lawns and A. pumila in Astelia lawns. 

 

In addition, surface peat cores were collected from one Sphagnum lawn in the 

Sphagnum bog and one Astelia lawn in the cushion bog to determine the age of 

recently accumulated peat. Hereto, 10 x 10 cm sods were cut with a knife in 3 cm 

slices down to 20 cm depth and below in 5 cm slices down to 50 cm depth. All 

slices were wrapped in sealed plastic bags and stored cool until laboratory 

analyses. 

Analyses of solid peat characteristics from continuous peat profiles 

All peat slices were oven dried at 70 °C until constant mass. Plant macrofossils 

were analysed to reconstruct the local dominant vegetation and to identify the 

vegetation shift towards a dominance of cushion plant vegetation AST profiles. 

Samples of one Astelia lawn profile (AST-2) and two Sphagnum lawn profiles 

(LAW-2, SPH-2), one obtained in the Sphagnum bog and one in the cushion bog, 

were chosen. About one-third of each samples’ peat material was selected to 

obtain volume percentages of individual subfossils of vascular plants and mosses 

with a stereomicroscope. Plant macrofossil remains of mosses were identified 
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using the identification key of Hölzer (2010). Macrofossil remains of vascular 

plants were identified by comparison with recently collected vascular plant 

materials. 

Before milling using a tungsten carbide insert, macroscopic, recently formed 

plant biomass i.e. mostly aerenchymatic roots of A. pumila in AST profiles were 

removed. Total C and N contents and natural abundance of δ15N and δ13C stable 

isotopes in homogenized peat were determined using an elemental analyser (EA 

3000, EuroVector, Redavalle, Italy) connected to an stable isotope ratio mass 

spectrometer (IRMS, NU instruments, Wrexham, UK). To assess the influence of 

sea spray on peat decomposition in the upper meter of the peat and to identify 

volcanic ash layers, further elemental composition was determined by 

wavelength-dispersive X-ray fluorescence spectroscopy (ZSX Primus II, Rigaku, 

Tokyo, Japan). Fourier-transformed infrared spectroscopy (FTIR) was applied to 

characterize peat organic matter quality down to 4 m as described in detail in 

Broder et al. (2012). Spectra were recorded on a FTIR spectrometer (Varian 660; 

Palo Alto, USA) and subsequently baseline corrected.  

14C and 210Pb dating 

A total of 34 samples from continuous peat profiles were radiocarbon dated 

(Table 2.1) to determine long-term peat, C and N accumulation rates. Four slices 

from each of the eight profiles were selected in comparable depth intervals from 

surface peat (45 cm depth, slice from 40-50 cm depth, only the centre of a slice 

is given in the following) to the basal sample of the respective profile. Uppermost 

peat down to a depth of ~30 cm was in most cases too wet (Heusser, 1995) to be 

collected without altering the volume of the peat and thus bulk density 

calculations. Therefore, these peat layers were excluded from 14C analyses. Two 

additional slices were selected from both AST profiles at the transition zone of 

Sphagnum to cushion plant peat identified based on macroscopic changes in the 

peat composition. Radiocarbon signatures of fossil bulk peat material was 

determined by accelerator mass spectrometry (AMS) at the Keck-CCAMS facility 

of the University of California, Irvine. The sample preparation routine conducted 

at the Department of Soil Ecology at the University of Bayreuth as well as further 

methodological details are described in Schulze et al. (2009). Peat slices of 

surface cores oven dried at 70 °C until constant mass were sent to Flett Research 
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Ltd. (Winnipeg, Canada) for radioactive lead (210Pb) dating further confirmed by 

radioactive caesium (137Cs) analyses to determine recent accumulation rates. In 

this approach, peat age was determined applying a constant-rate-of-supply 

(CRS) model (Appleby, 2001). 

 

Table 2.1 (continued on following page) AMS radiocarbon age (14C, yrs. BP) and modelled 

calibrated ages (cal. yrs. BP) obtained from eight continuous peat profiles in two Patagonian peat 

bogs. HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and 

AST profiles were sampled in Sphagnum and Astelia lawns of a cushion bog. The mean value for 
each calibrated date at a 95 % confidence interval is given. Root-free bulk peat was dated and 

depths represent the center of a 10 cm peat slice. 

profile 
depth, 

cm 

14C age ± error, 
yrs. BP 

age, cal. 
yrs. BPa 

age range, cal. 
yrs. BPa 

laboratory 
ID 

(UCIAMSb) 

HUM-1 

0.45 -105 ± 20 -295 -362 - -218 166727 

135 1000 ± 20 860 785 - 931 166728 

315 3380 ± 25 3578 3424 - 3737 166729 

455 5410 ± 25 6036 5713 - 6247 166730 

HUM-2 

45 120 ± 20 153 15 - 264 186992 

135 1490 ± 20 1337 1289 - 1401 186993 

315 3225 ± 25 3432 3296 - 3601 186994 

455 5330 ± 35 5878 5002 - 6154 186995 

LAW-1 

45 270 ± 20 330 169 - 446 166732 

125 1725 ± 20 1580 1460 - 1694 186954 

285 3150 ± 25 3356 3207 - 3563 166733 

415 5365 ± 25 5703 4550 - 6172 166734 

LAW-2 

45 1280 ± 20 1155 1072 - 1260 166735 

105 1840 ± 25 1744 1623 - 1839 166736 

245 3275 ± 25 3476 3338 - 3626 166737 

345 4695 ± 25 5155 4691 - 5460 166738 
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Table 2.2 (continued). 

profile 
depth, 

cm 
14C age ± 

error, yrs. BP 
age, cal. 
yrs. BPa 

age range, cal. 
yrs. BPa 

laboratory 
ID 

(UCIAMSb) 

SPH-1 

45 115 ± 25 56 -1 - 222 166740 

215 2020 ± 20 1958 1866 - 2120 186955 

515 6155 ± 30 7018 6815 - 7192 166741 

705 9615 ± 45 10897 10593 - 11159 166742 

SPH-2 

45 100 ± 20 89 -2 - 245 166743 

215 1855 ± 20 1770 1679 - 1870 166744 

515 5645 ± 25 6360 6218 - 6482 166745 

715 9320 ± 40 8863 8146 - 10322 166746 

AST-1 

45 5 ± 20 2 -7 - 90 166748 

185 1655 ± 20 1537 1425 - 1702 166749 

275 3650 ± 25 3892 3706 - 4063 166750 

435 6480 ± 30 7340 7161 - 7461 166751 

615 8975 ± 40 10104 9868 - 10283 166752 

AST-2 

45 0 ± 20 -1 -7 - 52 186986 

175 1190 ± 20 1061 974 - 1176 186987 

225 1720 ± 20 1608 1515 - 1704 186988 

525 6595 ± 40 7441 7249 - 7586 186990 

735 9760 ± 70 11123 10758 - 11556 186991 
aCalibrated ages determined on the software rbacon (Blaauw and Christen, 2011 applying a 

calibration curve for southern hemisphere dates (SHcal13, Hogg et al., 2013) and, if necessary, 

a southern hemisphere postbomb curve (SH1-2, Hua et al., 2013). 

bKeck-CCAMS facility of the University of California, Irvine 

Calculations and statistical analyses 

Spectral FTIR absorption peaks at specific wavelengths (average location ± 

25 cm-1) were attributed to recalcitrant functional groups of organic matter 

(1420 cm-1: phenolic and aliphatic structures, 1510 cm-1: amides, 1630 cm-1: 

aromatics and aromatic or aliphatic carboxylates, 1720 cm-1: carboxylic acids 

and aromatic esters; Niemeyer et al., 1992). These peaks of recalcitrant 

functional groups were then expressed relative to peaks of labile 

polysaccharides (indicated by a spectral absorption peak at 950-1170 cm-1) to 

compute humification indices of continuous profiles (Broder et al., 2012 and 
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references therein). Higher values of these humification indices imply a decrease 

of labile polysaccharides relative to presence of recalcitrant functional groups in 

the organic matter and, thus, an increase in the decomposition stage. 

To estimate the age of non-14C dated peat slices of continuous profiles, age-depth 

modelling was conducted with a software routine (package rbacon 2.3.4, R 

version 3.5.2, Blaauw and Christen, 2011) using Bayesian statistics. The 14C ages 

of radiocarbon dated samples were calibrated applying a calibration curve for 

southern hemisphere dates (SHcal13, Hogg et al., 2013) and, if necessary, a 

southern hemisphere postbomb curve (SH1-2, Hua et al., 2013), both 

implemented in the rbacon routine, and expressed as calibrated calendar years 

before present (cal. BP = before 1950). Peat age was estimated at the 10 cm 

sampling intervals in continuous peat profiles.   

Bulk density (BD, dry mass per wet volume, g cm-3) as well as total C and N 

contents (as C density, CD, and N density, ND, g cm-2) were calculated excluding 

the dry mass of aerenchymatic A. pumila roots (~4-20 % of the total dry mass, if 

present) for every 10 cm peat slice. For each continuous peat profile, peat height 

increment as well as CD and ND of each peat slice were divided by the respective 

time increment derived from modelled weighted mean ages to obtain apparent 

peat, C and N accumulation rates (PAR in mm yr-1, CAR and NAR in g C m-2 yr-1 

and g N m-2 yr-1, respectively). Major changes in PAR corresponded to age 

intervals between 14C dated peat slices, though. To assess differences in the peat 

development over time, three time periods spanning the first ~1200 and ~4200 

years of peat development (“initial time period” with old peat, but at early stage 

of the bog) in the Sphagnum and cushion bog, respectively, and the last ~1600 

years of peat development (“young time period” with young peat, but in late 

stage of the bog) were defined (Table 2.2). The “intermediate time period” spans 

the time between end of “initial” and beginning of “young”. These periods were 

specified according to three major changes in the vegetation composition 

derived from plant macrofossils (Figure 2.3) and uniformly transferred to all 

continuous peat profiles. Time-weighted means of PAR, CAR and NAR were 

calculated for each time period. Apparent long-term rates of C and N 

accumulation (LORCA, LORNA) were calculated for each continuous peat profile 

to estimate accumulation rates over the whole lifespan of both bogs. As 

uppermost peat layers could not be sampled from all eight continuous profiles, 



Study I 

64 

 

available data from peat layers above 35 cm depth were excluded and only data 

from peat layers at 45 cm depth and below were included in calculations. Loss-

on-ignition was not determined, and thus accumulation rates presented here are 

slightly overestimated as the organic matter content in Patagonian peat profiles 

has been reported to be > 95 % of bulk density (Heusser, 1995; Loisel and Yu, 

2013). Basal samples with highest bulk densities (> 0.09 g cm-3) but presumably 

low organic matter content (< 10 %, Heusser, 1995) were excluded thereby 

avoiding a substantial overestimation of initial and long-term accumulation 

rates.  

The activity of supported 210Pb obtained from surface peat cores achieved 

background levels (i.e. levels of unsupported 210Pb) in 24 cm depth in the 

Sphagnum bog and 50 cm in the cushion bog. Deeper peat layers showed a 210Pb 

signal below the detection limit. These peat layers at the detection limit were 80 

and 55 years old. Recent accumulation rates of C and N during the last 50 years 

(RERCA, RERNA) were calculated likewise accumulation rates of continuous peat 

profiles, but with time intervals derived from CRS modelled ages. The share of A. 

pumila aerenchymatic root dry mass for a specific height increment was inferred 

from respective peat slices of the continuous AST-2 peat profile were data above 

0.45 m depth were available. Surface peat C and N contents were assumed to 

correspond to these peat slices as well, while for the C and N contents of roots 

43.11 % and 0.45 % (N=5), respectively, were assumed from unpublished data. 

Surface C and N contents in the Sphagnum bog were estimated from uppermost 

(N=3) mean C and N contents of the HUM-2 profile were data above 0.45 m depth 

were available with 45.53 % and 0.30 %, respectively.  

Normal distributions of the data were checked by Kolmogorov-Smirnov tests. 

Due to non-normality, relationships between peat characteristics were 

evaluated pairwise for each microform by Spearman’s rank correlation 

(MATLAB Statistics Toolbox Release R2017a). All results were evaluated at the 

0.05 significance level and numbers are reported as mean ± standard deviation.  
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Table 2.3 Time periods of peat development defined for eight continuous peat profiles in two 

Patagonian peat bogs. HUM and LAW profiles were sampled in hummocks and lawns of a 

Sphagnum bog, SPH and AST profiles were sampled in Sphagnum and Astelia lawns of a cushion 

bog. “Young” includes the time span of the last ~1600 years of peat development, “initial” 

includes the first ~1200 and ~4200 years of peat development in the Sphagnum and cushion 

bog, respectively. Intermediate defines the time period between end of “initial” and beginning of 

“young”. 

profile begin of period depth, cm age, cal. yrs. BP 

HUM-1 

young 185 1620 

intermediate 375 4636 

initial 455 6036 

HUM-2 

young 155 1574 

intermediate 375 4469 

initial 455 5878 

LAW-1 

young 125 1580 

intermediate 335 4239 

initial 415 5703 

LAW-2 

young 95 1648 

intermediate 265 3797 

initial 345 5155 

SPH-1 

young 185 1621 

intermediate 485 6510 

initial 705 10897 

SPH-2 

young 195 1572 

intermediate 395 4527 

initial 715 8863 

AST-1 

young 185 1537 

intermediate 355 5625 

initial 615 10104 

AST-2 

young 225 1608 

intermediate 495 6858 

initial 735 11123 
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Results 

Plant macrofossils 

Plant macrofossil (Figure 2.3) records from the LAW-2 profile were uniform and 

remained to ~80 % from one single peat moss species, S. magellanicum. Only 

throughout the first ~1200 cal. yrs. BP of the peat development, a higher 

percentage of shrub residuals was identified with up to 50 % combined with a 

high content of amorphous organic matter in the very beginning of peat 

accumulation. This time span was defined as the initial time period in the 

Sphagnum bog in the course of this article. Above a 20 cm thick layer of 

amorphous organic matter, presence of shrubs substantially decreased while 

remains of S. magellanicum associated with the rush T. magellanicum became 

more present. Plant macrofossil records from the SPH-2 profile also remained 

mainly from S. magellanicum but were more diverse with residuals from herbs, 

shrubs and other mosses being present throughout the whole core between 5 to 

85 %.  

The AST-2 profile showed the highest number of identified plant species and 

most variability in the proportions of plant macrofossils. Similar to the other two 

profiles, S. magellanicum was the dominant peat moss throughout the core, but 

reached a maximum contribution to plant macrofossil residuals of only 60 %. If 

present, remains of S. magellanicum were associated with high presence of 

T. magellanicum which was the most dominant species throughout the profile. 

Three zones were distinguished whose change corresponded to presence of 

charcoal and ash layers: From the first ~4200 cal. yrs. BP since peatland 

initiation mainly amorphous organic material and residuals of herbs and woody 

species remain. This time span was defined as the initial time period in the 

cushion bog in the course of this article. These oldest peat layers were overlaid 

by peat consisting mainly of S. magellanicum and T. magellanicum residuals 

abruptly changing at 1600 cal. yrs. BP to peat dominated by vascular plant 

remains without any presence of S. magellanicum or T. magellanicum. This 

vascular plant peat consisted in deeper layers of unidentified herbs and 

amorphous organic matter that was replaced by a dominance of A. pumila 

residuals towards surface peat layers. Down to a depth of 1.8 m (rhizosphere) 

roots of A. pumila were present and we observed a highly decomposed and 
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amorphous peat. The vegetation shift at 1600 cal. yrs. BP was macroscopically 

visible also in the AST-1 profile. Though this vegetation shift was only 

recognizable in AST profiles, these last 1600 years of peat accumulation since the 

appearance of cushion plants in the cushion bog were defined as the “young time 

period” for all peat profiles. 

Elemental composition, peat organic matter quality and stable isotopes 

The C content in the peat significantly increased with peat age except in AST 

profiles (Figure 2.4, Table 2.3) and had a mean of 49.19 ± 2.01 % and 

49.55 ± 4.90 % in the Sphagnum and cushion bog, respectively. The N content did 

not show a consistent trend with peat age among the microforms (Figure 2.4), 

significantly decreased with peat age in AST profiles (Table 2.3) and was with a 

mean of 0.78 ± 0.15 % lower in the Sphagnum bog throughout all time periods 

(Table 2.4) compared to the cushion bog with a mean of 1.21 ± 0.35 %. Ratios of 

C/N in the peat were together with the humification indices evaluated as 

indicators of peat decomposition. Mean C/N ratios ranged from 75.87 ± 11.33 to 

29.56 ± 2.06, were with 65.37 ± 11.37 higher in the Sphagnum bog compared to 

the cushion bog with 44.85 ± 12.59 and decreased in the order LAW > HUM > 

SPH > AST throughout all time periods (Table 2.4). While HUM and especially 

SPH profiles showed a pronounced variability in C/N ratios with peat age, C/N 

ratios increased significantly with peat age in LAW and AST profiles (Figure 2.5, 

Table 2.3). Peat accumulated during the young time period in AST profiles and 

composed of A. pumila macrofossils had lowest C/N ratios of 29.56 ± 2.06 

accompanied with a low variability (Figure 2.5, Table 2.4).  
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Figure 2.3 Plant macrofossils determined in three continuous peat profiles sampled in a Sphagnum lawn (LAW-2 profile, a) of a Sphagnum bog, in a Sphagnum 

lawn (SPH-2 profile, b) and an Astelia lawn (AST-2 profile, c) of a cushion bog.  
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Humification indices of each profile (highly) correlated with each other (R > 0.78, 

p < 0.00 for all profiles; R > 0.95, p < 0.00 for all profiles except four) and, thus, 

only the 1630/1090 ratio indicative for presence of aromatics and aromatic or 

aliphatic carboxylates is interpreted in the following. The humification index of 

peat sampled in the Sphagnum bog increased significantly with peat age (Figure 

2.5, Table 2.3). Contrary, the index in peat profiles of the cushion bog was more 

variable without a peat age trend, but was overall on a distinctly higher level 

(Figure 2.5). Especially peat accumulated during the young time period in AST 

profiles showed relatively high values pointing to presence of comparatively 

high amounts of recalcitrant functional groups. Except for LAW profiles, the 

humification index was inversely correlated with C/N ratios (Table 2.3). 

Surface peat layers were enriched in δ13C with values ~-25 ‰ and became 

significantly depleted with peat age down to ~-27 ‰ (Figure 2.6, Table 2.3). 

Stable C isotopic signatures had a mean of -25.60 ± 0.75 ‰ and -26.03 ± 0.67 ‰ 

in the Sphagnum and cushion bog, respectively. Carbon isotopic signatures of 

peat accumulated during young time period (since appearance of cushion plants) 

in AST profiles became substantially depleted in δ13C with peat age and reached 

values almost as low as basal peat layers. The change in the dominant plant 

macrofossils in peat of AST profiles older than ~1600 cal. yrs. BP was 

furthermore associated with a more pronounced fluctuation in the δ13C signal of 

older peat layers compared to younger layers above. Stable N isotopic signatures 

were with a mean of -2.87 ± 0.97 ‰ notably depleted in δ15N in the Sphagnum 

bog compared to the cushion bog with a mean of -0.95 ± 1.45 ‰. Mean δ15N 

signatures also became more depleted in the order AST > SPH > LAW throughout 

all time periods (Table 2.4) and decreased significantly with peat age in LAW and 

AST profiles, but not SPH profiles that showed a pronounced variability with peat 

age (Figure 2.6). As described for other peat characteristics, δ15N values reflected 

the change in plant macrofossils in AST profiles towards dominance of A. pumila 

remains. The signatures increased substantially by 4 ‰ from depleted values at 

the surface of ~-2 ‰ throughout peat layers accumulated during the young 

period. In peat older than ~1600 cal. yrs. BP, δ15N values became again depleted 

in 15N with peat age. Stable isotopic signals showed mostly a (significant) 

negative relationship with the C/N ratio and the humification index below all 

microforms (Table 2.3). 
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Sulfate and chloride concentrations were with 2665.14 ± 576.75 ppm and 2385 

± 496.38 ppm 2- and 10-times elevated in surface peat layers of the cushion bog 

compared to the Sphagnum bog (Table 2.5). Within the cushion bog, chloride 

concentrations in AST profiles were almost twice as high as in SPH profiles. 

Rubidium and strontium concentrations in surface peat of the cushion bog were 

on the average also twice as high as in the Sphagnum bog. All ash layers in the 

AST-2 profile and especially that layer deposited around 1600 cal. yrs. BP 

marking the shift towards Astelia-dominated peat were attributed with peaks of 

doubled strontium concentrations up to 100 ppm compared to adjacent peat 

layers. No ash layers were evident from plant macrofossil analyses and metal 

concentrations obtained from HUM, LAW and SPH profiles.  
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Figure 2.4 Temporal variations in bulk densities, C and N contents of continuous peat profiles obtained in different microforms in two Patagonian peat bogs. 

HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and AST profiles were sampled in Sphagnum and Astelia lawns of a 

cushion bog.
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Figure 2.5 Temporal variations in decomposition indicators (C/N ratio, FTIR-derived humification 

index) of continuous peat profiles obtained in different microforms in two Patagonian peat bogs. 

HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and AST 

profiles were sampled in Sphagnum and Astelia lawns of a cushion bog. 

 

 

Figure 2.6 Temporal variations in stable C and N isotopes of continuous peat profiles obtained in 

different microforms in two Patagonian peat bogs. HUM and LAW profiles were sampled in 

hummocks and lawns of a Sphagnum bog, SPH and AST profiles were sampled in Sphagnum and 

Astelia lawns of a cushion bog.  
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Table 2.4 (continued on following page) Rho values of Spearman’s rank correlation between peat 

characteristics of continuous peat profiles of different microforms in two Patagonian peat bogs. 

HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and AST 

profiles were sampled in Sphagnum and Astelia lawns of a cushion bog. Significant correlations 

(p < 0.05) are given in bold. n.d. = not determined. Age = peat age, C/N = C/N ratio, HI = 

humification index, BD = bulk density; CAR and NAR = carbon and nitrogen accumulation rate. 

    age C/N  HI δ13C δ15N BD C N CAR 

H
U

M
  

age                   

C/N -0.114                 

HI 0.768 -0.597               

BD 0.296 -0.689 0.644 n.d.           

C 0.666 -0.368 0.761 n.d. n.d. 0.368       

N 0.257 -0.961 0.704 n.d. n.d. 0.701 0.565     

CAR 0.049 -0.625 0.461 n.d. n.d. 0.792 0.477 0.664   

NAR 0.105 -0.827 0.568 n.d. n.d. 0.830 0.483 0.840 0.943 

LA
W

  

age                   

C/N 0.503                 

HI 0.839 0.176               

δ13C -0.755 -0.435 -0.698             

δ15N -0.589 -0.752 -0.341 0.621           

BD 0.438 0.088 0.428 -0.443 -0.223         

C 0.654 0.044 0.692 -0.524 -0.235 0.439       

N -0.281 -0.932 0.082 0.257 0.643 0.020 0.237     

CAR 0.031 -0.266 0.138 -0.021 0.150 0.688 0.358 0.295   

NAR -0.140 -0.570 0.075 0.156 0.403 0.526 0.333 0.591 0.904 
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Table 2.3 (continued).  

SP
H

  

age                   

C/N 0.069                 

HI 0.169 -0.262               

δ13C -0.584 0.104 -0.499             

δ15N -0.131 -0.741 0.116 0.001           

BD 0.419 -0.253 0.725 -0.589 0.009         

C 0.240 -0.048 0.683 -0.426 0.009 0.413       

N -0.087 -0.944 0.377 -0.142 0.720 0.259 0.274     

CAR -0.012 -0.318 0.611 -0.365 0.065 0.807 0.384 0.387   

NAR -0.061 -0.706 0.521 -0.309 0.390 0.718 0.261 0.713 0.879 

A
ST

  

age                   

C/N 0.627                 

HI -0.218 -0.239               

δ13C -0.498 -0.143 -0.122             

δ15N -0.682 -0.586 0.313 0.349           

BD 0.765 0.399 0.197 -0.555 -0.551         

C -0.293 -0.164 0.644 -0.116 0.334 -0.103       

N -0.697 -0.926 0.334 0.158 0.651 -0.489 0.419     

CAR 0.231 0.010 0.445 -0.357 -0.235 0.637 0.074 -0.048   

NAR -0.130 -0.513 0.376 -0.197 0.085 0.342 0.120 0.436 0.816 
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Table 2.5 Means of peat characteristics and their standard deviation of continuous peat profiles 

of different microforms in two Patagonian peat bogs. HUM and LAW profiles were sampled in 

hummocks and lawns of a Sphagnum bog, SPH and AST profiles were sampled in Sphagnum and 

Astelia lawns of a cushion bog. “Young” includes the time span of the last ~1600 years of peat 

development, “initial” includes the first ~1200 and ~4200 years of peat development in the 

Sphagnum and cushion bog, respectively. Intermediate defines the time period between end of 

“initial” and beginning of “young”. N.d. = not determined. 

 time period C, % N, % C/N ratio δ13C, ‰  δ15Ν, ‰  

H
U

M
 young 47.83 ± 1.27 0.78 ± 0.22 66.00 ± 16.61 n.d. n.d. 

intermediate 49.90 ± 1.45 0.81 ± 0.11 62.35 ± 7.18 n.d. n.d. 

initial 52.52 ± 0.72 0.95 ± 0.09 55.72 ± 5.48 n.d. n.d. 

LA
W

 young 46.60 ± 0.76 0.82 ± 0.21 59.92 ± 13.21 -24.99 ± 0.46 -2.04 ± 0.67 

intermediate 48.63 ± 1.20 0.71 ± 0.08 69.09 ± 6.69 -25.53 ± 0.61 -2.92 ± 0.87 

initial 50.25 ± 2.23 0.68 ± 0.12 75.87 ± 11.33 -26.28 ± 0.51 -3.52 ± 0.76 

SP
H

 young 48.31 ± 1.55 1.16 ± 0.22 44.19 ± 9.07 -25.36 ± 0.62 -1.20 ± 1.27 

intermediate 50.05 ± 1.86 0.96 ± 0.23 55.00 ± 10.82 -25.68 ± 0.56 -1.83 ± 1.04 

initial 47.98 ± 6.17 1.03 ± 0.33 50.60 ± 14.76 -26.19 ± 0.54 -1.91 ± 1.02 

A
ST

 young 51.75 ± 1.67 1.76 ± 0.15 29.56 ± 2.06 -25.95 ± 0.44 0.89 ± 0.86 

intermediate 51.18 ± 2.85 1.39 ± 0.36 39.22 ± 10.40 -26.19 ± 0.82 0.73 ± 1.23 

initial 48.19 ± 7.47 1.10 ± 0.33 46.54 ± 12.73 -26.41 ± 0.63 -1.71 ± 1.29 

 

Table 2.6 Elemental concentrations in surface peat (35-100 cm depth) of continuous profiles of 

different microforms in two Patagonian peat bogs. Means and their standard deviation are given 
in ppm. HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH 

and AST profiles were sampled in Sphagnum and Astelia lawns of a cushion bog. 

 Sulfate Chloride Rubidium Strontium 

HUM 1149.64 ± 418.62 269.98 ± 110.49 6.36 ± 1.34 26.99 ± 4.01 

LAW 1250.86 ± 279.45 226.88 ± 133.92 7.19 ± 2.23 17.91 ± 3.02 

SPH 2874.64 ± 645.98 1701.52 ± 221.03 14.79 ± 2.33 40.59 ± 9.59 

AST 2455.64 ± 507.53 3068.49 ± 771.74 18.82 ± 3.20 58.56 ± 13.57 

 

  



Study I 

76 

 

Peat, carbon and nitrogen accumulation in the Sphagnum bog 

Peat thickness at the cored points in the Sphagnum bog reached a maximum of 

455 cm below HUM profiles and peat development initiated ~6100 cal. yrs. BP 

(Table 2.1). Bulk density of the peat had a mean of 0.06 ± 0.02 g cm-3 and was 

slightly higher in HUM peat compared to LAW peat during all three time periods 

(Figure 2.4, Table 2.6). With peat age, BD increased significantly and was also 

correlated with the humification index and reversely with the δ13C signal (Table 

2.3). Peat accumulated at a mean rate of 0.71 ± 0.05 mm yr-1, substantially 

increased after the initial time period and reached highest PAR values during the 

young time period (Table 2.6). Furthermore, PAR tended to be higher in LAW 

profile compared to HUM profiles. Carbon accumulated at a mean LORCA of 

21.89 ± 5.82 g C m-2 yr-1 with, contrary to PAR, ~23 % higher CAR in HUM profiles 

compared to LAW profiles throughout all time periods (Figure 2.7). HUM and 

LAW profiles also showed different patterns of CAR evolution over time. CAR 

gradually decreased from the initial to the intermediate time period in HUM 

profiles but C was then deposited at changing rates with a relatively constant 

mean until present. In LAW profiles, CAR abruptly decreased at the end of the 

initial time period, but afterwards CAR gradually increased until a near-zero of C 

accumulation at ~1100 cal. yrs. BP in the LAW-2 profile while it substantially 

decreased during the young time period in the LAW-1 profile associated with a 

minimum peak in BD at the same time (Figure 2.4). Similar patterns over time 

were observed for NAR (Figure 2.7) as indicated by a highly significant 

correlation between CAR and NAR (Table 2.3). On the average, N accumulated at 

a LORNA of 0.35 ± 0.14 g N m-2 yr-1. During the last 50 years of peat development, 

accumulation rates of the Sphagnum lawn reached on the average a PAR of 

5.39 ± 2.88 mm yr-1, a RERCA of 63.81 ± 19.74 g C m-2 yr-1 and a RERNA of 

0.40 ± 0.12 g N m-2 yr-1. Both, CAR and NAR were reversely correlated with the 

C/N ratio in HUM and LAW profiles (Table 2.3). 
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Figure 2.7 Temporal variations in apparent long-term C and N accumulation of continuous peat profiles obtained in different microforms in two Patagonian 

peat bogs. HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and AST profiles were sampled in Sphagnum and Astelia 

lawns of a cushion bog.
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Table 2.7 Means of bulk density as well as peat, C and N accumulation (PAR, CAR, NAR) and their 

standard deviation of continuous peat profiles of different microforms in two Patagonian peat 

bogs. HUM and LAW profiles were sampled in hummocks and lawns of a Sphagnum bog, SPH and 

AST profiles were sampled in Sphagnum and Astelia lawns of a cushion bog. “Young” includes the 

time span of the last ~1600 years of peat development, “initial” includes the first ~1200 and 

~4200 years of peat development in the Sphagnum and cushion bog, respectively. Intermediate 

defines the time period between end of “initial” and beginning of “young”. 

  time period 
BD,  

g cm-3 
PAR,  

mm yr-1 
CAR,  

g C m-2 yr-1 
NAR,  

g N m-2 yr-1 

HUM 

young 0.066 ± 0.016 0.76 ± 0.05 23.88 ± 6.81 0.41 ±0.23 

intermediate 0.065 ± 0.011 0.72 ± 0.08 23.31 ± 4.66 0.38 ±0.11 

initial 0.091 ± 0.018 0.57 ± 0.01 27.24 ± 5.52 0.49 ±0.29 

LAW 

young 0.044 ± 0.012 0.84 ± 0.05 18.39 ± 5.30 0.32 ±0.12 

intermediate 0.050 ± 0.008 0.82 ± 0.11 20.05 ± 4.32 0.29 ±0.07 

initial 0.066 ± 0.019 0.57 ± 0.01 18.77 ± 5.91 0.26 ±0.12 

SPH 

young 0.053 ± 0.016 0.95 ± 0.01 24.45 ± 7.73 0.58 ±0.21 

intermediate 0.055 ± 0.016 0.66 ± 0.10 18.08 ± 5.94 0.36 ±0.17 

initial 0.074 ± 0.028 0.62 ± 0.06 21.51 ± 8.51 0.48 ±0.29 

AST 

young 0.075 ± 0.037 0.99 ± 0.16 26.97 ± 9.83 0.93 ±0.36 

intermediate 0.054 ± 0.020 0.47 ± 0.03 14.85 ± 4.21 0.39 ±0.11 

initial 0.062 ± 0.015 0.56 ± 0.06 26.28 ± 7.44 0.60 ±0.23 
 

Peat, carbon and nitrogen accumulation in the cushion bog 

Peat at the cored points in cushion bog accumulated for almost twice the time 

period compared to the Sphagnum bog since ~11100 years resulting in a 

maximum peat thickness of 735 cm of the AST-2 profile (Table 2.1). Bulk density 

of the peat revealed a mean of 0.07 ± 0.03 g cm-3 (Figure 2.4, Table 2.6) and was 

higher in AST profiles compared to SPH profiles. Compared to the Sphagnum bog, 

mean BD decreased in the order HUM > AST > SPH > LAW throughout all time 

periods. With peat age, BD increased significantly in the cushion bog and was 

also correlated with opposing trends with the C/N ratio and reversely with the 

δ13C signal (Table 2.3). 
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Peat accumulated with a mean rate of 0.71 ± 0.07 mm yr-1 and, thus, at similar 

rates compared to the Sphagnum bog, but maximum PAR was distinctly higher 

with up to 0.99 ± 0.16 mm yr-1 observed in AST profiles during the young time 

period (Table 2.6). During this period, PAR almost doubled not only in AST 

profiles, but also SPH profiles. Carbon accumulated at a mean LORCA of 

22.21 ± 8.78 g C m-2 yr-1 with lowest rates during the intermediate time period 

(Figure 2.7). AST profiles resembled each other with most pronounced changes 

over time compared to the other microforms and reflected the vegetation shifts 

identified from plant macrofossil analyses in the AST-2 profile. Since the 

beginning of peat development, CAR gradually decreased until peaking 

accumulation rates at the time of the vegetation shift at 1600 cal. yrs. BP and 

gradually decreased afterwards again down to ~10 g C m-2 yr-1. Highest CAR 

among all microforms in the young period was also reached in AST profiles with 

26.97 ± 9.83 g C m-2 yr-1 albeit not being distinctly elevated compared to rates 

obtained from other microforms. While in the SPH-2 profile CAR followed the 

pattern of both AST profiles, CAR fluctuated at a relatively stable mean in peat of 

the SPH-1 profile. Like in the Sphagnum bog, NAR patterns over time were 

similar to CAR patterns as indicated by a highly significant correlation between 

CAR and NAR (Table 2.3). Nitrogen accumulated with 0.55 ± 0.29 g N m-2 yr-1 at 

a higher mean LORNA compared to the Sphagnum bog and the maximum, 

distinctly higher NAR among all microforms of 0.93 ± 0.36 g N m-2 yr-1 was 

reached in AST peat during the young time period.  Accumulation rates during 

the recent period reached on the average a PAR of 7.16 ± 1.26 mm yr-1, a RERCA 

of 245.42 ± 55.42 g C m-2 yr-1 and a RERNA of 4.69 ± 0.26 g N m-2 yr-1. CAR was 

reversely correlated with the C/N ratio in SPH, but not AST profiles, while there 

was a significant negative relationship in both, SPH and AST profiles, between 

C/N ratios and NAR. 
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Discussion 

Accumulation of peat, carbon and nitrogen in the Sphagnum bog 

The peat basal age determined in this study for a raised Sphagnum bog was with 

~6100 cal. yrs. BP of relatively young age compared to other Patagonian 

peatlands that mostly initiated before 10000 years (Yu et al., 2010). Mean PAR 

reported here fell with 0.71 ± 0.05 mm yr-1 within the range of magnitude 

reported from Chilean Sphagnum bogs with 0.45-0.133 mm yr-1 (Biester et al., 

2003; Mathijssen et al., 2019). The LORCA determined for our 

site corresponded with 21.89 ± 5.82 C m-2 yr-1 to that of a nearby Sphagnum 

bog with 23 g C m-2 yr-1 (Loisel and Yu, 2013) or other southern peatlands with 

22 g C m-2 yr-1 (Yu et al., 2010) as well as to those of northern peatlands (45° to 

69°N) with 22.9 g C m-2 yr-1 (Loisel et al., 2014). Long-term rates of N 

accumulation have not yet been determined for Patagonian peatlands to the best 

of our knowledge, but our LORNA of 0.35 ± 0.14 g N m-2 yr-1 agreed with the 

LORNA of northern peatlands with 0.5 ± 0.04 g N m-2 yr-1 (Loisel et al., 2014) 

though being lower possibly due to low N deposition rates in Patagonia (Fritz et 

al., 2012). The strong correlation between CAR and NAR in both microforms 

(Table 2.3) points to the crucial role of N in driving C accumulation (Wang et al., 

2014). Our first hypothesis that C and N accumulate in a Patagonian Sphagnum 

bog at similar rates compared to northern hemisphere Sphagnum bogs was thus 

confirmed.  

The vegetation shift from shrub-dominated during the initial time period to 

Sphagnum-dominated (Figure 2.3) coincided with the substantial increase in 

PAR (Table 2.6) but did not translate into a higher accumulation of C and N. 

Instead, the vegetation shift roughly corresponded to the gradual or abrupt 

decrease in CAR and NAR in both, HUM and LAW profiles (Figure 2.7). Such 

reverse response of PAR and CAR or NAR to the vegetation shift could be 

explained by a faster height increase in peat formed by recalcitrant Sphagnum 

litter (Dorrepaal et al., 2005; Moore et al., 2007) and its lower C and N contents 

compared to vascular plants (Schmidt et al., 2010; Loisel et al., 2014) as indicated 

also by C and N contents in the peat (significantly) increasing with peat age 

(Figure 2.4). Furthermore, the high content of amorphous organic matter formed 

in the initial stage of peat accumulation (Figure 2.3) caused highest values of CAR 
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and NAR probably due to very condensed and decomposed peat as indicated by 

highest bulk densities and highest values of the humification index (Figure 2.4, 

Figure 2.5). Taking the changes in PAR, CAR and NAR together this suggests, that 

the shift in the vegetation composition after the first ~1200 cal. yrs. BP of peat 

development was not a local phenomenon in the LAW-2 profile but instead 

occurred on a larger spatial scale along the Sphagnum bog. This interpretation is 

in line with Loisel and Yu (2013) who described a general past fen-to-bog 

transition in Patagonian bogs associated with highly decomposed basal peat.  

HUM and LAW profiles revealed different patterns of CAR and NAR over most of 

the peatland development time. This suggests that both HUM sites were 

apparently characterized by similar conditions that differed from the conditions 

at both LAW sites. The long-term increase in CAR observed in LAW profiles 

(Figure 2.7) agreed well with Yu et al. (2010), who reported a gradual increase 

of C accumulation rates in Patagonian peatlands during the Holocene from ~15 

to 28-40 g C m-2 yr-1. It is hard to explain why such pattern was not observed in 

HUM profiles as LAW and HUM profiles showed similar temporal patterns in all 

their peat characteristics evaluated. We can only speculate that very local, but 

long-term processes affecting plant productivity and peat decomposition 

resulted in this unexpected long-term CAR pattern in both HUM profiles. This 

explanation would also mean that microforms of the same type developed 

synchronously due to local intrinsic factors. Such explanation would imply that 

a fixed sequence in the development of microforms existed which was defined 

by local micro-conditions. As accumulation rates differ between microforms due 

to distinct local conditions (Belyea and Clymo, 2001; Turunen et al., 2004) such 

explanation seems reasonable. Intrinsic features defining local conditions of 

both HUM coring sites are e.g. the local microtopography and hydrology or small 

vegetation changes affecting the local microclimate or peat density as major 

driver of accumulation rates (Turunen et al., 2004; Loisel et al., 2014) that 

furthermore might explain why BD and CAR were higher in HUM profiles 

compared to LAW profiles throughout all time periods. Higher CAR and NAR in 

HUM profiles compared to LAW profiles were contrary to Belyea and Clymo 

(2001), who showed that the rate of peat accumulation is greatest for 

intermediate microforms (e.g. lawns) and least for microforms at the extremes 

of the water table gradient (e.g. high hummocks, pools). Thus we would have 

expected that at least youngest accumulation rates in LAW profiles exceeded 
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those of HUM profiles. It was therefore also surprising that CAR 

considerably decreased during the young period in the LAW-1 profile down to 

rates < 10 g C m-2 yr-1. This minimum peak ~1000 cal. yrs. BP in CAR was 

associated with a minimum peak in NAR and BD (Figure 2.4, Figure 2.7). We 

suggest that this phase of low accumulation might originate from a locally and 

temporarily different vegetation growing under drier conditions and associated 

with either high decomposition rates or low primary production. For example, 

Harris et al. (2018) showed that lichens, as observed at the surface of our study 

site, can substantially reduce peat accumulation. Also the occurrence of 

Empetrum rubrum remains in peat profiles of Tierra del Fuego as observed at 

~1100 cal. yrs. BP in the LAW-2 profile (Figure 2.3) has been interpreted as 

representing periods of drier conditions (Heusser, 1989; Björck et al., 2012) and 

might thus explain the near-zero C accumulation since that time. Nevertheless, 

the near-zero CAR was probably a temporary phenomenon as we found living 

Sphagnum mosses at the surface of this profile. The difference in CAR patterns 

over time between HUM and LAW profiles as well as the rather general 

explanations for these results demonstrate the importance to further investigate 

the within-site variability in accumulation rates and its past controls to 

understand C accumulation in bogs.  

Recent accumulation rates were calculated for one Sphagnum lawn. During the 

last 50 years of the young period, peat accumulated with a PAR of 

5.39 ± 2.88 mm yr-1 at 7-times higher rates compared to the mean PAR of 

Sphagnum lawns. Recent accumulation rates are expected to be higher than long-

term rates as highest decomposition rates and thus strongest loss occurs during 

the first years of peat accumulation (Clymo, 1984; Tolonen and Turunen, 1996; 

Beer and Blodau, 2007). The fast peat height growth resulted in a with 

63.81 ± 19.74 g C m-2 yr-1 3-times higher RERCA compared to LORCA, but with 

0.40 ± 0.12 g N m-2 yr-1 only a slightly higher RERNA compared to LORNA. These 

values are of the same magnitude as reported from peatlands dominated by 

Sphagnum at Isla Grande de Chiloé, Chile with a RERCA and RERNA to range 

between 5.88-87.06 g C m-2 yr-1 and 0.15-2.37 g N m-2 yr-1, respectively (León and 

Oliván, 2014). In contrast, recent accumulation rates obtained at our site were at 

the lower range of RERCA and especially of RERNA obtained in eastern Canadian 

ombrotrophic bogs with 40-117 g C m-2 yr-1 and 1.4-3.2 g N m-2 yr-1, respectively 

(Turunen et al., 2004). Such low recent accumulation rates in a Sphagnum bog 
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might partly be explained by the very low Patagonian N deposition rates that are 

with a maximum of 0.2 g N m-2 yr-1 (Fritz et al., 2012) still at the lower range of 

deposition rates determined for the bogs studied by Turunen et al. (2004). 

Slower rates of N2-fixation that have been shown to contribute significantly to 

the N input of bog ecosystems (Vile et al., 2014) might be another explanation 

for lower N accumulation rates.  

Accumulation of peat, carbon and nitrogen in the cushion bog 

The cushion bog was almost twice as old as the Sphagnum bog and peat growth 

initiated ~11100 cal. yrs. BP typically for Patagonian peatlands (Yu et al., 2010). 

The basal age determined confirms previous research at this study site 

(Borromei et al., 2014). Peat accumulated with a mean PAR, LORCA and LORNA 

of 0.71 ± 0.07 mm yr-1, 22.21 ± 8.78 g C m-2 yr-1 and 0.55 ± 0.29 g N m-2 yr-1, 

respectively, at similar rates compared to the Sphagnum bog confirming our 

second hypothesis. Long-time average accumulation rates in the same order of 

magnitude as observed in the Sphagnum bog were expected as plant macrofossil 

analyses indicated that the cushion bog was previously covered by plant species 

typical for Sphagnum-dominated peatlands (Figure 2.3). As in the Sphagnum bog, 

CAR and NAR were strongly correlated in both microforms (Table 2.3) indicating 

the important role N availability in controlling C accumulation also in cushion 

bogs. Data about accumulation rates in cushion bogs is scarce, but Björck et al. 

(2012) determined a PAR in the same order of magnitude (0.31-0.77 mm yr-1) in 

a Patagonian cushion bog with frequent A. pumila pollen throughout the whole 

profile. PAR calculated for a vascular plant-dominated oligotrophic peatland 

(‘restiad bog’) in New Zealand (Newnham et al., 1995) was mostly also in that 

range, but the highest rate of 1.8 mm yr-1 was almost twice as high as greatest 

PAR determined at our site (0.99 ± 0.16 mm yr-1). Maximum accumulation rates 

(PAR 0.74-2.2 mm yr-1 and LORCA 9-37 g C m-2 yr-1) determined in cushion bogs 

of the tropical high Andes of Bolivia and Ecuador (Hribljan et al., 2014; Hribljan 

et al., 2016) with comparable climatic settings to our cushion bog site also 

exceeded highest accumulation rates determined here, even during the young 

time period with predominance of A. pumila when CAR reached 

26.97 ± 9.83 g C m-2 yr-1. 
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AST and SPH profiles revealed similar patterns of CAR and NAR over time (Figure 

2.7), except for the SPH-1 profile, and reflected both vegetation shifts identified 

from plant macrofossil analyses in the AST-2 profile (Figure 2.3). Similar as in 

the Sphagnum bog, the vegetation shift identified after ~4200 years of peatland 

initiation was associated with lower mean BD, PAR, CAR and NAR (Table 2.6) 

reflecting less condensed and decomposed peat compared to the basal peat with 

high amounts of amorphous organic matter (Figure 2.3). The substantially lower 

means in the intermediate period compared to the initial time period resulted 

from the gradual decrease in CAR of AST profiles. Such gradual changes as also 

observed throughout the young time period were probably caused mainly by an 

increasing degree of decomposition with peat age (Belyea and Malmer, 2004). 

Nevertheless, the early vegetation shift could be again interpreted as the fen-to-

bog transition typical for Patagonian bogs (Loisel and Yu, 2013). The results of 

our plant macrofossil analyses were also in accordance with other previous 

work. Heusser (1995) dated the early develop of cushion plant vegetation to 

older times of 2600 14C yrs. BP though the occurrence of D. fascicularis was dated 

to 1500 14C yrs. BP which agrees well with our date for the vegetation shift of 

~1600 cal. yrs. BP. Slight deviations between both studies are probably based on 

the different methods applied. Pollen analysis as performed by Heusser (1995) 

provide insights about past vegetation composition in the landscape while 

analyses of plant macrofossils allows to reconstruct the development of local 

plant communities. As furthermore the vegetation shift at ~1600 cal. yrs. BP was 

macroscopically visible in both of our AST profiles we suggest this date to be 

more reasonable.  

The sudden disappearance of T. magellanicum as an indicator for wet conditions 

favorable for growth of S. magellanicum (Borromei et al., 2014) and occurrence 

of A. pumila was associated with repeated deposition of ash layers suggesting 

that the vegetation change towards a dominance of cushion plants might have 

been induced by fire events or volcano eruptions. Interpretation of tephra layers 

in the AST-2 profile is in general difficult due to great numbers of fall events and 

potential sources (Markgraf et al., 1993; Rabassa et al., 2006). Charcoal particles 

at ~4200 cal. BP could be related to the eruption of the Mt Burney volcano (Kilian 

et al., 2012) and ash layers and charcoal particles at ~7750 cal. BP might 

originate from the H1 eruption of the Hudson volcano (Björck et al., 2012). 

Presence of charcoal in peat of the cushion bog in Moat has been also related to 
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human settlements and Paleoindian burning (Heusser, 1995). A change from 

Sphagnum- to vascular plant dominated vegetation following tephra deposition 

can be explained by a nutrient fertilization effect stimulating decomposition 

(Broder et al., 2012) and thus favoring vascular plants (Hughes et al., 2013). Also 

peaking CAR and NAR slightly after the vegetation shift as observed in both AST 

and one SPH profile and associated with presence of ash layers (Figure 2.7) could 

be explained by this fertilization effect promoting primary productivity (Hughes 

et al., 2013). These peaking CAR and NAR resulted in substantially higher mean 

CAR and NAR of AST profiles throughout the young time period (Table 2.6) 

confirming our third and fourth hypotheses. 

Despite high average accumulation rates, CAR and NAR as well as BD dropped 

sharply since the appearance of cushion plants down to lowest rates of 

the intermediate period (Figure 2.4, Figure 2.7) when peat was formed 

mainly by T. magellanicum and S. magellanicum (Figure 2.3). Such low CAR of 

~10 g C m-2 yr-1 agreed well with low CAR determined for an A. pumila 

dominated peat profile in a Chilean bog with mixed vegetation (< 10 g C m-2 yr-1, 

Mathijssen et al., 2019). Previous authors found peat originating from cushion 

plants to be highly decomposed with bulk densities distinctly higher as peat in 

Sphagnum bogs due to oxic conditions in the rhizosphere (Kleinebecker et al., 

2007; Fritz et al., 2011; Münchberger et al., 2019). Very low C/N ratios of ~29 

and a comparatively high humification index (Figure 2.5) indeed point to highly 

decomposed peat formed by A. pumila suggesting in turn low accumulation rates. 

Thus, the sharp decrease in BD associated with drops in CAR and NAR towards 

present time opens the question whether cushion plants i.e. A. pumila might fail 

to accumulate peat, C and N as the higher primary productivity (Holl et al., 2019) 

cannot not outweigh the effective N recycling in the peat (Fritz, 2012) and the 

high decomposition rates on a longer time scale. 

Recent accumulation rates calculated for one Astelia lawn differed substantially 

from those recent rates obtained in the Sphagnum lawn of the Sphagnum bog. 

RERCA was with 245.42 ± 55.42 g C m-2 yr-1 almost 4-times higher and RERNA 

with 4.69 ± 0.26 g N m-2 yr-1 almost 12-times higher. These RERCA and RERNA 

values exceeded highest values reported from ombrotrophic southern (León and 

Oliván, 2014) and northern Sphagnum bogs (Turunen et al., 2004). Also the 

rough calculation of Knorr et al. (2015) for net N sequestration in two Chilean 
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bog sites with mixed vegetation dominated by both, S. magellanicum and A. 

pumila seemed to be an underestimate (1 g N m-2 yr-1 throughout upper peat 

layers down to 50 cm). Higher C and N contents of vascular plants (Schmidt et 

al., 2010; Loisel et al., 2014) as well as higher productivity (Olid et al., 2014; 

Gavazov et al., 2017) in comparison to Sphagnum mosses could be an explanation 

for the high RERCA and RERNA. Higher N2 fixation rates in surface peat under 

cushion plants i.e. A. pumila and D. fascicularis compared to surface peat formed 

by Sphagnum (Knorr et al., 2015) could furthermore explain high RERNA at our 

site. However, C accumulation in an Ecuadorian cushion bog over the last 500 

years reached a rate of comparable magnitude with up to 219 g C m-2 yr-1 

(Hribljan et al., 2016). Interestingly, the high RERCA and RERNA did not translate 

in accelerated peat accumulation as PAR during the last 50 years was with 

7.16 ± 1.26 mm yr-1 only slightly elevated compared to the Sphagnum lawn. 

Roots of vascular plants can relocate particles as lead falsifying 210Pb 

measurements (Benavides et al., 2013). However, previous studies conducted in 

peatlands dominated by vascular plants such as sedges (Vitt et al., 2009) or 

cushion plants (Benavides et al., 2013) confirmed that mobilization is negligible 

and 210Pb chronologies are valid. The representativeness of these high RERCA 

and RERNA is, however, limited as only one Astelia lawn surface core was 

analyzed. It has to be noted that recent accumulation rates do not or only partly 

account for decomposition (Turunen et al., 2004). Therefore, high RERCA and 

RERNA do not conflict with the conclusion derived from CAR and NAR patterns 

during the young period that A. pumila might fail to accumulate peat on a longer 

time scale when decomposition processes affected deposited peat.  

Within-site variability of decomposition patterns as compared between 

Sphagnum bogs and cushion bogs 

Peat C/N ratios and the FTIR-derived humification index are well-established 

proxies indicating decomposition processes (Broder et al., 2012; Biester et al., 

2014 and references in these). As expected, ratios of C/N were generally 

inversely correlated with the humification index (Table 2.3) indicating an 

increasing decomposition degree and ongoing decomposition of the peat. 

However, C/N ratios either significantly increased with peat age or showed no 

correlation. Such relationships were not expected showing that the 

interpretation of both decomposition proxies is not generally straightforward. 
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Overall, the range of mean C/N ratios was comparable to those values reported 

previously for Patagonian bogs (Biester et al., 2003; Kleinebecker et al., 2008; 

Broder et al., 2012; Mathijssen et al., 2019). Higher C/N ratios in the Sphagnum 

bog compared to the cushion bog (Table 2.4) associated with a lower 

humification index (Figure 2.5) indicated less decomposed peat in the former 

bog. The consistent decrease in C/N ratios throughout all time periods in the 

order LAW > HUM > SPH > AST, except for the young time period with higher 

C/N ratios in HUM compared to LAW profiles (Table 2.4), pointed to very local 

factors even within each bog effective for the decomposition rate over long 

periods of time. Overall, the difference between both bogs rather reflected higher 

long-term decomposition rates in the cushion bog than differences in the peat 

source material as throughout most of the time the vegetation in both bogs was 

dominated by one peat moss species, S. magellanicum, as typical for Patagonian 

bogs (Kleinebecker et al., 2007; Fritz et al., 2012; Loisel and Yu, 2013), associated 

with T. magellanicum (Figure 2.3). However, the pronounced variability in C/N 

ratios and the humification index in SPH, but also AST profiles, might be 

explained by the generally more diverse plant macrofossil records in the cushion 

bog compared to the Sphagnum bog (Figure 2.3). Apart from vegetation effects, 

the more coastal setting of the cushion bog close to the Beagle channel could 

explain higher long-term average decomposition rates and pronounced 

temporal variations in decomposition indicators. For example, more rapid 

changes in precipitation and wind force patterns and thus nutrient input through 

sea spray (Table 2.5) or water table fluctuations are reasonable local 

environmental factors affecting decomposition (Biester et al., 2004). Enhanced 

decomposition due to sea spray fertilization has already been hypothesized for 

oceanic cushion bogs in Chile (Kleinebecker et al., 2008; Broder et al., 2012). As 

such long-term recognizable effect of the local climate and a higher variability in 

past plant species were not expected, we could retrospectively only partly 

confirm our second hypothesis.  

Among the lowest C/N ratios were observed in peat deposited throughout the 

young period in AST profiles associated with a comparatively high humification 

index pointing to highly decomposed cushion plant-derived peat as observed in 

previous studies (Kleinebecker et al., 2007; Fritz et al., 2011, Münchberger et al., 

2019; Mathijssen et al., 2019). High decomposition rates throughout the young 

period in AST profiles presumably originated from nutrient-rich (Schmidt et al., 
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2010) and labile litter of vascular cushion plants (Dorrepaal et al., 2005; Moore 

et al., 2007) that were furthermore accelerated by high root biomass turnover 

(Knorr et al., 2015) and root oxygen release to the rhizosphere (Fritz et al., 2011, 

Münchberger et al., 2019) stimulating fungal decomposition (Paredes et al., 

2014). Except for this striking example how the prevailing vegetation 

composition controls decomposition and vice versa peat and C accumulation, 

underlined also by the fact that the C/N ratio was not correlated with CAR only 

in AST profiles (Table 2.3), the vegetation shifts were not well recognizable in 

decomposition indicators as decomposition processes seemed to modify the 

effect of different plant communities on peat characteristics. Nevertheless, this 

pronounced effect of A. pumila on peat characteristics and decomposition rates 

confirmed our fourth hypothesis.  

Additionally to C/N ratios and the FTIR-derived humification index, stable 

isotopes of C and N have been established as proxies for the degree of peat 

decomposition though less well understood (Broder et al., 2012; Biester et al., 

2014). Carbon isotopic signals were in a narrow range comparable to other 

Patagonian bogs (Figure 2.6, Broder et al., 2012) and differed only slightly among 

the Sphagnum and cushion bog as opposed to N isotopic signals. These ranged 

more pronounced (Figure 2.6), also compared to the Patagonian bogs studied by 

Broder et al. (2012), and were with a mean of -2.87 ± 0.97 ‰ substantially 

depleted in δ15N in the Sphagnum bog compared to the cushion bog with a mean 

of -0.95 ± 1.45 ‰. Mean δ15N signatures also became more depleted in the order 

AST > SPH > LAW throughout all time periods (Table 2.4). This pattern may 

partly reflect past dominant plant species as the intermediate time period with 

high presence of T. magellanicum in the AST-2 profile (Figure 2.3) showed a δ15N 

signal relatively enriched, even slightly positive, compared to the initial time 

period or LAW and SPH profiles (Figure 2.6). Other plant functional types, except 

for grasses such as T. magellanicum, have a negative 15N signal in their biomass 

(Kleinebecker et al., 2009). 

Peat deposited during the young time period in AST profiles showed a rapid 

decrease in the δ13C and increase in the δ15N signal (Figure 2.6). Such pattern 

would have been expected for a with peat age increasing degree of 

decomposition. Stable C isotopic signatures obtained from peat under anaerobic 

conditions are expected to decrease with peat age due to an enrichment of 
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recalcitrant organic matter which is depleted in 13C (Alewell et al., 2011). 

Contrary to the δ13C age pattern, decomposition should result in an enrichment 

of the heavier 15N isotopes in the isotopic signal, as microbes prefer to take up 

lighter 14N isotopes while heavier isotopes remain in the peat (Broder et al., 

2012). However, as the δ15N signal did not show the expected pattern it may 

reflect fractionation processes related to N-mineralization and recycling instead 

of decomposition processes (Biester et al., 2014). However, an enrichment in the δ15N signal throughout the young period in peat of AST profiles together with the 

dominance of T. magellanicum throughout the intermediate time period might 

explain most enriched δ15N of AST profiles signals compared to SPH and LAW 

profiles. Apart from this well-recognizable effect of the dominant plant species 

i.e. A. pumila on the isotopic signals that confirmed our fourth hypothesis, we did 

not observe any clear indications of the vegetation shifts in the age patterns of 

isotopic signals. Furthermore, relationships between isotopic signals and 

decomposition indicators were not straightforward. From this it can be 

concluded that the δ15N signal can be interpreted as a proxy for decomposition 

only if the effect of decomposition is very pronounced, such as in our example 

with accelerated decomposition due to intensive root activity of A. pumila (Fritz 

et al., 2011; Münchberger et al., 2019). 

Conclusion 

Blablabla  
The results of this study show that rates of C and N accumulation were in general 

of similar magnitude in the Sphagnum and in the cushion bog and corresponded 

to that of other southern or northern peatlands. LORCA in the cushion bog did 

not differ from that in the Sphagnum bog, despite long-term differences in 

decomposition patterns were observed as presumably affected by the local 

climate, sea spray deposition and more diverse plant species as source material 

for peat formation. Low N deposition rates as typical for South Patagonia were 

reflected by a comparatively low LORNA and RERNA in the Sphagnum bog 

proving the pristine character of Patagonian bogs. LORNA and RERNA in the 

cushion bog were elevated compared to the Sphagnum bog presumably due to 

the higher productivity of vascular cushion plants compared to Sphagnum.  
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Long-term differences in temporal patterns of accumulation rates between HUM 

and LAW profiles of the Sphagnum bog suggested that microforms of the same 

type may have developed synchronously due to local intrinsic factors and that a 

fixed sequence in the development of microforms may have existed. However, 

our rather general explanation for long-term differences in accumulation 

patterns between HUM and LAW profiles demonstrates the importance to 

further investigate the within-site variability in accumulation rates and its past 

controls in order to understand C accumulation in bogs. 

During peatland succession, the vegetation changed in both bogs suggesting a 

fen-to-bog transition as observed already in other Patagonian peatlands. 

However, this vegetation shift was only recognizable from plant macrofossil 

analysis and CAR or NAR patterns as decomposition strongly modified the effect 

of different plant communities on the studied decomposition indicators. 

Contrary to this, the shift towards a dominance of cushion plants affected all 

investigated peat characteristics. Ash depositions in the cushion bog about 

approximately 1600 years ago presumably triggered the vegetation shift 

towards dominance of cushion plants by a fertilization effect. Despite average 

RERCA during the past decades was distinctly higher in the cushion bog 

compared to the Sphagnum bog, CAR substantially decreased since the 

appearance of the cushion plants. This opens the question whether cushion 

plants might fail to accumulate carbon as the higher primary productivity cannot 

outweigh extremely high decomposition rates of litter and in the rhizosphere on 

a longer time scale. This conclusion clearly merits further research to understand 

long-term effects of vascular plants dominance on the C sink function also of 

northern bogs. 
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Supplement 

 

Figure 2.8 Time series of environmental variables recorded in the Sphagnum bog. Photosynthetic 

active radiation (PAR, a, b) and air temperature (c, d) are presented as half-hourly and daily 

means during two austral summer periods. Soil temperature (e) and water table position below 

surface (f) were continuously recorded and are shown as half-hourly means. 

Acknowledgement  
Blablabla  

This study was carried out within the research project CANDYbog which was 

funded by the Deutsche Forschungsgemeinschaft (German Research Foundation, 

DFG; Grant No. KL2265/3-1 and BL 563/19-1). We wish to acknowledge the 

support of the “Tierra del Fuego” national park, Ushuaia, and especially of 

Alejandro Valenzuela. The Centro Austral de Investigaciones Científicas (CADIC-



Study I 

92 

 

CONICET) is highly appreciated providing facilities that enabled our fieldwork in 

Ushuaia. The Prefectura Naval Argentina is acknowledged for offering facilities 

supporting our fieldwork. Lucas Varela of the La Posta Hostel family is 

appreciated for offering working space and logistics. Rodolfo Iturraspe 

supported our peat coring campaign with the loan of his peat corer. We wish to 

acknowledge the laborious field assistance of David Holl, Lars Kutzbach, Tom 

Huber, Moritz Specht and Mauro Octavio Britos Navarro. All analyses of this 

study were carried out in the laboratory of the institute of Landscape Ecology. 

The assistance of Ulrike Berning-Mader, Claudia Frank, Rabea Dost, Anja 

Radermacher, Lina Elisabeth Birkner, Dora Schilling, Laura Isabelle Rieke, 

Theresa Wilkes and Florian Wester is greatly acknowledged.



Study II 

93 

 

3. Study II 

Zero to moderate methane emissions in a densely 

rooted, pristine Patagonian bog – biogeochemical 

controls as revealed from isotopic evidence* 

Blablabla  
Abstract Peatlands are significant global methane (CH4) sources, but processes 

governing CH4 dynamics have been predominantly studied on the Northern 

Hemisphere. Southern hemispheric and tropical bogs can be dominated by 

cushion-forming vascular plants (e.g. Astelia pumila, Donatia fascicularis). These 

cushion bogs are found in many (mostly southern) parts of the world but could 

also serve as extreme examples for densely rooted northern hemispheric bogs 

dominated by rushes and sedges. We report highly variable summer CH4 

emissions from different microforms in a Patagonian cushion bog as determined 

by chamber measurements. Driving biogeochemical processes were identified 

from pore water profiles and carbon isotopic signatures. Intensive root activity throughout a rhizosphere stretching over 2 m in depth accompanied by 
molecular oxygen release created aerobic microsites in water-saturated peat, 

leading to a thorough CH4 oxidation (< 0.003 mmol L−1 pore water CH4, enriched 

in δ13C-CH4 by up to 10 ‰) and negligible emissions 
(0.09 ± 0.16 mmol CH4 m−2 d−1) from Astelia lawns. In sparsely or even non-

rooted peat below adjacent pools pore water profile patterns similar to those 

obtained under Astelia lawns, which emitted very small amounts of CH4 

(0.23 ± 0.25 mmol m−2 d−1), were found. Below the A. pumila rhizosphere pore 

water concentrations increased sharply to 0.40 ± 0.25 mmol CH4 L−1 and CH4 was 

predominantly produced by hydrogenotrophic methanogenesis. A few 

Sphagnum lawns and – surprisingly – one lawn dominated by cushion-forming 

D. fascicularis were found to be local CH4 emission hotspots with up to 

1.52 ± 1.10 mmol CH4 m−2 d−1 presumably as root density and molecular oxygen 

release dropped below a certain threshold. The spatial distribution of root 

characteristics supposedly causing such a pronounced CH4 emission pattern was 

evaluated on a conceptual level aiming to exemplify scenarios in densely rooted 

bogs. We conclude that presence of cushion vegetation as a proxy for negligible 
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CH4 emissions from cushion bogs needs to be interpreted with caution. 

Nevertheless, overall ecosystem CH4 emissions at our study site were probably 

minute compared to bog ecosystems worldwide and widely decoupled from 

environmental controls due to intensive root activity of A. pumila, for example. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Adapted version, article published as: Münchberger, W., Knorr, K.-H., Blodau, C., 
Pancotto, V. A., and Kleinebecker, T. (2019): Zero to moderate methane emissions in a 
densely rooted, pristine Patagonian bog – biogeochemical controls as revealed from 
isotopic evidence, Biogeosciences, 16, 541-559, https://doi.org/10.5194/bg-16-541-
2019.  
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Introduction  

Peatland ecosystems are significant natural methane (CH4) sources on the global 

scale responsible for about 10 % of global annual CH4 emissions (Aselmann and 

Crutzen, 1989; Mikaloff Fletcher et al., 2004). CH4 has a 28-fold higher global 

warming potential over a 100-year time horizon compared to carbon dioxide 

(CO2) (IPCC, 2014) and, thus, processes governing CH4 dynamics in peatlands 

receive much attention to estimate global greenhouse gas emissions. 

The slowdown of decomposition and accumulation of C in rainwater-fed 

peatlands (bogs) results from a high water table, anoxic conditions, recalcitrant 

peat-forming litter, low temperatures, inactivation of oxidative enzymes and an 

accumulation of decomposition end products (Beer and Blodau, 2007; Limpens 

et al., 2008; Bonaiuti et al., 2017). Once methanogenic conditions are established, 

CH4 production is mainly controlled by a substrate supply of labile organic 

matter (Hornibrook et al., 1997; Whalen, 2005). Then, slow diffusive transport 

along the concentration gradient from deep anoxic peat layers to the atmosphere 

leads to CH4 release. In upper, unsaturated and oxic peat zones that typically 

extend only about a few decimeters (Whalen, 2005; Limpens et al., 2008), CH4 

might get consumed by methanotrophic microbes (Chasar et al., 2000; Whalen, 

2005; Berger et al., 2018). Consequently, water table position and fluctuations 

strongly control the amount of emitted CH4 (Blodau and Moore, 2003; Whalen, 

2005). While CH4 oxidation suppresses CH4 emissions in diffusion-dominated 

systems, ebullition by fast release of gas bubbles or plant-mediated transport by 

aerenchymatic roots can substantially increase CH4 emissions (Fechner-Levy 

and Hemond, 1996; Joabsson et al., 1999, and references therein; Chasar et al., 

2000; Colmer, 2003; Whalen, 2005; Knoblauch et al., 2015; Burger et al., 2016; 

Berger et al., 2018). With a high share of ebullitive fluxes, vegetated or open 

water pools in peatlands are considered to be strong CH4 emitters (Hamilton et 

al., 1994; Blodau 2002; Burger et al., 2016) that have, however, received less 

attention than the vegetated surfaces (Pelletier et al., 2014). Pools can even turn 

the peatlands' C balance into a source (Pelletier et al., 2014), but examples of 

low-emission pools have also been reported (Knoblauch et al., 2015). 

Carbon isotopic signatures (δ13C) are a valuable tool for identifying mechanisms 

and pathways of CH4 dynamics. Carbon isotopic signatures in pore water of 

northern hemispheric bogs (hereafter termed northern bogs) vary typically 
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between −80 ‰ and −50 ‰ and between −25 ‰ and +10 ‰ for CH4 and CO2, 

respectively (e.g. Whiticar et al., 1986; Hornibrook et al., 1997, 2000; Chasar et 

al., 2000; Beer et al., 2008; Steinmann et al., 2008; Corbett et al., 2013). 

Depending on the available substrate for methanogenesis, it was mostly 

observed that either the acetoclastic or hydrogenotrophic pathway 

predominates, resulting in distinctive carbon isotope signatures of CH4 (acetate 

fermentation δ13C-CH4 ∼ −65 ‰ to −50 ‰, CO2 reduction δ13C-CH4 ∼ −110 to −60 ‰) (Whiticar et al., 1986). Methane is prevailingly produced by acetoclastic 

methanogenesis when fresh, labile organic matter is available, whereas the 

production pathway shifts towards hydrogenotrophic methanogenesis when 

organic matter becomes increasingly recalcitrant (Hornibrook et al., 1997; Popp 

et al., 1999; Chasar et al., 2000; Conrad, 2005). A predominance of the latter 

pathway is indicated by strong fractionation between 12C∕13C, resulting in 

relatively depleted δ13C-CH4 corresponding to a fractionation factor αc of 

between 1.055 and 1.090 (Whiticar et al., 1986) and a δ13C-CH4 isotopic 

signature following that of δ13C-CO2 (Hornibrook et al., 2000). Subsequent 

methanotrophy alters the isotopic signature of CH4 by discriminating against 13C 

and the residual CH4 remains enriched while produced CO2 becomes depleted in 
13C (Chasar et al., 2000; Popp et al., 1999). As both, acetoclastic methanogenesis 

and methanotrophy, result in a δ13C-CH4 signature enriched in 13C and a small 

apparent fractionation factor (Whiticar et al., 1986; Conrad, 2005), the 

acetoclastic pathway cannot be clearly separated from methanotrophic 

conditions based on carbon isotopes only (Conrad, 2005). 

The majority of studies elucidating CH4 dynamics in peatlands have been 

conducted on the Northern Hemisphere (e.g. Blodau, 2002; Limpens et al., 2008; 

Yu, 2012, and references in these), whereas only little research deals with CH4 

dynamics in bogs on the Southern Hemisphere (hereafter termed southern bogs) 

(Broder et al., 2015). Contrary to northern bogs, southern bogs are not only 

vegetated by Sphagnum mosses, dwarf shrubs or a few graminoids such as the 

rush-like species Tetroncium magellanicum, but also by vascular plants 

(Kleinebecker et al., 2007) that can densely root upper peat layers (Fritz et al., 

2011; Knorr et al., 2015). Another feature that can be found in both systems is 

pools with sparse or no vegetation (Fritz et al., 2011; González Garraza et al., 

2018). The vascular plants, for instance of the genus Astelia (Asteliaceae), 

Donatia (Stylidiaceae) or Oreobolus (Cyperaceae), independently developed a 
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cushion life form to protect from harsh climate in cold environments (Gibson and 

Kirkpatrick, 1985; Boucher et al., 2016). Bogs dominated by cushion-forming 

vascular plants (hereafter termed cushion bogs) can be found in many (mostly 

southern) parts of the world, for instance all along the high Andes (Coombes and 

Ramsay, 2001; Benavides et al., 2013; Fonkén, 2014) down to southernmost 

Patagonia (Ruthsatz and Villagran, 1991; Heusser, 1995; Kleinebecker et al., 

2007; Grootjans et al., 2014), in the highlands of eastern Africa (Dullo et al., 2017) 

as well as in New Guinea (Hope, 2014), New Zealand, and Tasmania (Gibson and 

Kirkpatrick, 1985; Ruthsatz and Villagran, 1991) and some sub-Antarctic islands 

(Ruthsatz and Villagran, 1991). These cushion bogs could also be regarded as 

extreme examples for densely rooted northern bogs that are dominated by 

rushes and sedges. 

To our knowledge, only two studies reported CH4 emissions from southern 

vascular-plant-dominated bogs with quite inconsistent results. Over a New 

Zealand bog dominated by the evergreen “wire rush” Empodisma robustum, CH4 

emissions exceeded those commonly reported from northern bogs (Goodrich et 

al., 2015), while emissions from a Patagonian cushion bog dominated by Astelia 

pumila were negligible (Fritz et al., 2011). Both, high and negligible CH4 

emissions, were mainly explained by the extensive aerenchymous roots of the 

prevailing plant species: the aerenchyma might function as a conduit for CH4 

from deep peat layers to the atmosphere in the first case, whereas in the second 

case pronounced O2 supply by roots might have resulted in a thorough oxidation 

of pore water CH4 and enhanced organic matter decomposition. However, Fritz 

et al. (2011) were the first to investigate CH4 dynamics below Astelia lawns and 

determined emissions only sporadically without considering all predominant 

microforms and plant communities. Thus, general conclusions about CH4 

emissions from this type of ecosystem are so far restricted. Furthermore, more 

knowledge on biogeochemical processes throughout the peat column of Astelia 

lawns as a model plant for cushion-forming aerenchymous plants and in other 

microforms is needed to extend our limited understanding of these first insights 

into CH4 dynamics in cushion bogs. Despite the variety of bogs dominated by 

densely rooted aerenchymous plants on the Northern Hemisphere and Southern 

Hemisphere, there is some evidence from the latest research that very low CH4 

pore water concentrations could be a more common phenomenon in those 

ecosystems (Knorr et al., 2015; Dullo et al., 2017; Agethen et al., 2018). In general, 
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promotion or suppression of CH4 production should be determined by the ratio 

of root density and activity associated with O2 release versus presence of labile 

root organic matter or exudates accompanied by O2 consumption (Blodau, 2002; 

Agethen et al., 2018). 

Here, we quantified austral summer CH4 emissions from dominant microforms 

in a Patagonian cushion bog and examined possible environmental and 

biogeochemical controls. We hypothesized that (i) emissions from cushion plant 

vegetation dominated by Astelia pumila or Donatia fascicularis are negligible 

while pools and Sphagnum lawns emit CH4 in considerable amounts; (ii) pore 

water CH4 and dissolved inorganic carbon (DIC) concentration profiles and their 

carbon isotopic signatures below densely rooted Astelia lawns reflect a distinct 

CH4 oxidation effect contrary to sparsely or even non-rooted peat below pools; 

and (iii) in addition to by methanotrophy, isotopic composition of pore water 

CH4 could also be affected by a predominance of acetoclastic methanogenesis 

throughout the rhizosphere of Astelia lawns shifting towards CO2 reduction with 

peat depth and in sparsely or even non-rooted peat below pools. Biogeochemical 

controls of CH4 emissions from Sphagnum lawns were not the subject of this 

study, as they have been intensively studied in northern bogs (e.g. Hornibrook et 

al., 1997; Beer and Blodau, 2007; Steinmann et al., 2008; Corbett et al., 2013) and 

even southern bogs with mixed vegetation in the absence of notable cushion 

plant coverage (Broder et al., 2015). 

Material and methods  

Description of the study site 

The study was conducted at a cushion bog on the Península Mitre in 

southernmost Patagonia, Tierra del Fuego (Moat, 54∘58′ S, 66∘44′ W; Figure 3.1). 

Peatlands of the Península Mitre provide the today rare opportunity to study 

carbon dynamics under pristine conditions as they can be considered largely 

undisturbed by human activities such as drainage, agriculture or elevated 

atmospheric nitrogen deposition (Kleinebecker et al., 2008; Fritz et al., 2011; 

Grootjans et al., 2014; Paredes et al., 2014). About 45 % of this area is covered 

by peatlands (Iturraspe, 2012) while little is known about these ecosystems 

because of their poor accessibility (Iturraspe, 2012). The study site at Moat 
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belongs to a complex system of sloping mires, blanket bogs, fens and – in coastal 

areas – cushion bogs (Iturraspe, 2012; Borromei et al., 2014). The studied 

cushion bog is located in exposed proximity to the Beagle Channel with harsh 

winds (Grootjans et al., 2014), resulting in an oceanic climate with average daily 

temperatures of 6 °C and annual precipitation of 500 mm (Fritz, 2012). 
 

 

Figure 3.1 Location of the study area in southernmost Patagonia. The investigated cushion bog 

in Moat is located 130 km east of Ushuaia (Argentina). The map was created at 

http://www.simplemappr.net (last access: 11 December 2017) and in MATLAB (MATLAB Mapping 

Toolbox Release R2017a). 

Large areas of the cushion bogs in Moat are characterized by a comparatively flat 

microrelief and covered by the cushion-forming plants Astelia pumila and 

Donatia fascicularis. The vegetation of the studied bog is composed of a mosaic 

of different plant communities characterized by specific plant species with lawns 

of A. pumila being the prevailing microform. Sphagnum magellanicum or 

D. fascicularis grow in small lawns (patches of a few square meters) at pool 

margins where S. magellanicum supposedly benefits from protection against 

desiccation. Tetroncium magellanicum, a rush-like herb that does not form 

cushions but presumably establishes aerenchymous roots as it tolerates 

inundation (von Mehring, 2013), is associated predominantly with Sphagnum 

lawns but also with Astelia and Donatia lawns, or it sporadically inhabits pools. 

These sparsely vegetated pools of different size (< 0.5 m2 – ∼ 10 m2) and ∼ 0.5 m 
in depth are embedded in Astelia lawns. Pool sediments are inhabited by 
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cyanobacteria (Arsenault et al., 2018; González Garraza et al., 2018) and 

submerged Sphagnum mosses such as Sphagnum cuspidatum (Kleinebecker et 

al., 2007; Kip et al., 2012). Peat formation started ∼ 11 000 years ago (Borromei 
et al., 2014), and previously the bog was dominated by S. magellanicum while A. 

pumila invaded the area around 2600 years before present as determined by 

pollen analyses (Heusser, 1995). The peat below Astelia lawns is densely rooted with an average of 2.15 g DW L of peat−1 down to 1.7 m (Fritz et al., 2011). Mean 
root lifetimes of A. pumila have been estimated to be ∼ 3–4 years, indicating a 

high root turnover (Knorr et al., 2015). 

Sampling and analysis of solid peat and root biomass 

Peat coring in Astelia and Sphagnum lawns (data not shown) was carried out 

using a Russian peat corer (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) down to a maximum depth of 7.5 m in Astelia lawns. Roots of 

A. pumila in Astelia lawn cores were sorted out and treated separately. The 

density of D. fascicularis root biomass was determined by cutting three 0.1×0.1 m sods down to a depth of 0.4 m. Peat and root biomass samples were oven dried 
at 70 °C until a constant weight to calculate peat bulk density and porosity as 

well as D. fascicularis root density. Total C and N contents together with 

abundance of 15N and 13C in the solid peat were determined using an elemental 

analyzer (EA 3000, EuroVector, Redavalle, Italy) connected to an isotope ratio 

mass spectrometer (IRMS, Nu Instruments, Wrexham, UK). 

Environmental variables 

Environmental variables were determined during two measurement campaigns 

in 2015 and 2016 at half-hourly intervals. Photosynthetic active radiation (PAR, 

HOBO S-LIA-M003, Onset, USA, up to 2500 µmol m−2 s−1) and air temperature 

(HOBO S-TMB-M0x, Onset, USA) were recorded by a weather station (HOBO U30 

NRC, Onset, USA) in both years during austral summer months. Water table 

fluctuations at two replicate sites in Astelia lawns (Levelogger Edge 3001 and 

Barologger Edge, Solinst, Canada; both installed in perforated PVC tubes) and soil temperature at four depths of 0.05, 0.1, 0.3 and 0.5 m (HOBO TMCx-HD and 

HOBO U-12-008, Onset, USA) were measured continuously. 
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Chamber measurements and analyses of soil–atmosphere CH4 fluxes 

Field measurements 

The closed chamber technique was used to determine CH4 fluxes during two 

measurement campaigns in austral summer from December 2014 to March 2015 

and in February and March 2016. A total of 1 week prior to measurements, PVC collars with a height of 0.2 m were permanently installed ∼ 0.15 m into the peat 
of the dominant microforms characterized by a specific plant species and a 

particular plant community (Astelia lawns: 2015 N =3, 2016 N =5; Sphagnum lawns: 2015 N =3, 2016 N =5; Donatia lawns: 2016 N =3). The exact installation 

depth and the microrelief of the surface within each collar were determined 

repeatedly to calculate the exact headspace volume for CH4 flux estimation. The 

collars were equally arranged around three wooden platforms constructed in 

January 2014 to minimize disturbance during measurements and distributed 

over the study site to account for spatial variability (see the Supplement). 

Different numbers of replicates between the two campaigns and the different 

microforms are the result of logistical constraints. A cylindrical, transparent chamber with a basal area of 0.13 m2 and a height of 0.4 m was used for soil–atmosphere flux measurements. The chamber was 

equipped with a fan to ensure mixing of the headspace air, a PAR sensor (HOBO 

S-LIA-M003, Onset, USA) and a temperature sensor (HOBO S-TMB-M0x, Onset, 

USA). A second temperature sensor recorded ambient temperature (HOBO S-

TMB-M0x, Onset, USA) and all sensor data were logged in 1 s intervals to a data 
logger (HOBO U30 NRC, Onset, USA). This set-up allowed us to control air 

temperature inside the chamber within an approximately 3 °C deviation of the 

ambient air temperature. If necessary, ice packs were installed inside the 

chamber to avoid temperature increase. Due to strong wind conditions we 

decided against the installation of a vent tube. An opening in the top of the 

chamber avoided overpressure during chamber placement. This opening was 

closed immediately after the chamber was gently placed on a collar for at least 3 min to conduct measurements. Collars were equipped with a water-filled rim 

to ensure a gas-tight seal between chamber and collar during measurements. 

Pool fluxes were performed with a floating chamber of identical dimension and 

design on four pools located at each platform. The chamber wall extended approximately 0.04 m into the water during measurements. 
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All measurements were performed under a broad range of irradiance between 

07:00 and 22:00 (local time) to determine diurnal variations in CH4 fluxes. At 

least once during each sampling period of 2 to 3 consecutive days, all selected 

microforms and pools were measured under dark conditions. Opaque, reflective 

material was used to cover the chamber for dark conditions. Measurements were taken every 2 weeks during the first campaign in 2015 (N =405 measurements) and on two occasions in 2016 (N =132 measurements). A more regular 

measurement routine throughout the whole season was constrained by harsh 

weather conditions and the remoteness of our study site. The chamber was connected by a 2 mm inner diameter polyethylene tubing to a 
gas analyzer (Los Gatos ultraportable greenhouse gas analyzer 915-001, Los 

Gatos Research) to record the increase in CH4 concentrations over time at a rate of 1 Hz. Between measurements, atmospheric background concentrations were 
achieved inside the chamber. The gas analyzer was equipped with an external pump providing a flow rate of 2 L min−1 and pumping the analyzed gas back to 

the chamber, creating a closed system. Prior to each campaign, the instrument 

was recalibrated. 

We estimated the cover of plant species within each collar to the nearest 5 % and 

counted the number of T. magellanicum shoots to further characterize the 

different microforms (Table 3.2). In 2015, vegetation surveys were conducted at 

the beginning and at the end of the measurement campaign. Since no change in 

vegetation was observed, surveys were conducted only once during the 

campaign in 2016. For each collar, the position above the water table was 

determined once during each sampling period of consecutive days to account for 

different positions in the microrelief and to determine a specific water table 

position. Additionally, we determined the area of each individual microform 

patch in which a collar had been installed. 
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Table 3.1 Characteristic plant species of dominant microforms in a Patagonian cushion bog. 

Species composition was determined during the second measurement campaign within collars 

where closed chamber measurements were conducted. Mean cover (%) and its standard 

deviation were given and plant species with a mean cover < 5  % were listed with +. 

 microform 

species Astelia lawn Sphagnum lawn Donatia lawn 

Astelia pumila 84 ± 16   

Donatia fascicularis 8 ± 10 + 90 ± 9 

Sphagnum magellanicum  94 ± 4  

Tetroncium magellanicum + 7 ± 2 + 

Caltha dioneifolia + + 6 ± 5 

Empetrum rubrum +   

Gaultheria antarctica + + + 

Myrteola nummularia +   

 

CH4 flux calculation and statistical analyses 

Soil–atmosphere CH4 fluxes were calculated from the gas concentration increase 

over time within the chamber using the software package (MATLAB Release 

R2015a) routine described in Eckhardt and Kutzbach (2016) and Kutzbach et 

al. (2007). Gas concentration was modelled as either a linear or exponential 

function of time. Model performance was compared using Akaike's information 

criterion (AIC) as a measure of goodness of fit. This routine resulted in 90 % of cases in a linear function of time (N =485) and in 10 % of cases in an exponential function of time (N =52). 

We visually inspected all concentration increases over time and none of the 

measurements showed a stepwise concentration increase indicative of ebullient events. Of the 3 min measurement time, 50–180 s (mostly around 90 s) was 
selected for the CH4 flux calculation to exclude unstable conditions due to 

chamber placement, particularly at the beginning of the measurement. Fluxes 

with a slope not significantly different from 0 (tested with an F test, p > 0.05) 
were set to zero (20 % of cases, N =105). 

Normal distributions of CH4 flux datasets were checked by a Kolmogorov–

Smirnov test. Due to non-normality, the Kruskal–Wallis analysis of variance 

followed by multiple comparison U tests adjusted by the Bonferroni method 



Study II 

104 

 

were applied to determine significant differences among CH4 fluxes of different 

microforms and collars. The relationships between CH4 fluxes and 

environmental variables (soil temperature, water table depth fluctuations) as 

well as additional features of individual collars were evaluated by Spearman's 

rank correlation (Table 3.2). A response of CH4 emissions to the investigated 

environmental variables was identified only for a few individual collars (see the 

Supplement). Therefore, no seasonal or annual ecosystem emissions were 

calculated. Statistical analyses were performed using MATLAB (MATLAB 

Statistics Toolbox Release R2017a). All flux data were reported as mean  ±  standard deviation. 

Depth profiles of peat pore water concentrations 

Sampling and field measurements 

Multilevel piezometers (MLPs), as described in Beer and Blodau (2007), were 

installed during both measurement campaigns in austral summer 2015 and 

2016 to determine pore water concentrations in depth profiles. The MLPs provided a spatial sampling resolution of either 0.1 or 0.2 m and were equipped 
with diffusive equilibration samplers made of permeable silicone tubes providing a 4 mL gas sample volume together with a 5 mL crimp vial filled with deionized water and covered with a permeable membrane (Supor 200 0.2 µ, Pall 

Corporation, Pall Life Sciences). To collect gas samples, MLPs were stepwise 

retrieved and the gas volume extracted from the equilibration sampler with a 3 mL syringe was transferred into nitrogen-flushed 5 mL crimp vials. The crimp 
vials were capped with a butyl stopper with an aluminium crimp seal. MLPs were 

installed in Astelia lawns and pools in three replicates at each platform where 

closed chamber measurements were performed. 

In January 2015, MLPs were installed in Astelia lawns (0.2 m resolution, 2 m depth) and pools (0.1 m resolution from 0 to 1 m in depth, 0.2 m resolution below down to a maximum depth of 4 m) for 5 weeks of equilibration time. From gas 
samples pore water concentrations of CH4, DIC and hydrogen (H2) were 

determined. To measure sulfate concentrations, which are potential electron 

acceptors originating from sea spray and affecting competitiveness of 

methanogenesis (Broder et al., 2015), a pore water subsample obtained from 

each crimp vial was transferred to a storage vial and stored frozen until analysis. 
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An aliquot of each remaining pore water sample was measured in situ with a pH ∕ EC (electrical conductivity) meter (Combo HI 98129/130, Hannah 

Instruments, Germany). In January 2016, MLPs were installed to a depth of 3 m in pools (resolution as in 
2015) for 3 weeks of equilibration time and afterwards again in Astelia lawns (0.1 m resolution in transition zone from rooted to non-rooted peat at 1–2 m in 
depth) for 9 weeks of equilibration time. In 2016, equilibration samplers were 

used to collect CH4 and CO2 samples and determine their carbon stable isotopic 

signatures. Pore water samples obtained from crimp vials were used to measure 

O2 concentrations in situ with a planar trace oxygen minisensor (Fibox 3, 

PreSens Precision Sensing GmbH, Germany). 

Analytical procedures 

Gas samples were transported to Germany and analyzed within 4 weeks. 

Gaseous CH4 and CO2 concentrations were measured with a gas chromatograph 

(8610C, SRI Instruments, USA) equipped with a methanizer and flame ionization 

detector (FID). Hydrogen concentrations were analyzed on a H2 analyzer 

(Ametek ta3000 H2 analyzer, Trace Analytical TA 3000r). Sulfate concentrations 

were obtained by ion chromatography (883 Basic IC plus, Metrohm, Herisau, 

Switzerland). 

Stable carbon isotopic signatures of CH4 and CO2 were simultaneously 

determined by cavity ring-down spectroscopy (CRDS; Picarro G2201-i 

connected to a small sample isotope module (SSIM, model A0314), Picarro Inc., 

USA). As this set-up required a minimum sample volume of 20 mL, samples were 
diluted with nitrogen prior to measurements. The instrument was calibrated in 

the beginning of every measurement day using two working standards of CH4 (1000 ppm, −42.48 ‰) and CO2 (1000 ppm, −31.07 ‰). Isotopic signatures are 

given in δ notation relative to Vienna Peedee Belemnite (VPDB). As samples were 

stored for several weeks and δ13C-CO2 values were biased in case of high CH4 

concentrations in the sample, a correction procedure was applied following 

Berger et al. (2018). 
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Table 3.2 (continued on facing page) CH4 fluxes determined from individual collars installed in dominant microforms of a Patagonian cushion bog. Number of 

flux measurements, their mean and standard deviation are presented. Significantly different fluxes from collars within one microform were identified by 

Kruskal–Wallis analysis of variance and multiple comparison U tests with Bonferroni adjustment. Results of computing Spearman's rank correlation coefficient 

ρ for the relationships between CH4 fluxes and possible environmental controls, namely water table depth determined separately for each collar and soil 

temperature at 0.05 m in depth, are given. Furthermore, characteristics of collars and results of computing Spearman's rank correlation for the relationships 

among mean CH4 fluxes during the second campaign and each feature are shown. Microform size refers to the extent of a microform in which a specific collar 

was installed. P values < 0.05 indicate a correlation significantly different from zero. 

ye
ar

 

micro-
form 

 

Kruskal-Wallis analysis 
water table 

depth, m 

soil 
temperature, 

°C 

presence  
T. magellanicum 

presence  
D. fascicularis 

microform size 

N 
mean flux, 
mmol CH4  

m-2 d-1 
p rho p rho p 

Nr. of 
shoots 

rho p 
cover, 

% 
rho p 

size, 
m² 

rho p 

2
0

15
 

A
st

el
ia

 

 la
w

n 

1 60 0.32 ± 0.05 < 0.05 -0.22 n.s. n.d. n.d.          

2 64 -0.02 ± 0.09 n.s. -0.21 n.s. 0.17 n.s.          

3 55 -0.01 ± 0.07 n.s. 0.03 n.s. -0.08 n.s.          

S
p

h
a

g
n

u
m

 
la

w
n

 1 62 0.21 ± 0.05 < 0.05 -0.21 n.s. n.d. n.d.          

2 64 1.96 ± 0.33 n.s. 0.41 < 0.05 0.52 < 0.05          

3 54 2.99 ± 0.35 n.s. 0.2 n.s. 0.6 < 0.05          

p
oo

l 

1 13 0.05 ± 0.03 n.s.   n.d. n.d.          

2 12 0.14 ± 0.08 n.s.   0.4 n.s.          

3 10 0.36 ± 0.2 n.s.   0.64 < 0.05          

4 11 0.28 ± 0.2 n.s.   -0.01 n.s.          
 
  



Study II 

107 

 

 

Table 3.2 (continued) 

ye
ar

 

micro-
form 

 

Kruskal-Wallis analysis 
water table 

depth, m 

soil 
temperature, 

°C 

presence  
T. magellanicum 

presence  
D. fascicularis 

microform size 

N 
mean flux, 

mmol CH4 m-

2 d-1 
p rho p rho p 

Nr. of 
shoots 

rho p 
cover, 

% 
rho p 

size, 
m² 

rho p 

2
0

16
 

A
st

el
ia

 

 la
w

n 

1 7 0.29 ± 0.04 n.s. 0.27 n.s. -0.13 n.s. 15 

0.67a n.s. 

25 

0.01 n.s. 

1.12 

-0.10 n.s. 

2 11 -0.02 ± 0.1 n.s. -0.22 n.s. -0.16 n.s. 0 4 4.45 

3 8 0.07 ± 0.05 n.s. -0.68 n.s. -0.31 n.s. 0 0 26.66 

4 11 0.06 ± 0.15 n.s. -0.09 n.s. 0.13 n.s. 0 8 3.38 

5 11 0.06 ± 0.04 n.s. -0.44 n.s. 0.14 n.s. 6 2 4.55 

D
o

n
a

ti
a

 
la

w
n

 1 9 2.1 ± 0.14 < 0.05 -0.82 < 0.05 0.74 < 0.05 30 

1.00a n.s. 

80 

-1.00a n.s. 

0.26 

0.50 n.s. 2 11 0.01 ± 0.09 n.s. 0.29 n.s. -0.64 < 0.05 9 97 0.15 

3 10 0.08 ± 0.04 n.s. -0.46 n.s. -0.2 n.s. 18 92 0.96 

S
p

h
a

g
n

u
m

 la
w

n
 

1 9 0.09 ± 0.05 < 0.05 0.68 n.s. -0.78 < 0.05 66 

0.40 n.s. 

0 

0.71a n.s. 

0.43 

0.00 n.s. 

2 11 1.01 ± 0.06 n.s. 0.15 n.s. -0.42 n.s. 165 0 2.38 

3 11 1.39 ± 0.1 n.s. -0.05 n.s. -0.05 n.s. 175 0 2.7 

4 9 1.9 ± 0.08 < 0.05 -0.44 n.s. 0.25 n.s. 108 4  0.38 

5 10 0.68 ± 0.03 n.s. 0.17 n.s. -0.22 n.s. 120 0 0.65 

p
oo

l 1 2 0.35 ± 0.11 n.s.   n.d. n.d.          

3 1 0.6 ± 0 n.s.   n.d. n.d.          

4 1 1.35 ± 0 n.s.   n.d. n.d.          
n.s.: not significant; n.d.: not determined. a Despite a (relative) high absolute value of Spearman's rho, p values did not indicate a significant correlation, 

probably because of outliers. 
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Calculations and statistical analyses 

Pore water concentrations of CH4, DIC and H2 were recalculated from gaseous 

concentrations obtained from equilibration samplers by applying Henry's law 

following Eq. (1):  𝑐𝑐 =  𝐾𝐾𝐻𝐻 ∗ 𝑝𝑝     (1) 

where c is the concentration in moles per liter, p the pressure in atmospheres 

and KH the Henry constant that was corrected according to Sander (1999) for 

mean soil temperatures of 10 °C in February 2015 and 2016 as well as 7 °C in 

April at a depth of 0.5 m. DIC concentrations at prevalent pH conditions were 
calculated with respect to carbonate speciation considering equilibrium 

constants following Stumm and Morgan (1996). All pore water data were reported as mean  ±  standard deviation (N =3). 

Zones of CH4 production and consumption in the peat column were visually 

identified based on observed pore water concentration gradients. For a 

quantitative evaluation of pore water concentration gradients, steady-state 

conditions as well as a dominance of diffusive gas transport would have to be 

assumed; this may only partly apply to the system under study here, given the 

large root biomass. Nevertheless, we additionally applied a software routine 

using inverse modelling (PROFILE, Berg et al., 1998) for zone identification. This 

modelling approach supported the results obtained visually, but provided 

further rough estimates for production and consumption zones due to the 

complex diffusivity in the rhizosphere of highly rooted peat and, thus, results are 

presented in the Supplement only. 

An apparent isotopic fractionation factor αc was determined (Whiticar et al., 

1986; Hornibrook et al., 2000) to assess the predominant methanogenic 

pathway and / or methanotrophic activity following Eq. (2): 𝛼𝛼𝑐𝑐 =  
𝛿𝛿13𝐶𝐶𝐶𝐶𝐶𝐶2  + 1000𝛿𝛿13𝐶𝐶𝐶𝐶𝐶𝐶4  + 1000     (2) 
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Results  

Characteristics of solid peat and root biomass 

Roots of A. pumila were present in the upper profile down to a depth of 1.8 m 
(rhizosphere) in Astelia lawn cores. Throughout the rhizosphere, we observed a 

highly decomposed and amorphous peat supposedly originating from A. pumila 

that developed above Sphagnum peat. Peat below Sphagnum lawns was 

continuously formed predominantly by Sphagnum. Total C and N contents in the 

peat together with natural abundance of 15N and 13C are given in Table 3.3. Root 

density of D. fascicularis was 0.014 ± 0.010 g DW L of peat−1 at 0.35 m in depth 
while root density of A. pumila was not determined once again as it has been already quantified with > 4 g DW L of peat−1 at around 0.5 m in depth (Fritz et al., 
2011). 

Table 3.3 Summary of peat characteristics obtained from two peat cores taken in Astelia lawns 

in a Patagonian cushion bog. Data were averaged over the respective depths sampled at 0.1 m 

resolution. 

peat characteristics 
depth, 

m 

bulk 
density,  
g cm-3 

N, % C, % 
C/N 
ratio 

δ15N, 
‰ 

δ13C, 
‰ 

amorphous, highly 
decomposed 

cushion peat with 
many living Astelia 
roots, only close to 

the surface              
(0-0.4 m) with 

recognizable plant 
material 

0-1 0.03 1.42 49.31 37.62 -1.24 -25.63 

1-2 0.06 1.83 52.45 28.69 1.24 -26.18 

Sphagnum peat, 
with depth 

increasingly 
amorphous and 

decomposed 

2-3 0.06 1.52 51.37 34.38 1.12 -26.33 

3-4 0.06 1.22 50.49 41.98 0.22 -25.78 

4-5 0.11 1.17 47.86 41.45 -1.59 -26.43 

5-6 0.10 1.18 47.56 40.67 -1.62 -26.77 

6-7 0.15 1.28 50.27 44.34 -1.97 -27.08 
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Environmental conditions and potential controls on CH4 fluxes 

The study site was characterized by daily mean PAR values up to ∼ 700 µmol m−2 s−1 with maximum values exceeding 2000 µmol m−2 s−1 and daily 

mean air temperatures ranging from −0.5 °C to 17 °C during the measurement 

campaigns in austral summer from January to April (Figure 3.2). Soil 

temperature in summer reached maximum daily average values of 15 °C and 

12 °C at 0.05 m in depth and 0.5 m in depth, respectively. Concurrently, the water 
table fluctuated close to the surface between −0.03 and −0.23 m and differed 

consistently by about a few centimeters between the two water table 

measurement sites in Astelia lawns. CH4 fluxes approached zero in many cases, 

but differed significantly from zero down to absolute values of 0.01 mmol CH4 m−2 d−1. Fluxes below absolute values of 0.01 mmol CH4 m−2 d−1 

did not differ significantly from zero and were therefore set to zero. For collars 

exhibiting low-magnitude fluxes neither seasonal trends (data not shown) nor a 

relationship to water table and soil temperature fluctuations could be identified 

(Table 3.2). Yet, significant relationships among water table fluctuations or 

variations in soil temperatures were established for those few lawns with 

considerable emissions. 

Soil–atmosphere CH4 fluxes and features of microforms possibly affecting 

CH4 emissions 

Summer CH4 emissions in a South Patagonian cushion bog were highly variable 

among the dominant microforms Astelia lawns, Sphagnum lawns and Donatia 

lawns characterized by specific plant species as well as pools and showed a 

pronounced spatial pattern even within microforms. Compared to all other 

microforms, only Sphagnum lawns showed considerable emissions with 

1.52 ± 1.10 mmol CH4 m−2 d−1 while Astelia lawns emitted nearly no CH4 with 

0.09 ± 0.16 mmol m−2 d−1 (Figure 3.3). Methane emissions from pools were also 

low (0.23 ± 0.25 mmol m−2 d−1) and not significantly different from intermediate 

Donatia lawn fluxes (0.66 ± 0.96 mmol CH4 m−2 d−1). During some occasions, we   
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Figure 3.2 Time series of environmental variables during the study period. Photosynthetic active 

radiation (PAR, a, b) and air temperature (c, d) are presented as half-hourly and daily means 

during two austral summer periods. Soil temperature (e) and water table position below the 

surface (f) were continuously recorded and are shown as half-hourly means. Note the difference 

in response time between platform a and platform b where water table fluctuations were 

recorded. 

determined even significant, negative CH4 fluxes, mainly from Astelia lawns 

(Figure 3.3, Table 3.2). Most of these negative fluxes as well as the majority of 

fluxes (41 %) that were set to zero were obtained from one individual collar 

throughout the whole measurement campaign precluding the possibility of a 

measurement artefact. 

As indicated by high standard deviations, CH4 emissions among replicates of all 

microforms were not consistent. Field observations suggested that CH4 

emissions of a microform were not only controlled by the predominant plant 

species, but might also have been associated with additional features of the 

respective microform. Therefore additional microform features (i.e. number of 

T. magellanicum shoots, cover of D. fascicularis, extent of the microform in which 

a specific collar was installed) were assessed. However, as we did not expect such 
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small-scale spatial variability among emissions of individual collars, the results 

of this survey given in Table 3.2 are of rather explorative, preliminary character 

as the low number of replicates (three to five collars) in combination with several 

outliers barely allows any sound statistical analysis. Nevertheless, collars with 

elevated or comparatively high emissions had some features in common: 

emissions from one Astelia lawn were with ∼ 0.3 mmol CH4 m−2 d−1, 

(significantly) higher in both sampling years compared to fluxes measured from 

the other Astelia lawns. This Astelia lawn collar with elevated emissions was 

characterized by (i) the presence of many T. magellanicum shoots together with 

a high share of D. fascicularis and (ii) placed in a lawn with small extent 

surrounded by a mosaic of small pools and D. fascicularis patches (both smaller than 1 m2). Surprisingly, one Donatia lawn was also a substantial CH4 source of 

2.10 ± 0.14 mmol m−2 d−1, even exceeding the highest emissions observed from 

Sphagnum lawns on all measurement occasions in 2016. Similar to the Astelia 

lawn with elevated emissions, the collars of Donatia and Sphagnum lawns with 

high emissions were characterized by (i) a high number of T. magellanicum 

shoots and (ii) placed in lawns surrounded by small pools and other patches of 

D. fascicularis with no A. pumila nearby. Emissions obtained from one Sphagnum lawn were, with less than 0.3 mmol CH4 m−2 d−1 in both sampling years, 

significantly lower compared to emissions from other Sphagnum lawns. Vice 

versa, this collar with low Sphagnum emissions was characterized by (i) the 

lowest number of T. magellanicum shoots among all Sphagnum lawn collars and 

(ii) installed in a small Sphagnum lawn surrounded by A. pumila.  
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Figure 3.3 Mean CH4 emissions and their standard deviation determined from dominant 

microforms (a) and individual collars during the two measurement campaigns (b, c) in a 
Patagonian cushion bog. Different letter superscripts denote significantly different amounts of 

emitted CH4 among microforms despite variability within microforms being substantial (a) or from 

collars within one microform (b, c) that were identified by Kruskal–Wallis analysis of variance and 

multiple comparison U tests with Bonferroni adjustment. 

Pore water CH4 and DIC concentration profiles 

Pore water profiles in peat columns below Astelia lawns and pools showed 

similar trends in pore water concentrations and during both sampling years. CH4 

concentrations were almost zero in the upper pore water profile below Astelia 

lawns (< 0.003 mmol L−1) down to a depth of around 1.5 m, which corresponds 
to the zone where the rhizosphere was most pronounced (Figure 3.4). Below this 

depth, CH4 concentrations sharply increased up to 0.25 ± 0.08 mmol L−1 at 3 m in 
depth. CH4 concentrations in pore water profiles below pools resembled profiles 

obtained under Astelia lawns on elevated levels. Throughout the upper profile down to 1.5 m, CH4 concentrations were ∼ 0.03 mmol L−1 with a peak around 0.3 m in depth (0.06 ± 0.06 mmol L−1) and increased steeply to 

0.40 ± 0.25 mmol L−1 at 3 m in depth. Maximum concentrations in comparable 

depths reached similar levels in both sampling years below Astelia lawns, but 
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maximum concentrations below pools were about 3 times higher in 2015 

compared to 2016. 

DIC predominantly occurred as dissolved CO2 because of the low pH ranging 

from 3.36 to 4.77. Contrary to CH4, DIC concentrations increased constantly with depth from around 1 mmol L−1 near the surface to 2.60 ± 1.0 mmol L−1 at 2 m in 
depth below Astelia lawns and 2.94 ± 1.1 mmol L−1 at 3 m in depth below pools 
(Figure 3.4). With depth, DIC converged with CH4 concentrations, which was 

reflected by DIC:CH4 ratios that were extremely high in the rhizosphere below 

Astelia lawns exceeding 100 (Figure 3.4). Beneath the rhizosphere, ratios steeply 

approached values below 40. Under pools, ratios slightly decreased with depth but were mostly around 40 down to 1.5 m with two distinct peaks of very little 

CH4 at the surface and around 0.8 m in depth. In deep peat layers below the 
rhizosphere, DIC:CH4 ratios detected under Astelia lawns and pools converged 

and reached the lowest ratios of ∼ 10 and ∼ 5, respectively. 

Visual inspection of concentration profiles but also modelling of CH4 production 

and consumption rates indicated a predominance of CH4 consumption 

throughout the whole rhizosphere below Astelia lawns and in roughly 

corresponding depths under pools (Figure 3.4, Figure 3.6). Maximum CH4 

consumption was identified in the lower rhizosphere around 1.5–2 m where the 
increase in CH4 concentration was most pronounced. Deep peat layers below the 

rhizosphere of Astelia lawns and similar depths below pools were considered to 

be CH4 sources. In these depths, the high concentration levels of CH4 (up to 

0.40 ± 0.25 mmol L−1) sustain substantial upward diffusion of CH4 following the 

concentration gradient into the consumption zone throughout the rhizosphere 

of Astelia lawns and in corresponding depths below pools. 

Carbon isotopic values in pore water and apparent fractionation 

Values of δ13C in CH4 did not show a clear depth trend below Astelia lawns and ranged in the upper profile down to 2 m in depth between −87.2 ± 10.1 and −72.1 ± 10.3 ‰ (Figure 3.4). Isotopic δ13C-CH4 values below pools became less 

negative with depth from −93.4 ± 9.2 to −73.7 ± 1.2 ‰, with a minimum peak in the upper peat layers around 0.3 m of −101.0 ± 5.6 ‰. In the upper meter of the 

profile, values of δ13C-CH4 were thus up to 25 ‰ more negative below pools 

compared to Astelia lawns while the isotopic values of both profiles converged 
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in deep peat layers below 2 m at −80 ‰. Values of δ13C in CO2 below Astelia lawns 

became more negative with depth in the upper profile down to 1 m, reaching 
values as low as −32.4 ± 0.8 ‰, and increased to −19.5 ± 1.0 ‰ at 3 m in depth. 
Below pools, values became less negative with depth throughout the whole 

profile from −21.2 ± 0.4 to −6.0 ± 1.5 ‰ (Figure 3.4). 

Apparent fractionation factors varied only slightly and showed opposite trends 

below the two microforms. Values increased slightly from 1.060 to 1.066 below 

Astelia lawns, peaking at 1.045 at 0.5 m in depth. Below pools, apparent 
fractionation factors decreased with depth from 1.079 to 1.073 with a maximum 

of 1.091 around 0.3 m in depth (Figure 3.4). 

Hydrogen, oxygen and sulfate concentrations in pore water profiles Hydrogen concentrations were mostly below 3 nmol L−1 below Astelia lawns while they were elevated below pools, ranging between 3 and 10 nmol L−1 

(Figure 3.5). Maximum concentrations were reached in the upper profile of 

Astelia lawns with up to 11.83 ± 17.88 nmol L−1 and, in addition to a peak at the surface, below pools from 1 to 2 m in depth with up to 41.61 ± 64.63 nmol L−1. 

Molecular oxygen concentrations were mostly below 5 % saturation and tended to be higher in the upper profile down to 2 m below Astelia lawns compared to 

pools (Figure 3.5). Sulfate concentrations were similar below both, Astelia lawns 

and pools, and reached the highest values near the surface with up to 

16.43 ± 11.85 µmol L−1. With depth, concentrations decreased and approached 

zero below 1 m (Figure 3.5). 
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Figure 3.4 Pore water composition in depth profiles obtained from MLPs (N =3) installed in Astelia 

lawns and pools during two sampling campaigns in austral summer in 2015 and 2016. Mean 

values and their standard deviation are presented. CH4 (a) and DIC (b) concentrations as well as 
related DIC:CH4 (c) ratios were determined during both sampling events while carbon isotope 

values of CH4 (d) and DIC (e) and corresponding fractionation factors (f) were investigated only 

during the second campaign. DIC:CH4 ratios are shown on a logarithmic scale without negative 

standard deviation for Astelia lawns and pools. Displayed depths represent the center of a MLP 

segment and had to be standardized because of different sampling resolution in both years. The 

water table position and approximate maximum rooting depth (rhizosphere) refer to Astelia lawns 

only. Note the different scale of the y axis in the upper and lower three panels.  
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Figure 3.5 Profiles of H2 (a), O2 (b) and sulfate (c) pore water concentrations obtained from MLPs 

(N =3) installed in Astelia lawns and pools during two sampling campaigns in austral summer in 

2015 and 2016. Mean values and their standard deviation are presented. Displayed depths 
represent the center of a MLP segment and had to be standardized because of different sampling 

resolution in both years. The water table position and approximate maximum rooting depth 

(rhizosphere) refer to Astelia lawns only. 

Discussion 

This study is among the first dealing with CH4 dynamics in an austral, vascular-

plant-dominated cushion bog. We aimed to reveal patterns of CH4 emissions and 

their environmental as well as potential below-ground biogeochemical controls. 

We furthermore attempted to elucidate the CH4 dynamics in the peat below the 

four predominant microforms on a conceptual level based on the results 

presented here and in previous studies. 

Environmental controls on CH4 emissions 

Summer CH4 emissions of a South Patagonian cushion bog dominated by A. 

pumila were low, albeit spatial heterogeneity was pronounced with small 

patches of Sphagnum or Donatia lawns being local emission hotspots. The 

variation in CH4 fluxes was mainly controlled by the dominant plant species of 

each lawn microform, which emitted significantly different amounts of CH4. We 

found only a few significant responses of CH4 fluxes to water table fluctuations 
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or variations in soil temperatures. Such weak coupling between environmental 

variables and CH4 emissions is not surprising as fluxes from most individual 

collars were relatively low. Furthermore, the water table fluctuated only slightly 

near the surface (Figure 3.2) and may thus not serve as a primary control on CH4 

emissions. Stronger effects may only be expected when amplitude and duration 

of fluctuations affect peat redox conditions substantially (Blodau and Moore, 

2003; Knorr et al., 2009). Under such stable moisture conditions and as long as 

methanogenesis is not limited by substrate supply, the sensitivity of 

methanogenic microbial consortia to temperature should become apparent 

(Whalen, 2005). Variations in landscape CH4 fluxes have indeed been related to 

soil temperature previously (Rinne et al., 2007; Jackowicz-Korczyński et al., 
2010; Goodrich et al., 2015), which is in accordance with the present study. The 

temporal variability in CH4 emissions over the two investigated seasons was 

rather low (data not shown) due to low seasonality in both, temperature and 

precipitation, in the study region. Measurement campaigns extending over 

shoulder seasons and comparing years of contrasting weather conditions would 

be necessary to reveal the impact of more pronounced water table fluctuations 

or temperature regimes on CH4 fluxes in South Patagonian cushion bogs. 

Astelia lawns – zero emission scenario 

Emissions from Astelia lawns were minute (0.09 ± 0.16 mmol m−2 d−1) and 

significantly lower than from all other microforms (Figure 3.3), verifying our first 

hypothesis. The near-zero emissions were well explained by near-zero CH4 concentrations (< 0.003 mmol L−1) in the rhizosphere down to around 1.8 m. 
Only below, concentrations increased sharply to 0.2 mmol L−1 at 2 m in depth 
(Figure 3.4). The low CH4 concentrations even turned some Astelia lawns into a 

small sink for atmospheric CH4 as shown by negative fluxes that were obtained 

sporadically throughout the whole measurement campaign, confirming earlier 

results (Kip et al., 2012). These findings agree with previous research by Fritz et 

al. (2011), who observed CH4 emissions from Astelia lawns at a low magnitude 

compared to that presented here and presented a similar CH4 concentration 

depth profile. Extremely low CH4 concentrations have also been obtained by 

Dullo et al. (2017) in upper peat layers of an Ethiopian cushion bog. 

Nevertheless, in deep peat layers below the rhizosphere, CH4 concentrations of 

our study approached magnitudes reported for Chilean bogs with mixed 
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vegetation consisting of Sphagnum mosses and A. pumila (Broder et al., 2015). 

This is in the lower range of concentrations described from northern bogs mostly around 0.5 mmol L−1 (e.g. Blodau and Moore, 2003; Beer and Blodau, 2007; Beer 

et al., 2008; Corbett et al., 2013) but even reaching up to 5 mmol L−1 at 

comparable depths (Steinmann et al., 2008). 

A CH4 concentration profile as observed at our site suggests that in deep peat layers below the rhizosphere (> 2 m) CH4 was produced at substantial rates and 

comparably low oxidation, as indicated by DIC:CH4 ratios notably smaller than 

40 (Figure 3.4). Subsequently, CH4 became almost completely oxidized on its 

diffusive way to the atmosphere as visualized on a conceptual level (Figure 3.6). 

Ratios of DIC:CH4 under methanogenic conditions in northern bogs are typically 

around 5 (e.g. Hornibrook et al., 1997; Blodau and Moore, 2003; Corbett et al., 

2013), but can be as high as 30 (Steinmann et al., 2008). Notably higher ratios 

throughout the rhizosphere suggested methanotrophic activity and availability 

of either alternative electron acceptors or O2 from aerenchymous roots 

suppressing methanogenesis (Colmer, 2003; Mainiero and Kazda, 2005; Knorr 

et al., 2008a, Fritz et al., 2011; Dullo et al., 2017). Diffusion and plant-mediated 

transport as pathways for upward CH4 transport would have caused higher 

emissions and ebullition requires supersaturation of at least ∼ 350 mmol CH4 L−1 

in the pore water (Fechner-Levy and Hemond, 1996; Beer et al., 2008). The sharp 

drop in CH4 concentrations from −2 to −1.5 m in depth characterized this peat 

layer as a zone of the strongest methanotrophic activity, as supported by 

modelled consumption zones. 
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Figure 3.6 Schematic CH4 concentration profiles below the four dominant microforms in a Patagonian cushion bog. The shape of profiles was derived from 

data obtained in the present study together with those by Limpens et al. (2008), Fritz et al. (2011) and Broder et al. (2015). The size of arrows represents 

the relative magnitude of either a CH4 or CO2 flux following the diffusion gradient. The water table position is displayed by a dashed line near the surface. 

CH4 oxidation by root O2 release resulted in near-zero CH4 pore water concentrations in densely rooted peat below Astelia lawns. With increasing distance 

from densely rooted peat, CH4 oxidation decreased while CH4 concentration increased until reaching a depth profile typical for those of northern peatlands 

with fewer if any roots in water-saturated peat layers. Exemplary sequence of microforms, derived from observed amounts of emitted CH4. Other sequences 

of microforms are reasonable as microforms occur in various combinations in the field. 
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Carbon isotopic values obtained from pore water profiles reflected rhizosphere 

processes, although the δ13C-CH4 signature alone did not provide a clear 

indication for oxidative effects in the rhizosphere as proposed in our second 

hypothesis. A strong effect of only methanotrophy should result in a shift of the 

mean δ13C-CH4 signature to more enriched values and distinct changes in the 

fractionation factor from lower to upper horizons. Methane isotopic signatures 

were close to −80 ‰ in deep peat layers while above 2 m in depth values ranged 
from −90 to −70 ‰ throughout the rhizosphere while the fractionation factor 

increased slightly (Figure 3.4). These surprisingly negative δ13C-CH4 values 

throughout the rhizosphere along with a comparatively small shift and a wider 

standard variation in replicate samples are an unexpected result that needs 

further explanation. 

We can only explain the pronounced variation in replicate δ13C-CH4 values to be 

associated with the presence of aerenchymous roots and the mean δ13C-CH4 

depth pattern by a coexistence of aerobic and anaerobic microsites that would 

both support such strong variation within short spatial scales. The occurrence of 

small-scale aerobic microsites attached to roots releasing O2 into water-

saturated (peat) layers has been previously suggested (Colmer, 2003), also for 

peatlands on the Northern Hemisphere (Popp et al., 1999; Knorr et al., 2008a; 

Corbett et al., 2013). Life time and activity of A. pumila roots are highly dynamic 

(Knorr et al., 2015) and supposedly governed temporal and spatial expansion of 

microsites. Within these microsites, labile organic matter and CH4 were rapidly 

consumed by aerobic respiration and methanotrophy, resulting in CH4 enriched 

in 13C by up to 10 ‰ (Figure 3.4). This δ13C-CH4 signature and the apparently 

small 12C∕13C fractionation observed throughout the rhizosphere (Figure 3.4) 

revealed the influence of a strongly fractionating process such as CH4 oxidation. 

Although based on 13C isotope fractionation alone CH4 oxidation cannot be 

clearly separated from acetoclastic methanogenesis (Whiticar et al., 1986; 

Conrad, 2005), oxidative effects in the rhizosphere were very likely since 

diffusion or plant-mediated transport were excluded as sinks for CH4. 

Methanotrophy leaves CH4 in the pore water enriched by ∼ 10 ‰ while 

produced CO2 becomes depleted (Chasar et al., 2000; Popp et al., 1999) as 

observed here throughout the rhizosphere with fewer negative signatures 

occurring only at greater depths (Figure 3.4). Also, values of δ13C-CO2 of less than −30 ‰ that were substantially lower than the source organic matter material 
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around −26 ‰ (Table 3.3) can only be explained by the influence of 13C-depleted 

carbon from oxidation of 13C-depleted CH4. Substantial rates of root respiration 

were a further source for depleted CO2 in the pore water (Corbett et al., 2013) as 

suggested by high DIC:CH4 ratios mostly exceeding 100 throughout the 

prevailingly water-saturated rhizosphere (Figure 3.4). Nevertheless, O2 release 

by roots still exceeded consumption, as demonstrated by O2 saturation reaching 

up to 10 % (Figure 3.5). This O2 supply may thus not only fuel CH4 oxidation but 

also heterotrophic respiration using molecular oxygen or other electron 

acceptors regenerated by this O2 input (Colmer, 2003; Mainiero and Kazda; 

2005). Likely further sources of CO2 could have been dissimilatory sulfate reduction in anaerobic microsites of surface peat layers down to 0.4 m (Figure 

3.5) with sulfate originating from sea spray (Kleinebecker et al., 2008; Broder et 

al., 2015). Taking these results obtained from CH4 and DIC concentration profiles 

and their carbon isotopic signatures together, the second hypothesis stating that 

pore water concentrations below Astelia lawns reflect a distinct CH4 oxidation 

effect was confirmed. 

Enriched CH4 being only a leftover from CH4 oxidation should result in a δ13C-CH4 

depth pattern following that of the δ13C-CO2 profile (Hornibrook et al., 2000), but 

such a pattern was not observed in our study (Figure 3.4). The surprisingly 

negative δ13C-CH4 signature throughout the rhizosphere is likely explained by 

production of small amounts of CH4 at anaerobic microsites in the absence of 

living roots. Either hydrogenotrophy or acetogenesis and subsequent 

acetoclastic methanogenesis cause large fractionation (Steinmann et al., 2008) 

and could add depleted CH4 to the rhizosphere. As we did not quantify other 

parameters such as labile organic root matter or root exudates and acetate 

concentrations or their carbon isotopic signatures, we cannot clearly determine 

the relative importance of both pathways for our study. Elevated H2 

concentrations in surface peat layers (Figure 3.5) indicated high H2 production 

by fermentation compared to consumption by sulfate reduction or 

hydrogenotrophic methanogenesis, presumably due to high root litter input and 

root exudates (Knorr et al., 2009; Estop-Aragonés et al., 2013). But as acetogens 

can outcompete hydrogenotrophic methanogens at low temperatures, especially 

when H2 is available, (Kotsyurbenko et al., 2001), we propose that acetoclastic 

methanogenesis was the more important pathway here. Together with the 

probably high amounts of labile organic matter available to serve as substrate 
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for methanogenesis throughout 2 m of rhizosphere, this explanation would 

support our third hypothesis. With depth, root density presumably decreased 

(Fritz et al., 2011) and a slight increase in 12C∕13C fractionation indicated a shift 

to a predominance of hydrogenotrophic methanogenesis and, below 2 m in 
depth, absence of microsites (Figure 3.4) as αc values of replicate samples varied 

less and increased towards 1.065 (Whiticar et al., 1986; Conrad, 2005). 

Pools – low-emission scenario 

Pools exhibited, with 0.23 ± 0.25 mmol CH4 m−2 d−1, the second lowest emissions 

of the microforms under study (Figure 3.3). Such low emissions were contrary 

to our first hypothesis and somewhat surprising since they have been previously 

reported to be similar to Sphagnum lawns (Fritz et al., 2011) and were expected 

to be relevant CH4 sources because of prevailing anoxic conditions (Blodau, 

2002). Moreover, other studies identified pools as hotspots of CH4 emissions 

from peatlands (Hamilton et al., 1994; Pelletier et al., 2014; Burger et al., 2016). 

This was clearly not the case here, as emissions were of the same order of 

magnitude as pool fluxes in South Patagonian Sphagnum bogs (Lehmann et al., 

2016). 

Low emissions were associated with CH4 pore water concentrations surprisingly 

resembling those below Astelia lawns on slightly elevated levels (Figure 3.4). 

These low pore water concentrations in sparsely or even non-rooted peat below 

pools were not supported by our second hypothesis and require another 

explanation. The δ13C-CH4 signature was depleted compared to Astelia lawns down to 2 m in depth and largely followed that of δ13C-CO2 (Figure 3.4) and, thus, 

did not indicate a methanotrophic effect. As upward diffusion of CH4 against the 

concentration gradient is impossible, we can only explain low pore water 

concentrations by lateral exchange of CH4. We suggest that root O2 release by 

A. pumila controlled even CH4 dynamics below adjacent microforms as visualized 

on a conceptual level in Figure 3.6. The thorough CH4 oxidation below Astelia 

lawns may establish a lateral concentration gradient of CH4. Thereby, CH4 from 

adjacent microforms may diffuse to the rhizosphere of Astelia lawns where it was 

consumed. As the microrelief is not pronounced at our study site, we propose that there is a large depth zone throughout the 2 m rhizosphere of Astelia lawns 

and in corresponding depths below pools with negligible water flow and a 
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predominance of diffusive transport. In this depth zone, we observed a highly 

decomposed and amorphous peat as previously described for cushion bogs 

(Ruthsatz and Villagran, 1991; Fritz et al., 2011), indicating a very high water 

permeability that would together with a high water table position facilitate such 

lateral exchange (Baird et al., 2016). The assumption of lateral exchange was 

supported by a peak in DIC:CH4 ratios accompanied by very low CH4 

concentrations around 0.8 m below pools (Figure 3.4), inhibiting upward 

diffusion. Lateral root ingrowth and O2 supply from adjacent Astelia lawns could 

furthermore suppress methanogenesis and keep CH4 concentrations below 

pools low, in particular if pools are small. 

Patterns of carbon isotopic signatures, levels of H2 concentrations of ∼ 10 nmol L−1 sufficient to maintain hydrogenotrophic methanogenesis 

(Heimann et al., 2010) and low DIC:CH4 ratios suggested methanogenic 

conditions over the whole profile (Figure 3.4, Figure 3.5). Methanogenesis was 

especially indicated by a slight peak of CH4 concentrations associated with lower 

DIC:CH4 ratios and elevated H2 ratios around 0.3 m in depth. However, even high 
activity of fermentation processes as indicated by peaking H2 levels from 1 to 2 m 
in depth did not translate to changes in fractionation factor (Figure 3.4, Figure 

3.5) but suggest that CH4 was produced only very locally if at all. Low substrate 

supply from highly decomposed organic matter and thus unfavourable 

thermodynamic conditions seemed to limit CH4 production as suggested by very 

negative δ13C-CH4 signatures (Figure 3.4) accompanied by peaking αc values in 

the upper profile (Figure 3.4) (Hornibrook et al., 1997; Knorr et al., 2008b). 

Instead, methanogenesis might have been outcompeted by other electron-

accepting processes, such as sulfate reduction (Figure 3.5). If produced at all, CH4 was rapidly consumed around 0.3 m in depth by methanotrophic bacteria 

inhabiting submerged Sphagnum mosses that provided recalcitrant organic 

matter on pool bottoms (Kleinebecker et al., 2007; Kip et al., 2012; Knoblauch et 

al., 2015) or were associated with cyanobacteria (Arsenault et al., 2018; González 

Garraza et al., 2018). Within the open water of pools, which was well mixed by 

strong winds, CH4 production and excess of H2 were diminished due to electron 

acceptor availability for consumption (e.g. O2, sulfate). Thus, the pools at our 

study site belonged to examples of low-emission pools as described in Knoblauch 

et al. (2015). 
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Sphagnum and Donatia lawns – low- to moderate-emission scenario 

CH4 emissions from Sphagnum and Donatia lawns were most variable among 

microforms ranging from near zero to local emission hotspots. Sphagnum lawns 

showed significantly higher CH4 emissions of 1.52 ± 1.10 mmol m−2 d−1 than all 

other microforms (Figure 3.3). Substantially higher fluxes from Sphagnum lawns 

at our study site have been previously described by Fritz et al. (2011) and 

emissions reported here were on the same order of magnitude as determined for 

Sphagnum lawns in South Patagonian bogs dominated by Sphagnum mosses 

(Broder et al., 2015; Lehmann et al., 2016). The highest emissions obtained in the 

present study from Sphagnum and Donatia lawns were at intermediate levels 

compared to northern bogs (Blodau, 2002; Laine et al., 2007; Limpens et al., 

2008). 

We present the first CH4 emission data obtained from Donatia lawns. Contrary to 

our expectations, Donatia lawns emitted 0.66 ± 0.96 mmol CH4 m−2 d−1 and thus 

had the second highest CH4 emissions of our study. One lawn even exceeded 

emissions of the strongest Sphagnum lawn source (Figure 3.3) on all 

measurement occasions. As these comparatively high emissions could be 

reproduced well, we conclude that an artefact can be excluded. Therefore, our 

first hypothesis, that cushion plants emit negligible amounts of CH4, could 

retrospectively only be partly confirmed, as it depends on the specific cushion-

forming plant species. We conclude that the presence of cushion plants as a proxy 

for negligible CH4 emissions from cushion bogs needs to be carefully interpreted. 

The spatial distribution of vascular plant root characteristics and its oxidative 

effects apparently controlled CH4 dynamics at the study site as suggested by the 

pronounced spatial variability in emissions associated with our preliminary 

observations of microform features (Table 3.2). D. fascicularis established a deep 

and aerenchymous, but with < 0.05 g DW L of peat−1, a substantially less dense 

rooting system compared to A. pumila with > 4 g DW L of peat−1 at around 0.5 m 

in depth (Fritz et al., 2011). The lower root density of D. fascicularis was probably 

below a specific threshold at which O2 release did not suppress emissions any 

more. Instead, the roots might have accelerated CH4 production through the 

presence of labile organic matter while facilitating emissions (e.g. Joabsson et al., 

1999; Blodau, 2002; Colmer, 2003; Whalen, 2005; Agethen et al., 2018). As root 

O2 release promotes nutrient mobilization (Colmer, 2003), this assumption of 
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little if any O2 release by D. fascicularis is in line with Schmidt et al. (2010), who 

found nutrient concentrations in D. fascicularis to be almost as low as in 

S. magellanicum while A. pumila contained significantly higher amounts of 

nutrients. 

Sphagnum and Donatia lawns that showed substantial CH4 emissions were 

beyond the sphere of influence by A. pumila roots. Although not measured here, 

pore water CH4 concentrations below Sphagnum and Donatia lawns with 

remarkably higher emissions probably increased steeply below the water table 

(Figure 3.6), like common depth profiles in northern (e.g. Beer and Blodau, 2007; 

Limpens et al., 2008; Corbett et al., 2013) or southern bogs (Broder et al., 2015). 

This explanation implies that the pore water below those lawns was not well 

connected to pore water influenced by A. pumila roots. A spatial variability in 

peat physical properties on the ecosystem scale was suggested by water table 

records (Figure 3.2), demonstrating that one site responded faster than the other 

to, for instance, precipitation events. 

We speculate that the biogeochemistry below Sphagnum and Donatia lawns with 

near-zero emissions was, similar to pools, influenced by root activity of nearby 

A. pumila (as visualized in Figure 3.6). This assumption was supported by 

previous research at our study site. Fritz et al. (2011) showed that below 

Sphagnum lawns pore water CH4 concentrations can be substantially lowered 

throughout rhizosphere-influenced peat layers. Further research should be 

undertaken to investigate why CH4 emissions from Sphagnum and Donatia lawns 

appear to be highly variable in order to understand CH4 dynamics in under-

researched cushion bogs. 

Implications for ecosystem CH4 emissions from Patagonian cushion bogs 

The highest summer emissions in the present study were considerably lower 

compared to maximum austral summer fluxes of ∼ 150 mg CH4 m−2 d−1 (9.4 mmol m−2 d−1) determined for a New Zealand bog dominated by the vascular 

evergreen wire rush, Empodisma robustum (Goodrich et al., 2015). The authors 

explained such high CH4 emissions by comparatively wet conditions and a high 

density of aerenchymous vegetation providing a gas conduit for CH4 transport in 

their study site. Compared to CH4 emissions of northern bogs ranging from 3-53 mg m−2 d−1 at intermediate levels in wet bogs to up to 80 mg m−2 d−1 (Blodau, 
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2002; Laine et al., 2007; Limpens et al., 2008; 0.2 to 2.2 and up to 5 mmol m−2 d−1), 

the highest summer emissions in the present study represent a pronounced CH4 

source. Nevertheless, overall ecosystem CH4 emissions would probably be 

among the lowest described for pristine bog ecosystems worldwide when taking 

into account the high proportion of the surface area where Astelia lawns 

prevailed. 

While Donatia lawns covered only small parts of our study site, we observed 

other parts of the complex bog system in the whole study area to be widely 

dominated by D. fascicularis instead of A. pumila, which is in line with previous 

studies (Heusser, 1995; Grootjans et al., 2014) that described the cushion bogs 

in the Moat landscape to be covered by both, A. pumila and D. fascicularis. Thus, 

amounts of emitted CH4 could also be significant on the ecosystem scale once 

D. fascicularis dominates. For instance, a predominance of D. fascicularis is 

typical for later vegetation succession stages in cushion bogs of Tierra del Fuego 

(Heusser, 1995) or Chile (Ruthsatz and Villagran, 1991; Kleinebecker et al., 

2007). 

Conclusion 
Blablabla  

We conclude from our study that the spatial distribution of cushion-forming A. 

pumila root density and activity and associated O2 supply strongly controlled CH4 

production and consumption in a pristine Patagonian cushion bog. Thereby, CH4 

emissions were reduced to near-zero levels and largely decoupled from 

environmental controls. The high root density even regulated CH4 dynamics 

below adjacent microforms with less or non-rooted peat such as pools, 

Sphagnum lawns or lawns dominated by cushion-forming D. fascicularis by 

maintaining lateral concentration gradients in upper peat layers. Nevertheless, 

when root density dropped below a certain threshold, CH4 production might 

have been accelerated by the presence of labile root organic matter or exudates 

accompanied by O2 consumption along with facilitated CH4 transport by 

aerenchymatic roots of D. fascicularis. Under such circumstances, CH4 emissions 

increased to intermediate levels compared to northern bogs. Therefore, the 

presence of cushion plants as a proxy for negligible CH4 emissions from cushion 

bogs should be interpreted carefully. As cushion bogs can be found in many 

(mostly southern) parts of the world and only very limited knowledge about CH4 
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dynamics from these systems exists, future research should take into account a 

possibly high spatial variability in CH4 emission from bogs dominated by cushion 

plants. We demonstrated an extreme scenario for how a spatial distribution of 

root density in the peat can lead to a pronounced pattern of CH4 emissions. Yet, 

the underlying ratio between root characteristics and O2 supply determining this 

emission pattern should be applicable to other densely rooted peatlands in 

general. Further research should be undertaken to prove relationships that have 

been developed here on a conceptual level in order to extend our knowledge on 

CH4 dynamics in under-researched cushion bogs. 

Supplement 
Blablabla  

The supplement related to this article is available online 

at: https://doi.org/10.5194/bg-16-541-2019-supplement. 
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4. Study III 

High-resolution classification of South Patagonian 

peat bog microforms reveals potential gaps in up-

scaled CH4 fluxes by use of Unmanned Aerial 

System (UAS) and CIR imagery* 

Blablabla  
Abstract South Patagonian peat bogs are little studied sources of methane (CH4). 

Since CH4 fluxes can vary greatly on a small scale of meters, high-quality maps 

are needed to accurately quantify CH4 fluxes from bogs. We used high-resolution 

color infrared (CIR) images captured by an Unmanned Aerial System (UAS) to 

investigate potential uncertainties in total ecosystem CH4 fluxes introduced by 

the classification of the surface area. An object-based approach was used to 

classify vegetation both on species and microform level. We achieved an overall 

Kappa Index of Agreement (KIA) of 0.90 for the species- and 0.83 for the 

microform-level classification, respectively. CH4 fluxes were determined by 

closed chamber measurements on four predominant microforms of the studied 

bog. Both classification approaches were employed to up-scale CH4 closed 

chamber measurements in a total area of around 1.8 hectares. Including 

proportions of the surface area where no chamber measurements were 

conducted, we estimated a potential uncertainty in ecosystem CH4 fluxes 

introduced by the classification of the surface area. This potential uncertainty 

ranged from 14.2 mg m−2 day−1 to 26.8 mg m−2 day−1. Our results show that a 

simple classification with only few classes potentially leads to pronounced bias 

in total ecosystem CH4 fluxes when plot-scale fluxes are up-scaled. 

 

 

* Adapted version, article published as: Lehmann, J. R. K., Münchberger, W., Knoth, C., 
Blodau, C., Nieberding, F., Prinz, T., Pancotto, V. A., and Kleinebecker, T. (2016): High-
Resolution Classification of South Patagonian Peat Bog Microforms Reveals Potential Gaps 
in Up-Scaled CH4 Fluxes by use of Unmanned Aerial System (UAS) and CIR Imagery, 
Remote Sensing, 8(3), 173; https://doi.org/10.3390/rs8030173. 

Lehmann and Münchberger contributed equally to this work.  
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Introduction 

The effects of human activities on the carbon cycle receive much attention 

worldwide from both research and public perspective. Carbon cycling in 

peatlands is an important feature of the global carbon cycle because these 

ecosystems are important carbon sinks (Gorham, 1991; Yu, 2012), but are main 

sources of methane (CH4) (Gorham, 1991; Bridgham et al., 2013; Turetsky et al., 

2014). Methane fluxes typically vary temporally and on spatial scales from the 

microform to the ecosystem level (Blodau, 2002; Limpens et al., 2008; Turetsky 

et al., 2014). In this context, northern peat bogs have been extensively studied, 

especially those found in the boreal zone (Gorham, 1991; Blodau, 2002; Lai, 

2009; Yu, 2012; Turetsky et al., 2014). Southern peat bogs, however, are 

comparatively little explored (Grootjans et al., 2014; Goodrich et al., 2015); this 

is particularly true of Patagonian peat bogs (Kleinebecker et al., 2008), which 

have been affected little by human activities (Kleinebecker et al., 2008; Fritz et 

al., 2011; Grootjans et al., 2014). Consequently, research in Patagonian peat bogs 

can enhance our understanding of CH4 fluxes from pristine ecosystems. 

Patagonian peat bogs are characterized by a small-scale spatial heterogeneity of 

different microforms (Kleinebecker et al., 2010) similar to northern boreal 

peatlands (Couwenberg and Joosten, 2005). This patterned surface is the well-

studied result of the microtopography of the bog and distinct vegetation 

communities characterized by different water levels. While water table depth is 

one of the main controls of CH4 production, CH4 emissions can be strongly 

associated with a specific vegetation type (Blodau, 2002; Lai, 2009). 

Consequently, the spatial pattern of these controlling factors leads to a 

pronounced small-scale heterogeneity of CH4 fluxes. 

One frequently applied method to quantify CH4 fluxes on a microform level 

(<1 m2) is the use of closed chambers (Pihlatie et al., 2013). Usually 

representative plots within the peat bog are selected, which cover the spatial 

heterogeneity of the study site. Gas exchange rates from these plots can then be 

extrapolated to larger areas or the entire ecosystem. The number of microforms 

considered is usually limited to the most prominent ones. This simplification 

may constrain the possibility for up-scaling. Therefore, the classification of 

microforms is a crucial step when CH4 fluxes are up-scaled to generalize fluxes 

on a larger scale, and accurate microtopography and vegetation distribution 
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maps are needed. Compiling detailed information on the distribution of plant 

species or the microtopography across a large land area is resource intensive. 

Vegetation mapping on sample plots or along transects covers usually only a 

fraction of the study area and is not necessarily representative for the entire 

wetland system. Therefore, remote sensing is a promising option for large-scale 

exploration of bog ecosystems (Adam et al., 2010). 

Remote sensing, especially using multi- and hyperspectral techniques and LiDAR 

sensors, provides valuable information on spatial characteristics of peat bogs 

(Thomas et al., 2003; McMorrow et al., 2004; Anderson et al., 2010; Bartsch et al., 

2012; Middleton et al., 2012; Gallant, 2015). With advances in modern sensor 

technology, the quality of such image data is continually improving. 

Nevertheless, the spatial ground resolution (pixel size) of commonly used 

satellites, such as WorldView 2 (1.85 m with 8-Band multispectral sensor) often 

limits the identification of small-scale vegetation patterns (Gallant, 2015; 

Crichton et al., 2015; Sirin et al., 2015). Becker et al. (2008) recommend a 

minimum ground resolution of 25 cm to identify small-scale hot-spots of CH4 

emission in peat bogs. For the detection of larger microforms (e.g., hummocks 

and lawns) and a realistic estimation of ecosystem-scale carbon fluxes a 

minimum ground resolution of 60 cm is needed (Becker et al., 2008). Both 

resolution requirements show that even high-resolution satellite imagery is not 

able to capture the small-scale heterogeneity relevant for accurate up-scaling of 

processes relevant for carbon cycling. Airborne remote sensing sensors (e.g., 

small hyperspectral cameras) carried by manned aircraft or helicopters are an 

alternative approach. Such sensors can provide the necessary high spatial, 

temporal and spectral resolution image data (Thomas et al., 2003; Cole et al., 

2014). However, high image acquisition costs and the dependence on an airport 

infrastructure near to the study sites can be limiting factors for investigations. 

To overcome the limitations of conventional remote sensing approaches, an 

Unmanned Aerial System (UAS) is a welcome alternative to survey peat bogs 

(Kalacska et al., 2013; Knoth et al., 2013; Lucieer et al., 2014). Other than the 

advantage of high flexibility, data collection is quick and cost-effective and image 

data can be customized to the specific requirements of the user in terms of grain 

size and image extent. Technical equipment is now readily available from 

commercial sources. The number of studies using an UAS as a sensor platform 
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has thus greatly increased (Rango et al., 2010; Turner et al., 2011; Getzin et al., 

2014; Lehmann et al., 2015; Turner et al., 2015; Von Bueren et al., 2015). 

Especially for vegetation mapping and monitoring purposes, color-infrared (CIR) 

image data have proven to be extremely effective as plants have the strongest 

variation in reflectance in the near-infrared (NIR) region (Ihse, 2007). High-

resolution (< 2 cm) CIR imagery paired with object-based classification 

techniques are considered to be a promising tool for peat bog monitoring (Knoth 

et al., 2013). 

Taking advantage of modern UAS technology and high-resolution imagery, the 

present study investigates uncertainties in the up-scaling of CH4 fluxes that are 

introduced by the classification of bog vegetation. Two different object-based 

classification approaches were tested: (1) a detailed classification of the 

distribution of characteristic bog plant species; and (2) a less detailed 

classification of dominant bog microforms. Using both approaches, we scaled 

microform CH4 fluxes up to examine the effect on the total amount of the emitted 

CH4 on the ecosystem scale. 

Material and Methods 

Site Description The study area is located at 54°49′S, 68°27′W in a pristine Sphagnum-dominated 

bog in South Patagonia, Argentina (Figure 4.1) and is a part of the National Park 

“Tierra del Fuego” (Administración de Parques Nacionales). The climate at the 

study site is oceanic with a mean annual temperature of 5 °C and a mean annual 

precipitation of 487 mm (Servico Meterológico Nacional; for the period between 

1981 and 1990). Strong winds and mild winters are typical for the region 

(Kleinebecker et al., 2008). 
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Figure 4.1 (a) Location of the study area in southern South America; (b) The investigated peat 

bog is located 8 km western of Ushuaia (Argentina); (c) Aerial image of the peat bog (brown 

color) in the National Park “Tierra del Fuego” (54°49′S, 68°27′W). The photographed area is 

marked with a red square. 

The surface of the studied bog was composed of a mosaic of different microforms 

following the micro-relief (Figure 4.2). Hummock microforms occurred along a 

moisture gradient with driest hummocks elevated about 50 cm above the water 

table. These dry Sphagnum hummocks were dominated by the peat moss 

Sphagnum magellanicum and the dwarf-shrub Empetrum rubrum and distinctly 

characterized by living and dead shoots of the rush Marsippospermum 

grandiflorum. Intermediate hummocks less elevated above the water table 

compared to dry hummocks were characterized by higher dominance of 

Sphagnum magellanicum and lower cover of Empetrum rubrum and 

Marsippospermum grandiflorum, as well as the absence of species indicative for 

wet Sphagnum lawns. These wet Sphagnum lawns with a water table close to the 

surface were purely dominated by Sphagnum magellanicum. Dry to intermediate 

hummocks were also observed to be dominated by Empetrum rubrum with a 

cover up to 100 % (named Empetrum heath microform). Other frequently 

occurring vascular plants such as Tetroncium magellanicum, Gaultheria 

antarctica, Nothofagus antarctica, Carex magellanica, Rostkovia magellanica, 

Nanodea muscosa and Pernettya pumila showed distinctive distribution patterns 
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along the microform moisture gradient, but were usually present with low cover 

(Kleinebecker et al., 2007). Additionally, there were large areas of bog pools 

consisting of either open water bodies or floating Sphagnum cuspidatum. To 

describe the vegetation of the dominant microforms, we visually estimated the 

cover of each plant species on 1 m × 1 m plots accurate to the nearest 5 %. 

Lichens and mosses other than S. magellanicum and S. cuspidatum were not 

determined to species level. The dominant microforms with mean cover values 

of characteristic plant species are given in Table 4.1. 

 

 

Figure 4.2 Examples of dominant bog microforms identified by the different characteristic 

composition of the objects classified on species level. I. Sphagnum lawn dominated by Sphagnum 
magellanicum; II. Sphagnum hummock dominated by Sphagnum magellanicum and Empetrum 

rubrum and characterized by shoots of Marsippospermum grandiflorum; III. Empetrum heath 

dominated by Empetrum rubrum; IV. pools; and V. others, such as a. lichens; b. dead vegetation; 

and c. Sphagnum cuspidatum. 
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Table 4.1 Description of the dominant microforms by mean cover (%) of characteristic plant 

species. Other frequently occurring vascular plants were present with low cover. These plant 

species were not relevant for the classification procedure and thus not listed in the table. 

species 
microform 

Sphagnu

m lawn 
Sphagnum 
hummock 

Empetrum 
heath 

intermediate 
hummock 

pools 

Sphagnum 

magellanicum 
95 40 < 5 

80 0 

Sphagnum 

cuspidatum 
0 0 0 

0 (80) 

Empetrum rubrum < 5 45 90 20 0 

Marsippospermum 

grandiflorum 
0 5 0 

< 5 0 

litter                            
M. grandiflorum 

0 10 0 
< 5 0 

lichens 0 < 5 5 < 5 0 

Remote Sensing 

UAS Platform and Sensor Technique 

For image data acquisition, a radio-controlled, four-propeller powered 

multicopter was operated as an UAS remote sensing platform (Figure 4.3). The 

used quadrocopter was a ready-made and commercially available Microdrones 

MD4-200 (Microdrones GmbH, Siegen, Germany). For navigation and control, 

this airframe is equipped with an inertial measurement unit (IMU) and a global 

navigation satellite system (GNSS). The system was developed for full automatic 

flight control, executed by pre-setting a track of waypoints and a requested flight 

altitude using registered (Microdrones GmbH) software. The specifications of 

the UAS remote sensing platform are summarized in Table 4.2. 
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Figure 4.3 The used Unmanned Aerial System (UAS), a commercially available Microdrones MD 

4–200. The camera system, a color-infrared (CIR) modified digital Canon Power Shot SD780 IS 

camera is pointing downward. 

 

Table 4.2 Key specifications of the used Unmanned Aerial System (UAS).  

Microdrone MD4-200 Manufacturer: Microdrones GmbH, Siegen, Germany 

Type Four-propeller powered multicopter 

Dimension 540 mm from rotor-hub to rotor-hub 

Weight 800 g (depending on configuration) 

Engine power 4 x flat core motors  

Payload max. 250 g 

Flight mode Automatic with waypoint navigation or radio control 

Endurance up to 30 minutes (depending on load/wind/battery) 
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In the present study, a modified Canon PowerShot SD780 IS camera was utilized 

to create false color composites (Figure 4.4). The modification includes the 

replacement of the “hot mirror” filter, which blocks the NIR radiation and 

ensures natural color images with a color effect corresponding to the human eye 

(Aber et al., 2010). Due to this modification, the charge-coupled device (CCD) 

sensor of the camera could record NIR information. An additionally fitted cyan 

filter removed the visible red, enabling the system to produce false color 

composites where the red band was substituted by the NIR radiation. A software 

script installed on the SD memory card allowed setting a fixed focus, control 

shutter speed and lens aperture and also to release the shutter in a suitable time 

interval. The camera system was mounted on the UAS platform using a gimbal-

mounted holder to compensate tilt and roll movements during flight enabling the 

vertical alignment of the optical axis during exposure. For more information 

about the used UAS platform and camera system, see Knoth et al. (2013) and 

Lehmann et al. (2015). 

 

Figure 4.4 Original color infrared image with linear band equalization applied. Dominant bog 

microforms identified by the different characteristic composition of the objects classified on 

species level are indicated by Roman numerals (see also Figure 2): I. Sphagnum lawn dominated 
by Sphagnum magellanicum; II. Sphagnum hummock dominated by Sphagnum magellanicum 

and Empetrum rubrum and characterized by shoots of Marsippospermum grandiflorum; III. 

Empetrum heath dominated by Empetrum rubrum; IV. pools; and V. others, such as a. lichens; 

b. dead vegetation; and c. Sphagnum cuspidatum. 



Study III 

138 

 

Image Acquisition 

The CIR imagery was acquired in February 2014. The altitude Above Ground 

Level (AGL) was 30 m. The sensor size of the compact digital camera was 6.2 by 

4.6 mm and the focal length used during the flight was 34.2 mm (35 mm 

equivalent). Given the flight altitude, this resulted in a ground footprint of 30.8 m 

× 23.1 m per image. Weather conditions were calm and sunny with scattered 

cloud cover forming during the time of image acquisition. Before the flights were 

conducted, 20 ground control points (GCPs; white Compact Discs with a diameter 

of 12 cm) were laid out in the studied bog and logged with a Garmin GPSMap 

60CSx (~4 m accuracy) for georeferencing. 

Data Processing and Object-Based Classification 

For our further image analysis, we selected a representative bog area of 1.8 ha, 

which included the in situ CH4 fluxes measurement sites. The resulting imagery 

for this study area (241 CIR images) was preprocessed by first removing low-

quality data such as blurred and under- or over-exposed images. With the 

remaining image data (149 CIR images) a high-resolution orthoimage mosaic 

with a ground resolution of less than 1.1 cm was composed using Agisoft 

PhotoScan Professional (v. 0.9.0; Agisoft LLC, St. Petersburg, Russia). This 

software uses a bundle block adjustment procedure in order to reconstruct 

image centre positions and orientations, from which surface models and 

orthoimages can then be generated. Due to low surface level differences in the 

studied peat bog, cast shadows caused by low illumination angles were 

negligible. The resulting orthoimage mosaic was georeferenced in ArcGIS (v. 

10.2; ESRI, Redlands, CA, USA) using the GCPs and their GPS coordinates. 

For both the species and the microform level, we performed an object-based 

vegetation classification using eCognition Developer software (v. 8.64.1; Trimble 

GeoSpatial, Sunnyvale, CA, USA). To this end, it is advantageous to use object-

based image analysis (OBIA) rather than a pixel-based method to leverage the 

high spatial resolution of the images, with a pixel size clearly below the size of 

the objects of interest. OBIA allows for analyzing an extended feature space 

including, e.g., spectral, shape and texture characteristics. This capacity 

facilitates the extraction of ecologically significant image objects, making it 

greatly suitable for very high resolution imagery (Laliberte and Rango, 2011). 

Furthermore, relational, topological and hierarchical features can be used to 
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classify image objects on multiple levels incorporating expert knowledge on the 

scene context. This is particularly useful for this study, as the microforms could 

not be defined on the level of single plants but rather by using previous 

knowledge on typical species compositions (Table 4.1). 

The classification procedure consisted of two major steps: (1) a multiresolution 

segmentation; and (2) an Object-Based Image Analysis (OBIA). The 

multiresolution segmentation was used to separate neighboring pixels into 

segments (objects) based on homogeneity criteria (shape/color and 

compactness/smoothness) and a scale factor (scale parameter), both adjustable 

by the user (Blaschke, 2010). As bog vegetation can be well distinguished in the 

NIR-wavelength region (Knoth et al., 2013), the color feature appeared as a more 

promising distinctive feature than shape-related characteristics. Consequently, a 

ratio of 0.2/0.8 for shape/color was selected (with 0.1 = lowest and 0.9 = highest 

possible influence of shape on the segmentation). The level of compactness and 

smoothness has a relatively small influence on the output objects if the shape 

level is set low. Thus, we used the pre-set ratio of 0.5/0.5 for the 

compactness/smoothness threshold. For the scale parameter, a threshold of 70 

was defined by visual interpretation of the image segmentation results, based on 

field records and expert knowledge (Kleinebecker et al., 2008; 2010). As a result, 

smallest segments reached a diameter of around 4 cm. 

For the detailed species-level classification, the subsequent OBIA was performed 

using class-specific features, which have proven to be useful in previous studies 

applying the presented image acquisition technique (Knoth et al., 2013; 

Lehmann et al., 2015). These involved spectral information (e.g., mean green), 

customized vegetation indices (e.g., NDVImod), texture pattern (grey level co-

occurrence matrix features (GLCM; Ozdemir et al., 2008) and shape 

characteristics of the segments. An overview of the used object features and key 

thresholds is given in Table 4.3 and Table 4.4. The classification separated the 

image objects into seven classes, namely Sphagnum magellanicum, Sphagnum 

cuspidatum, Empetrum rubrum, Marsippospermum grandiflorum, lichens, dead 

vegetation and pools. 
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Table 4.3 Object features used during object-based image classification with eCognition. 

Customized 

NDVImod: ([Mean nir]-[Mean blue])/([Mean nir]+[Mean blue]) 
TVI: 0.5∙(120∙([Mean nir]-[Mean green]))-120∙([Mean blue]-[Mean green]) 

Layer Values 

HSI Transformation Intensity (R=nir, G=green, B=blue) 
HSI Transformation Hue (R=nir, G=green, B=blue) 

HSI Transformation Saturation (R=nir, G=green, B=blue) 
Mean NIR  

Mean Green  
Mean Blue  

Mean Brightness 
Standard Deviation NIR 

Standard Deviation Green 
Standard Deviation Blue 

Texture 

GLCM Homogeneity 
GLCM Entropy 

GLCM Mean 
GLDV Entropy 

Class related features 

Relative border to neighbor objects 
Relative area of sub-objects 
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Table 4.4 Image examples of the classes in CIR composite (with linear band equalization applied) 

and key features with thresholds for the classification on the species-level. 

Class Image example Key features and thresholds 

Pools 
 

 

 
HSI Transformation Intensity  

(R=nir, G=green, B=blue) <= 0.57 
 

GLCM Homogeneity  
(quick 8\11) (all dir.) >= 0.37 

 
GLCM Entropy  

(quick 8\11) (all dir.) >= 4.3 
 

Sphagnum 

magellanicum 

 

HSI Transformation Intensity  
(R=nir, G=green, B=blue) > 0.5 

Sphagnum 

cuspidatum 

 

TVI > 5000 

Lichens (white) 

 

 
GLDV Entropy  

(quick 8\11) (all dir.) >= 2.3 
 

Dead vegetation 

 

 
GLCM Mean  

(quick8\11) (all dir.) <= 50 
 

Marsippospermum 

grandiflorum 
(shoots) 

 
 

 
NDVImod <= 0.46 

 
Mean green < 36 

 

Empetrum rubrum 

 

Mean nir >= 85 
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In contrast to the species-level classification, the classification of the dominant 

bog microforms required a different approach to take into account the larger 

floristic and structural variability within each class. These microforms cannot be 

identified on the species-level only, i.e., looking at single plants, but by taking into 

account their species composition and cover. Therefore, we added a chessboard 

segmentation dividing the CIR orthoimage mosaic into a regular grid of square 

segments. The size of these grid cells only depends on the set scale factor and not 

on homogeneity criteria. This characteristic leads to equal size and shape and 

thereby better comparability of the segments during the subsequent analysis. 

We selected a threshold of 65 for the scale parameter. The resulting size of 60 cm 

× 60 cm for each grid cell corresponds to the minimum resolution of image data 

for a representative detection of bog microform suggested by Becker et al. 

(2008). 

For each microform, the classification was done by implementing simple class 

rules for each grid cell. We used the “relative area of sub-object” features to 

define the microforms. This algorithm determined for each cell the species 

composition in terms of the proportional area covered by the different species 

(Table 4.1). This area was calculated from the sub-objects classified in the 

previous step on the species-level. The microform classification represented the 

present microforms Empetrum heath, Sphagnum lawn, Sphagnum hummock, 

pools and others. The class “others” included dead vegetation, S. cuspidatum, 

lichens and transitional microforms that could not be clearly assigned to the 

Sphagnum hummock class. 

The accuracy of both classifications was evaluated by selecting random samples, 

with a minimum of 220 samples within each vegetation class. These randomly 

selected samples were then manually classified by an on-screen interpretation 

of the available image information together with additional field data. Based on 

the samples, a confusion matrix was produced to evaluate the accuracy of the 

final classifications including overall, user’s, and producer’s classification 

accuracies, and Kappa statistics (Congalton and Green, 2009). The interpretation 

of the Kappa statistics was based on the categories proposed by Landis and Koch 

(1997), with a classification accuracy of Kappa < 0.20 considered poor, 

0.21 < kappa < 0.40 fair, 0.41 < kappa < 0.60 moderate, 0.61 < kappa < 0.80 good, 

and 0.81 < kappa < 1 very good. 
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Methane (CH4) Flux Measurements 

The closed chamber technique was used to measure microform-level CH4 fluxes 

during four days in the end of January 2015, in the austral summer. 

Measurements were performed on surface microforms representing the main 

vegetation units of the studied peat bog (Table 4.1, Figure 4.2). Selected 

microforms were Empetrum heaths, Sphagnum lawns and Sphagnum hummocks 

(Figure 4.5) with three replicates each representing the variation within 

microforms. Transitions between microforms were not considered. On each of 

the nine plots, collars were permanently installed in the beginning of January 

2015. A transparent chamber with a diameter of 40 cm and a height of 40 cm was 

gently placed on each collar for at least 3 min to perform measurements. A fan 

ensured mixing of the air within the chamber during measurements. The 

chamber was equipped with a cooling system and a temperature sensor to avoid 

an increase of chamber temperature by more than 3 °C deviation of the ambient 

air temperature. Collars were equipped with a water-filled rim to ensure a gas-

tight seal between chamber and collar during measurements. In addition, CH4 

fluxes of two pools were determined with a floating chamber of identical 

dimension and design. The chamber wall extended approximately 4 cm into the 

water. The chamber was connected to a greenhouse gas analyzer (Los Gatos 

Ultraportable Greenhouse Gas Analyzer 915-001, Los Gatos Research) to 

measure the increase of CH4 concentrations over time. We equipped this 

instrument with an external pump providing a flow rate of 2 L min−1 CH4 

concentration was recorded at a rate of 1 Hz. 

 

 

Figure 4.5 Selected microforms for closed chamber CH4 flux measurements: Empetrum heath, 

Sphagnum lawn, Sphagnum hummock and pools (from left to right).  
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Microform-level CH4 fluxes were calculated from the CH4 concentration increase 

over time within the chamber using a modified version of the software package 

(MATLAB Release R2014a) routine described in (Kutzbach et al., 2007). CH4 

concentration was modeled either as a linear (93 % of cases, N = 65 flux 

measurements) or an exponential (7 % of cases, N = 5) function of time. Models 

performance was compared using Akaike’s Information Criterion (AIC) as a 

measure of goodness-of-fit. Two measurements had to be excluded from further 

analyses because residuals were auto-correlated and four measurements were 

excluded from analysis because a strong temperature increase had been 

detected during chamber closure. None of the measurements showed a stepwise 

concentration increase indicative of ebullient events during our campaign. Of the 

3 min measurement time, 60–140 s (mainly 90 s) were selected for the CH4 flux 

calculation. This excluded unstable conditions particularly at the beginning of 

the measurement. For up-scaling the microform-level CH4 fluxes to the 

ecosystem scale of the investigated area in the studied bog, fluxes measured on 

the nine plots were averaged for each microform over the four-day measurement 

period, multiplied with the fractional surface cover of each microform of the 

microform-level classification and summed to the area-weighted mean 

(hereafter referred to as total ecosystem CH4 flux). For the up-scaling based on 

the species-level classification, mean microform fluxes were multiplied with the 

fractional surface cover of the respective classes Empetrum rubrum (Empetrum 

heath fluxes), Sphagnum magellanicum (Sphagnum lawn fluxes), 

Marsippospermum grandiflorum (Sphagnum hummock fluxes) and pools (pool 

fluxes). Standard deviation of CH4 fluxes were linearly extrapolated to the 

classified bog area similar as the fluxes itself. 

Results 

Object-Based Classification 

The resulting maps of the species- and microform-level classification are 

presented in Figure 4.6. The semi-automatic object-based classification revealed 

an overall accuracy level of 92 % for the species-level classification (Table 4.5) 

and 86 % for the microform-level classification (Table 4.6). The overall KIA 
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statistic had a maximum of 0.90 and 0.83 at microform level and species level, 

respectively. The KIA per class statistics for the species-level classification 

suggested that Sphagnum magellanicum was the best distinguishable class with 

a coefficient of 0.99, followed by Empetrum rubrum (0.97), pool (0.96), dead 

vegetation (0.95), Sphagnum cuspidatum (0.92), lichens (0.80) and 

Marsippospermum grandiflorum (0.73). For the microform level classification the 

best class-specific KIA statistics were those for water (0.94), Sphagnum lawn 

(0.92), and “others” (0.87), followed by Empetrum lawn (0.76) and Sphagnum 

hummock (0.65). The class-specific producer’s accuracies for the species level 

classification ranged from 99 % for Sphagnum magellanicum to 76 % for 

Marsippospermum grandiflorum. For the microform level classification, the 

producer’s accuracy was highest for water (95 %) and lowest for Sphagnum 

hummock (71 %). 

 

 

Figure 4.6 (a) A part of the original CIR orthoimage mosaic (with linear band equalization 

applied). The area shown covers ca. 0.2 ha; (b) classification maps of species; and (c) microforms 

obtained by segmentation and subsequent object-based classification. The class “others” included 

dead vegetation, Sphagnum cuspidatum, lichens and drier Sphagnum-dominated vegetation 

(transitional microforms) that could not be clearly assigned to the Sphagnum hummock class.  
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Table 4.5 Confusion matrix and accuracy results of the object-based image analysis (OBIA) on 

species level. Producer’s accuracy (%): ratio between correctly classified objects and reference 

samples within a class. User’s accuracy (%): ratio between correctly classified objects and the 

total number of samples assigned to a class. Overall accuracy (%): ratio between the number of 

all correctly classified objects and the total number of samples. Kappa Index of Agreement (KIA): 

measure of the proportion of agreement after removing random effects. S. mag = S. 
magellanicum, S. cus = Sphagnum cuspidatum, E. rub = Empetrum rubrum, M. gra = 

Marsippospermum grandiflorum 

species-level  pools S. mag S. cus lichens  dead vegetation E. rub M. gra 

pools 217 0 7 0 2 0 0 
S. mag 1 304 0 6 0 2 43 
S. cus 0 0 225 32 0 0 0 

lichens 0 0 0 188 0 0 3 
dead vegetation 4 0 0 0 211 0 0 

E. rub 2 2 7 0 4 240 18 
M. gra 0 0 0 3 0 4 206 

unclassified 1 0 2 0 4 0 0 
Sum 225 306 241 229 221 246 270 

Producer´s accuracy 96.4 99.3 93.3 82.1 95.4 97.5 76.3 
User´s accuracy  96.0 85.4 87.5 98.4 98.1 87.9 96.7 
Overall accuracy 91.5       

KIA Per Class 0.96 0.99 0.92 0.80 0.95 0.97 0.73 
KIA 0.90       

 

Table 4.6 Confusion matrix and accuracy results of the object-based image analysis (OBIA) on 

microform level. 

microform-level  pools 
Sphagnum 
hummock 

Empetrum 
heath 

Sphagnum 
lawn 

others 

pools 225 0 0 0 2 
Sphagnum hummock 0 175 26 6 2 

Empetrum heath 1 23 205 5 11 
Sphagnum lawn 4 5 0 272 1 

others 6 12 1 7 254 
unclassified 1 32 24 0 12 

Sum 237 247 256 290 282 
Producer´s accuracy  94.9 70.8 80.0 93.8 90.0 

User´s accuracy  99.1 83.7 83.6 96.4 90.7 
Overall accuracy 86.2     

KIA per Class 0.94 0.65 0.76 0.92 0.87 
KIA 0.83     
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CH4 Fluxes 

Summer CH4 fluxes in South Patagonia differed strongly across the four surface 

microforms Sphagnum lawn, Sphagnum hummock, Empetrum heath and pools 

and were highly variable within each microform (Table 4.7). Among the three 

(semi-)terrestrial microforms, the Empetrum heath emitted the least CH4 while 

emissions released from Sphagnum lawns were on average more than 10 times 

higher. Sphagnum lawns covered 20–40 % of the surface area of the bog (Table 

4.8), depending on the classification approach, and contributed to 75 % or almost 

90 % to the total ecosystem CH4 flux (Figure 4.7). Both classification approaches 

suggested that further microforms covered a substantial part of the surface area 

of the bog (Table 4.8). Nevertheless, their contribution to the total ecosystem CH4 

flux was negligible for the species-level classification, while for the microform-

level classification Sphagnum hummocks and Empetrum heath together 

accounted for more than 20 % of the total ecosystem CH4 flux. 

Table 4.7 Mean surface microform CH4 fluxes (± SD) of a Patagonian peat bog during four days 

in the austral summer estimated from closed chamber measurements. 

surface microform N mean CH4 flux (mg m-2d-1) 
Sphagnum lawn 21 49.04 ± 25.67 

Sphagnum hummock 21 10.49 ± 6.02 
Empetrum heath 21 3.97 ± 2.99 

pools 7 5.41 ± 5.98 

 

Table 4.8 Fraction of surface microform coverage and area-weighted mean CH4 fluxes (± area-

weighted SD) of a Patagonian peat bog during austral summer as determined by closed chamber 

measurements. 

surface microform 

species-level classification microform-level classification 

area  
(%) 

area-weighted 
mean CH4 flux  

(mg m-2d-1) 

area  
(%) 

area-weighted 
mean CH4 flux  
(mg m-2 d-1) 

Sphagnum lawn 39 19.2 ± 10.0 20 9.8 ± 5.1 

Sphagnum hummock 5 0.5 ± 0.3 16 1.7 ± 1.0 

Empetrum heath 41 1.6 ± 1.2 27 0.8 

pools 9 0.5 ± 0.5 9 0.5 ± 0.5 

unclassified / others 6 x 28 x 

Sum 100 21.8 ± 12.1 100 13.1 ± 7.4 
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Figure 4.7 Contribution of surface microforms to the total ecosystem CH4 flux of the classified 

area. Two classification approaches are compared and CH4 fluxes were calculated as area-

weighted means. Proportions of the surface area where no chamber measurements were 

conducted were excluded, or assigned to a high or low flux to give a range for the total ecosystem 

CH4 flux including the unclassified surface area.  

 

Excluding the area where no chamber measurements were conducted and 

therefore no CH4 fluxes were available, the sum of the area-weighted mean fluxes 

per microform yielded total ecosystem CH4 fluxes of 13.1 mg m−2 day−1 and 

21.8 mg m−2 day−1 for the microform-level and species-level classification, 

respectively (Table 4.8, Figure 4.7). While the unclassified surface area 

amounted to almost 30 % for the microform-level classification, it comprised 

only 6 % for the species-level classification. To estimate the CH4 flux for the 

proportion of the surface area where no chamber measurements were 

conducted (e.g., lichen dominated patches), we assigned either a low CH4 flux of 

3.97 mg m−2 day−1 as determined for Empetrum heath or a high CH4 flux of 

49.04 mg m−2 day−1 as determined for Sphagnum lawn to this area. Based on this 

assumption, the sum of the area-weighted mean fluxes per microform increased 

to at least 14.2 mg m−2 day−1 (low estimate microform-level classification) or to 

a maximum of 26.8 mg m−2 day−1 (high estimate microform-level classification) 

for the classified area. Estimates based on the species-level classification ranged 

within the estimates based on the microform-level classification (Figure 4.7). 
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Discussion 

Microform-level CH4 fluxes in the present study estimated from chamber 

measurements showed a pronounced spatial variability: Sphagnum lawns were 

local emission hotspots with comparatively high CH4 fluxes of 

49.04 ± 25.7 mg m−2 day−1. Methane flux data from South Patagonia are scarce, 

and, to our knowledge, we here present the first CH4 fluxes determined on 

several microforms in a pristine Sphagnum bog in Tierra del Fuego. CH4 fluxes 

from Sphagnum lawns in a bog ecosystem in Tierra del Fuego have been reported 

to range from 1 to 11 mg m−2 day−1 (Fritz et al., 2011) which are considerably 

lower rates compared to our findings. Broder et al., (2015) presented CH4 fluxes 

from Patagonian bogs further north near Punta Arenas (Chile). Their surface 

fluxes (microform corresponds to our Sphagnum lawn microform) were less 

than 0.2 mmol m−2 day−1 (3.21 mg m−2 day−1 and in the range of our Empetrum 

heath fluxes, while their fluxes at the water table were 1–9 mmol m−2 day−1 (16–

144 mg m−2 day−1 and up to 30 times higher compared to pool fluxes in the 

present study. The number of chamber measurements was restricted in the 

present and both of the studies cited. CH4 flux estimates from southern Patagonia 

are therefore still afflicted with a comparatively high uncertainty and need to be 

proven by further field measurements. As CH4 is produced under anaerobic 

conditions and water table depth is known as a major control of CH4 emissions 

(Lai, 2009), pools were suggested to be major CH4 sources in earlier studies. In 

contrast, CH4 fluxes from pools found in the present study were among the 

lowest of all investigated microforms. This might be due to an inhibition of 

microbial activity for example due to low supply of fresh organic substrate for 

methanogenesis (Segers, 1998). The spatial heterogeneity of CH4 fluxes found in 

the present study is characteristic for bog ecosystems and has been reported 

previously for northern hemispheric peatlands that typically show a high spatial 

variability of CH4 fluxes owing to numerous factors controlling CH4 production, 

consumption and emission (Lai, 2009). 

The high spatial variability of CH4 emissions requires accurate measurements 

not only of the fluxes themselves but also of the small-scale surface 

heterogeneity of bogs to understand the relative importance of single 

microforms for the total CH4 flux. The quality of any study comparing between 

scales, e.g., microform and ecosystem scale, thus depends on the quality of the 
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underlying map. The OBIA classification processes of the high resolution CIR 

data collected by an UAS that we use here lead to overall very high accuracy on 

the species and the microform level. Especially the high accuracy observed for 

the Sphagnum lawn class, which was identified as the most relevant microform 

for ecosystem-scale CH4 fluxes, underlines the appropriateness of our CH4 flux 

extrapolation approach. The semi-automatic classification of microforms at our 

test site was only feasible using very high-resolution CIR UAS images. The use of 

conventional remote-sensing data such as satellite or aerial images would not 

have allowed acceptable classifications that meet the requirements to 

extrapolate spatially variable CH4 fluxes due to their low spectral and spatial 

resolution. The overall KIA statistic showed a maximum of 0.90 at species level 

and 0.83 at microform level, indicating high reliability of our multi-level 

upscaling classification process. 

The classification procedure still left segments unclassified due to similar 

“mixed” spectral and textural features on the species level. In addition, on 

microform level several segments (grid cells) could not be assigned by the 

applied class rules. To further increase classification accuracy and to minimize 

unclassified segments, the integration of a high resolution digital surface model 

(DSM) in the classification process would be beneficial (Korpela et al., 2009; 

Grayson et al., 2012; Millard and Richardson, 2013). Since microforms in bog 

ecosystems are closely related to the water level and drier microforms such as 

hummocks occur only on elevated parts of the bog (Kleinebecker et al., 2007), 

height information could be used to improve the classification model. 

One approach to generate such a surface model would be stereo 

photogrammetric analysis of the overlapping imagery (see for example Al-

Rawabdeh et al., 2016) or the review article by Nex and Remondino (2014). 

However, such dense and accurate image based 3D surface models depend on a 

stable, accurate 3D flight pattern and sufficient image overlaps (minimum of 

60 % for side overlap and 80 % for forward overlap) to allow accurate aerial 

triangulation and point cloud calculation (Dandois et al., 2015). In this study, 

such a large overlap was not available in most of the study area. In addition, the 

abovementioned height differences characterizing the different microforms are 

very small (e.g., variation at a centimeter scale matters; see Figure 4.2) and 

require an extremely accurate surface model for a successful integration into the 
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classification process. There is an ongoing discussion in recent research articles 

about the achievable accuracy of surface models created by UAS based stereo 

photogrammetric analysis (Ai et al., 2015; Pavelka and Šedina, 2015; Ruzgiene 

et al., 2015; Skarlatos et al., 2015). Thus, it is unclear if this achievable accuracy 

is sufficient for ecosystems, where the morphology is characterized by slight 

surface differences. Further research with a specific flight and sampling design 

(e.g., a high-resolution RGB camera; accurate ground truth point sampling with 

DGPS) is needed to investigate this approach in such ecosystems. 

Another possible approach to improve the identification bog microforms and 

related microform-level CH4 fluxes by including additional height information, 

would be to use UAS-generated LIDAR data. Today’s ultra-light laser scanners 

are intended for UAS use (Lin et al., 2011) and can thus efficiently contribute to 

the classification of microforms by their microreliefs. Particularly for wetland 

areas, ecological monitoring of vegetation and relevant ecosystem processes 

using UAS-based remote sensing techniques may strongly benefit from a 

combination of LIDAR-generated 3D data and the spectral information provided 

by high-resolution CIR images. While LIDAR technology was not used in the 

presented study (payload restrictions), it is a promising option for future 

research since new generations of UAS are offering a continuously increasing 

flight duration and payload capacity (flight times >1 h and >1 kg payload are 

within reach; e.g., HiSystems 2015; Microdrones 2015). Nevertheless, our results 

already show that it is possible to extrapolate microform CH4 measurements to 

the ecosystem scale with sufficient reliability using multispectral image features 

without height information. 

Another aspect is the identification of the interdependent classes 

Marsippospermum grandiflorum and Sphagnum hummock, which achieved 

comparably poor results (KIA per class 0.73 and 0.65). At species level, living 

individuals of Marsippospermum grandiflorum were difficult to identify because 

of the very small diameter and the upright growth of their shoots as well as 

similar spectral properties to the surrounding vegetation. On the other hand, 

dead shoots were sometimes misclassified when their texture properties did not 

clearly display in the imagery due to the limited quality of the used low cost 

sensor (Lehmann et al., 2015). This resulted in misclassifications for individual 

plant species, especially with Sphagnum magellanicum and Empetrum rubrum. 
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Besides the image quality (sharpness) additional restrictions related to the use 

of the low cost sensor should be considered. These mainly concern the 

separation of NIR radiation in one channel of the CIR imagery (Knoth et al., 

2013). A better distinction of the NIR radiation in CIR images can be achieved 

using professional, purpose-built and commercially available multispectral 

sensors or a hyperspectral device (Chang, 2007). However, such cameras cost at 

least several thousand Euros, whereas images recorded with a modified 

customer digital camera (less than 300 €) achieve a good cost–benefit ratio with 

the image characteristics being sufficient for a wide CIR image classification 

spectrum. Furthermore, it is important to take into account the effect of 

bidirectional reflectance in this context, especially during sunny weather. This 

effect can cause image hotspots in the resulting orthoimage mosaic. This may 

reduce the accuracy of the image classifiers. Using image ratios and indices like 

NDVImod can mitigate these effects. However, bidirectional reflectance still was 

an issue that influenced the accuracy of the classification. 

Although both classification approaches resulted in a very good overall accuracy 

particularly for the Sphagnum lawn microform emitting most CH4, our findings 

clearly show that the image classification is a critical issue potentially 

introducing a high proportion of additional uncertainty when up-scaling CH4 

microform measurements to the ecosystem scale. The OBIA procedure including 

the segmentation process always generalizes the situation in the field and 

therefore is a potential source of error. The relation between image-objects and 

their radiometric characteristics can only partly be influenced during the 

segmentation process often resulting in over- or undersegmentation (Trias-Sanz 

et al., 2008). However, segmentation is a crucial step in analyzing complex 

vegetation pattern when solely spectral properties are insufficient to identify 

classes of interest. The presented image analysis method is a basic and 

straightforward OBIA approach which is not directly transferable to other use 

cases. However, it proved to be efficient and adequately accurate in terms of 

creating a detailed classification distribution of characteristic bog plant species 

and microforms that are relevant in terms of CH4-fluxes. It also demonstrates the 

high potential of object-based classification for studies of bog environments in 

general. This potential could be further leveraged and the transferability 

improved by applying more objective measures for the determination of 

segmentation parameters or classification features and thresholds. Several 



Study III 

153 

 

studies developed tools for automatically estimating and optimizing the scale 

parameter (e.g. Drăguţ et al., 2010; Martha et al., 2011; Drăguţ et al., 2014). There 

has also been work on the automatic definition of suitable object parameters and 

respective thresholds for the classification (e.g. Stumpf and Kerle, 2011). The 

high potential of OBIA in this context has been demonstrated in many studies 

(see for example Laliberte et al., 2010; Peña et al., 2013) or the review article by 

Blaschke (2010). In our approach, we combined parameters of the extended 

feature space in OBIA (e.g., texture, geometric dimensions and relative positions) 

using a hierarchical multi-level classification which increased accuracy and 

allowed for the analysis of composition of typical plant communities. The studied 

pools were readily identified from the high-resolution images, and their 

proportion of the area did not differ between both of our classification 

approaches, while the applied classification procedure yielded pronounced 

differences in the surface cover of poorly identifiable Sphagnum hummocks (KIA 

per class 0.65). Empetrum heaths were also difficult to identify (KIA per class 

0.76) but in contrast to Sphagnum hummocks, differences in the spatial coverage 

due to the classification approach did not affect the contribution of this 

microform to the total CH4 flux. 

Our results demonstrate that a simple microform-level classification can result 

in estimates of almost 70 % lower total CH4 fluxes on the ecosystem scale 

compared to a more detailed species-level classification. This result is 

inconsistent with studies by Becker et al. (2008) and Hartley et al. (2015) who 

found that a coarse classification leads to higher total CH4 fluxes in comparison 

with a finer classification. The substantially lower total ecosystem CH4 fluxes 

obtained by the microform-level classification found in the present study might 

be explained by the fact that this classification resulted in a proportion of almost 

30 % of unclassified surface area, which could not be assigned to one of the four 

microforms were CH4 fluxes were determined (Table 4.8, microform 

“unclassified/others”). Furthermore, the microform-level classification led to a 

considerably lower area covered by Sphagnum lawns compared to the species-

level classification. Accordingly, the contribution of this microform to the total 

ecosystem CH4 flux was underestimated compared to the species-level 

classification leading to this 70 % lower estimate of total CH4 fluxes. 
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The species-level classification is assumed to yield a more realistic estimate of 

total ecosystem CH4 fluxes of 21.8 mg m−2 day−1 of the classified area compared 

to the microform-level classification. This estimate is in the range of previously 

reported CH4 emissions from northern hemispheric peatlands that vary between 

5 and 80 mg m−2 day−1 (Blodau, 2002). Total ecosystem CH4 fluxes obtained by 

the species-level classification are suggested to better reflect the small-scale 

surface heterogeneity of the bog and, furthermore, this approach allowed 

assigning 94 % of the surface area to one of the microforms were CH4 fluxes were 

determined by chamber measurements. 

In previous studies, the total surface area of the ecosystem was assigned to 

specific classes (Becker et al., 2008; Hartley et al., 2015) and, except for the study 

by Becker et al. (2008), the classification itself as an error source was not further 

investigated. Hence, these approaches did not focus on the uncertainty in total 

ecosystem CH4 fluxes introduced by transitional microforms. We quantified this 

uncertainty by assigning either a high or low flux to the unclassified surface area. 

This potential uncertainty in up-scaled CH4 flux estimates introduced by the 

classification procedure ranged from 14.2 mg m−2 day−1 (low estimate 

microform-level classification) to 26.8 mg m−2 day−1 (high estimate microform-

level classification) in the present study. To reduce this potential uncertainty, 

future studies should attempt to include transitional microforms when 

measuring CH4 fluxes with chambers. 

Conclusions 
Blablabla  

Our results demonstrate pronounced differences between two object-based 

classification approaches regarding both, the unclassified surface cover of the 

bog and the surface cover where no fluxes were available. These differences 

strongly affected the total amount of emitted CH4. A classification with only a few 

classes potentially can lead to pronounced bias in total CH4 fluxes when plot-

scale fluxes are up-scaled. 

At our study site, one microform (Sphagnum lawn) contributed most to the total 

CH4 flux, whereas other microforms emitted much less CH4. Therefore, the 

proportional surface cover did not strongly affect the total ecosystem CH4 flux. 

Our results clearly demonstrate that the higher the emissions of a microform and 

the more difficult the identification of a microform from an image, the more 
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important becomes the exact identification of which classes build that particular 

type of microform. The use of an UAS sensor platform with high resolution CIR 

imaging capabilities and a consequent OBIA data analysis seems to be an 

appropriate remote sensing strategy to tackle that challenge. A non-OBIA image 

classification of conventional aerial or satellite data (even on CIR composites) 

would certainly fail under the given requirements or simply be limited to bogs 

where only a single “dominant hotspot” microform that is easy to detect at an 

average spatial and spectral resolution contributes most to the total ecosystem 

CH4 flux. 
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