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1 
Symbioses 
  
Symbioses, defined as persistent associations between different species, 
meaning close physical contact for all or most of their life cycles, are 
widespread and strongly define the functioning and fitness of many 
organisms in a large array of different ecosystem types (Bronstein, 2015; 
Douglas, 2010). In ecology, the main focus is often on antagonistic 
interactions between species, such as competition, predation or parasitism. 
However, evolutionary alliances between organisms to overcome abiotic 
stresses such as low nutrient or water availability, and biotic stress such as 
predation, are very common as well. These mutualistic interactions, where 
both partners benefit, are based on reciprocity: one organism helps 
another if the favor is returned (Bronstein, 2015). This implies that the 
benefit of what one partner receives is valued over the cost of what it gives 
in return. In the interaction between mycorrhizal fungi and plant roots, for 
example, the plant exchanges ‘cheaply acquired’ photosynthetic 
carbohydrates for relatively immobile phosphate, which is more easily 
taken up with fine, branching fungal filaments than with short 
nonbranching plant root hairs (Kiers et al., 2011).  
 
Often symbioses are defined as a persistent mutualism, where both 
organisms benefit from reciprocated services such as enhanced access to 
nutrients, protection against antagonists, or transportation (Douglas, 2010). 
However, it is more useful to define symbioses as any type of close 
association between two different species, since the pattern of 
benefit/harm can vary with environmental conditions. So we can place the 
interaction along a continuum from mutualism (+/+; positive effects for 
both) through commensalism (+/0) to parasitism (+/-) and pathogenesis 
(+/--), in which cooperation changes from more to less benefits, or less to 
more costs to either partner (Bronstein, 2015; Hirsch, 2004). These types of 
associations may be fixed but can also be more fluid, and may transform in 
evolutionary time based on different strategies of symbionts (Denison et 
al., 2003) or along environmental gradients based on the extent to which 
either species gains fitness benefits under those specific conditions 
(Bronstein, 2015; Hardoim et al., 2015).   
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Especially when resources are strongly limited, mutualistic interactions are 
necessary to overcome these limitations. For example, from the plant 
perspective, a mutualism with mycorrhizal fungi provides the benefit of 
access to the growth-limiting nutrient phosphorus (P). In terrestrial 
ecosystems, nitrogen (N) is often even scarcer for primary production 
(Vitousek and Howarth, 1991). To alleviate this N deficiency, some genera of 
plants have adapted a mutualistic interaction with nitrogen gas (N2) fixing 
microorganisms. The best-known symbiotic mutualism is that of 
leguminous plants (e.g. beans) and N2-fixing ‘rhizobia’ (comprising a group 
of different bacteria: Weir (2016)) that live in nodules in their roots, and 
provide their host with N in the form of NH4

+ in exchange for 
photosynthetic carbohydrates (Friesen, 2012; Herridge and Pate, 1977; 
Kaschuk et al., 2010). Other important groups of N2-fixing bacteria are 
Frankia spp. (Berry, 1994) and cyanobacteria, in association with a large 
variety of vascular and non-vascular plants, fungi and algae (Brock et al., 
2003; Rai et al., 2000). The capability of fixing atmospheric N2 by 
microorganisms is referred to as diazotrophy, and found in a wide diversity 
of phyla of Bacteria and Archaea that can colonize specialized plant 
structures like nodules, but also the rhizosphere, phyllosphere and 
endosphere and closely interact with the host plant (Franche et al., 2009). 
 
In this thesis, two types of symbioses were studied that link C and N cycling 
in different ecosystems (Fig. 1). The focus of the studies presented here was 
on diazotrophic microorganisms living on the surface and inside dead 
hyaline cells of their host, peat mosses of the genus Sphagnum (Bragina et 
al., 2012; Opelt et al., 2007), and on diazotrophs living between trichomes, 
outgrowing structures on leafs of Tillandsia usneoides (Brighigna et al., 
1992), a bromeliad plant that hangs from tree branches. Sphagnum spp. 
are keystone species of peatlands, wetland ecosystems that accumulate 
high amounts of organic matter in their soils due to low decomposition 
rates (Clymo et al., 1998; Hájek et al., 2011). Tillandsia usneoides, in contrast, 
is an epiphyte abundant in trees, typically in Southern live oaks (Quercus 
virginiana), in the coastal savannahs of the USA (Garth, 1964). Even though 
these plants grow in very different environments, they both share strongly 
N-limited conditions. Since they lack roots that link to the soil, both plants 
rely on the (low) atmospheric N input as their main exogenous N source 
(Aldous, 2002a; Reich et al., 2003). Therefore, they can be expected to 
depend on N2 fixation of their microbiome as an additional, or even their 
main N input.  
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Figure 1. Key symbioses of this thesis: A) some fen Sphagnum 
species; B) Live oak loaded with Tillandsia usneoides; C) CLSM-
FISH picture of microbiome in Sphagnum hyaline cell (500x); 
D) Tillandsia leaves, DAPI colored to show trichome structures 
where specialized microbial communities might be present. 
(Photos by C) J. Popma; D) C. Angelini. A) and C) E. van den 
Elzen) 

 
In order to better understand the function of N2 fixation in N limited 
ecosystems, it is necessary to study the quantity of the N fixed in these 
species and whether the N is only used by the microbiome itself, or also by 
the host (Hardoim et al., 2015). For Sphagnum it was suggested that 
associated cyanobacteria enhanced plant growth by transfer of N to the 
host (Berg et al., 2013). However, this needs further study, also with respect 

A 
 

C 
 

D 
 

B 
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to non-cyanobacterial diazotrophs. For Tillandsia, N2 fixation activity was 
found in enrichment cultures (Brighigna et al., 1992), however the rate at 
which N2 is fixed in vivo and the nature of the symbiosis remains to be 
studied. We hypothesized that Tillandsia, hanging from tree branches, 
without roots giving access to the nutrient flow in the tree, has a 
mutualistic interaction with associated diazotrophs to provide N for 
growth. Next, we posed that Tillandsia in turn is beneficial for its host (oak) 
tree providing it with additional N. 
  
In this thesis, I try to unravel under which conditions diazotrophs may 
exhibit beneficial, neutral or even harmful effects on host plant 
performance. Besides, I am interested in the importance of these 
symbioses for the functioning of contrasting ecosystems that are both low 
in N supply, more specifically for their biogeochemical C and N cycling. 
 
 

Biogeochemical cycles of C and N 
 
In biogeochemical cycles, elements are transferred from one compound 
into another, moving through biotic and abiotic compartments of the 
ecosystem. Especially important to life, apart from water, are the carbon (C) 
and N cycle, next to the P and sulfur (S) cycle (Schlesinger and Bernhardt, 
2013). All living organisms depend on the supply of these essential 
elements and in the closed system of the Earth their recycling is crucial to 
avoid depletion. Microorganisms are critical in the process of breaking 
down organic matter and transforming elements into compounds that can 
be used by other organisms. Therefore, the microbial enzymes responsible 
for these reactions are viewed as key ‘engines’ that drive Earth’s 
biogeochemical cycles (Falkowski et al., 2008). The link between 
biogeochemical cycles in microbial metabolism depends on the availability 
of different elements as electron donors and acceptors for energy 
transmission, influenced by environmental conditions including pH, 
availability of oxygen, redox potential and temperature (Brock et al., 2003). 
Especially in wetlands such as peatlands, interactions between 
environmental controls over microbial activity and community 
composition are poorly understood (Gutknecht et al., 2006; Lamers et al., 
2012). 
 
In terrestrial systems, the C cycle is determined by the balance between 
respiration and primary production, mainly photosynthesis. C is transferred 
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from the atmosphere into the biosphere when carbon dioxide (CO2) is fixed 
in organic material by plants or chemo- and photoautotrophic 
microorganisms (including methanogens). Organic carbon continues its 
journey to ‘higher’ life forms in carbon chains such as carbohydrates in 
plant or animal tissue. This fixed C is returned to the atmosphere from 
dead organic matter by different pathways that account for the respiration 
of autotrophic and heterotrophic organisms (Trumbore, 2006). In wet 
ecosystems with waterlogged soils, such as peatlands, methanogens, 
microorganisms that anaerobically produce methane (CH4), become 
important in the C cycle (Lai, 2009; Limpens et al., 2008). However, the net 
emission of CH4 to the atmosphere from these ecosystems also depends 
on the activity of aerobic (Chistoserdova et al., 2005) and anaerobic 
methane oxidation (Gupta et al., 2013; Smemo and Yavitt, 2011). The C cycle 
is strongly coupled to the cycles of other essential elements including N, 
since organisms need these elements in certain ratio’s to build up their 
tissues (Sterner and Elser, 2002). In this way the C sequestration by plant 
growth and microbial transformations is determined by their C:N ratio, 
strongly linking the C and N cycle. 
 
All organisms require N for synthesis of proteins and nucleic acids, and this 
element is known to be the most limiting to primary production of plants 
worldwide (Vitousek and Howarth, 1991). Even though N2 is very abundant 
in the atmosphere, it is inert and unavailable to most biota. N2 fixation is 
the only biological process that can make this N source available to plants 
and non-diazotrophic microorganisms. The reaction for this transformation 
is conducted by prokaryotes that possess oxygen-sensitive enzymes called 
nitrogenase, which can reduce N2 gas from the atmosphere to reactive NH3 
in an energy-costly process: 
 
 N2 + 8 H+ + 8 e- + 16 ATP --> 2 NH3 + H2 + 16 ADP + 16 Pi 

 

This results in additional input of inorganic N to the biosphere, where 
plants can take it up as organic N (amines including amino acids) or 
inorganic N (NO3 and NH4). Via the microbially mediated processes of 
denitrification and anaerobic ammonium oxidation (anammox) in the soil, 
N is returned to the atmosphere as N2 or N2O, closing earth’s N cycle 
(Canfield et al., 2010; Jetten et al., 2009). Since only N2 fixation can make 
atmospheric N2 biologically available and N is often the most limiting 
nutrient for primary production, N2 fixation drives primary production, 
linking the C and N cycle (Fig. 2). 



GENERAL INTRODUCTION 

13 

1 

 
Figure 2. Biogeochemical C and N cycling in terrestrial 
ecosystems and the effect of human drivers. In red gaseous 
elements in the atmosphere with arrows indicating their 
transformations through the biosphere. All arrows indicate 
positive interactions. Adapted from Gruber and Galloway 
(2008). 

 
A direct link between the C and N cycle in microbial metabolism is found in 
methane-oxidizing bacteria, known as methanotrophs that can also fix N2. 
This aerobic methanotroph-mediated N2 fixation is found especially in 
acidic oligotrophic environments (Dedysh et al., 2004), like Sphagnum peat 
bogs (Larmola et al., 2014; Vile et al., 2014), but also in terrestrial soils 
(Buckley et al., 2008; Duc et al., 2009) and rice roots (Bao et al., 2014). In 
peatlands typically high amounts of CH4 are produced due to the 
waterlogged conditions in peat (Bridgham et al., 2013; Lai, 2009). However, 
in the aerobic Sphagnum layer, methanotrophs are present that oxidize 
this CH4 to CO2 (Kip et al., 2010; Raghoebarsing et al., 2005). This is a strong 
symbiosis between Sphagnum and methanotrophs with the bacteria 
providing CO2 for Sphagnum primary production in exchange for O2 and 
shelter, increasing C sequestration of peatlands (Kip et al., 2010; 
Raghoebarsing et al., 2005). Besides, the methanotrophs may also provide 
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Sphagnum with N (Larmola et al., 2014; Vile et al., 2014), however it remains 
unclear whether they are the main N providers and if, and how, the N is 
transferred to the moss (Ho and Bodelier, 2015). This means that 
Sphagnum-associated methanotrophs are globally important in recycling 
CH4 in peatlands, reducing CH4 emissions (Kip et al., 2010; Kox et al., 2019). 
To explain the functioning of these ecosystems with respect to biomass 
production, C sequestration, and CH4 and CO2 cycling, it is therefore vital to 
gain insight into the links between the different biogeochemical pathways 
and cycles of C and N. 
 
Since the industrial revolution, and particularly in the last decades, these 
natural cycles have been heavily disrupted by humans (Schlesinger and 
Marks, 1977). Fossil fuel burning and land use change have an enormous 
effect on the global C cycle, by releasing additional CO2 and CH4, being 
notorious greenhouse gases, to the atmosphere, causing the climate to 
change (Solomon et al., 2007). The rapid changing of environmental 
conditions linked to climate change and land-use change strongly alters 
ecosystem functioning, and leads to habitat loss and the extinction of 
species that cannot adapt to these changes or migrate fast enough 
(Malcolm and Markham, 2000; Pereira et al., 2010). An equally important 
problem is the large-scale production and emission of reactive N by 
humans since the industrial revolution, through massive synthesis of 
industrial N fertilizers and via fossil fuel combustion (Vitousek et al., 1997). 
These human activities have doubled the natural rate of N fixation 
(Canfield et al., 2010), substantially altering the global N cycle (Fowler et al., 
2013).  
 
Strongly increased concentrations of reactive N compounds (NH3, NH4

+, 
NO3

-) in the atmosphere, which are deposited on ecosystems, threaten 
biodiversity (Bobbink et al., 1998; Porter et al., 2013). Long-term N 
enrichment leads to the accumulation of N in a variety of vegetation types, 
where characteristic species adapted to low N environments are 
outcompeted by fast growing nitrophilic plant species such as graminoids 
and trees (Bobbink et al., 2010; Tomassen et al., 2003a). Although the 
detrimental effects of N deposition on vegetation are well documented, 
the differential effects of NH4 versus NO3 deposition are still poorly 
understood (Stevens et al., 2011).  
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This means that the global and regional cycling of C and N, and their 
interactions, cannot be seen without taking these anthropogenic issues 
into account (Gruber and Galloway, 2008). In my thesis, I focused especially 
on the differential effect of NH4 and NO3 deposition on peatlands and the 
effect of drainage of peat soils.  
 
 

N2 fixation and N cycling 
 
Although both symbioses addressed in this thesis can be expected to 
represent an important pathway in the N cycle of the N-limited ecosystems 
studied, hardly anything is known about their importance and their exact 
link to the C cycle through plant (Tillandsia, Quercus, Sphagnum) growth 
and organic matter production.  
 
In the savannas of the neotropics of America, Tillandsia usneoides, does 
not only associate with its microbiome, but as an epiphyte it also interacts 
with its host tree, typically Southern live oak, Quercus virginiana (Leroy et 
al., 2015; Penfound and Deiler, 1947). Interestingly, the canopies of these 
oaks are often loaded with festoons of Tillandsia, representing a potential 
burden for the tree. Arguably, the tree may still have some advantage by 
facilitating Tillandsia, given the stable occurrence of the symbiosis in a 
large part of the neotropics in America (Garth, 1964). In addition, the 
epiphyte functions as a secondary foundation species, facilitating an 
extremely biodiverse faunal community between its leaves compared to 
bare tree branches (Angelini and Silliman, 2014; Ellison et al., 2005). Excreta 
from this faunal community, dust and/or atmospheric deposition, 
leachates from the host tree and interaction with its microbiome are the 
only pathways by which the epiphyte can obtain its nutrients including N. 
Since Tillandsia does not root directly on the host tree, each of these 
pathways of N uptake would mean additional N input to the soil and tree 
rhizosphere, when Tillandsia dislodges to the floor. We hypothesized that 
the dislodging of Tillandsia festoons to the floor under the tree, results in a 
slow release of N to the tree. In this way, the tree would potentially benefit 
from this additional input of N, provided by the microbiome of Tillandsia. 
 
Peatlands, and especially ombrotrophic bogs which are exclusively fed by 
rainwater, develop under very nutrient-poor conditions. Sphagnum (peat 
moss), the keystone genus of many peatlands, is extremely effective in 
taking up and using N, a trait evolved as a result of very low N 
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concentrations (Aerts et al., 1999; Fritz et al., 2014). At these low N inputs, 
Sphagnum spp. function as a filter, covering the soil and efficiently 
absorbing all N from rainwater (Bragazza et al., 2004; Lamers et al., 2000). 
In pristine Sphagnum peatlands it was shown that N2 fixation rates in 
Sphagnum could explain the discrepancy between low atmospheric N 
input and high accumulation rates of N in peat (Vile et al., 2014). However, 
increased anthropogenic N emissions have led to increased N deposition 
loads in rain (Dentener et al., 2006). This has resulted in saturation of the 
Sphagnum moss layer covering the soil and leaching of N to the 
rhizosphere, where it becomes available to competing vascular plants 
(Lamers et al., 2000; Tomassen et al., 2003a; Verhoeven et al., 2011). In 
addition, the effect on the moss layer may not only be related to the total N 
load but may also depend on the dominant form, NO3 or NH4 (Sheppard et 
al., 2014; Stevens et al., 2011). In this thesis, we therefore studied the N cycle, 
including N fixation rates, in bogs as affected by N deposition in different 
forms.   
 
 

Drivers of N2 fixation 
 
It remains to be elucidated whether environmental conditions (including N 
and P availability) or the characteristics of host species and its microbiome 
determine N2 fixation rates, and how these are affected by high 
anthropogenic N inputs. The filter function of Sphagnum spp was found to 
be unsaturated, with relatively low N concentrations suggesting N 
limitation at low N input levels, up to around 5-10 kg N ha-1 y-1 (Bragazza et 
al., 2004; Lamers et al., 2000). We hypothesized that at low deposition 
levels, Sphagnum-associated N2 fixation would be high to provide 
Sphagnum with additional N for growth, potentially in exchange for 
carbohydrates. At high N deposition levels though, we expected N2 fixation 
to decrease as a result of high availability of N or even to be down-
regulated by Sphagnum no longer providing sugars. This effect has been 
demonstrated in feather mosses such as Pleurozium schreberi and 
Hylocomium splendens, which inhabit the forest floor of boreal forests and 
contain diazotrophic cyanobacteria as epiphytes (DeLuca et al., 2002). In 
these mosses, it was indeed shown that N2 fixation declined with 
increasing N deposition (Gundale et al., 2011; Leppänen et al., 2013). For 
Sphagnum mosses this is, however, unknown. 
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Both biotic and abiotic factors can be expected to affect N2 fixation rates in 
Sphagnum. Microbial communities differ between Sphagnum species 
(Bragina et al., 2012), leading to potential differences in N2 fixation rates. At 
the same time, however, environmental conditions define the specific 
habitats of different Sphagnum species (Rydin and Jeglum, 2013), which 
might also determine the composition and activity of their microbial 
community. Abiotic conditions that can be expected to affect N2 fixation 
rates include pH (Basilier, 1979) and bicarbonate (HCO3

-) levels, water level 
(Leppänen et al., 2015) and nutrient concentrations, especially P. In 
terrestrial systems (Vitousek et al., 2002) and oceans (Mills et al., 2004; 
Sañudo-Wilhelmy et al., 2001) P was indeed shown to drive N2 fixation. 
Since N2 fixation is an oxygen-sensitive process, availability of O2 as affected 
by water and humidity levels is an additional factor that may be an 
important regulator of N fixation in Sphagnum peatlands. In my thesis, I try 
to disentangle the effects of these drivers on N2 fixation rates and how this 
affects ecosystem functioning. Besides, I am interested in the nature of the 
symbiosis, whether Sphagnum directly exchanged the fixed N from 
diazotrophs with carbohydrates, under different abiotic conditions.  
 
 

C cycling in peatlands and restoration 
prospects for damaged peatlands 
 
Peatlands can be very effective sinks of C, since primary production 
outbalances decomposition, and as a result the peat layer builds up and 
forms a large storage of C in the soil (Belyea and Malmer, 2004; Gorham, 
1991; Lamers et al., 2015; Moore et al., 2002). It is estimated that globally, 
peatlands hold more than one third of the soil organic carbon store 
(Scharlemann et al., 2014; Yu et al., 2010), although they cover just 330 to 
643 million ha (2.2-3%) of the terrestrial surface (Leifeld and Menichetti, 
2018; Tubiello et al., 2016). Given the immense effect that humans have on 
global C cycling, leading to climate change, this ecosystem service 
becomes ever more important. One important human driver that has 
tremendously affected peatland areas and their functioning is land use 
change (Joosten, 2009). For many decades, peatlands worldwide have 
severely been drained to excavate peat as a fossil fuel and to use the land 
for agriculture (Joosten and Clarke, 2002; Lamers et al., 2002a). Drainage of 
peatlands and resulting oxidation of peat enhances aerobic decomposition 
of organic matter and emission of C as greenhouse gases. Together with 
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compaction and consolidation of peat, this leads to fast land subsidence 
(Hooijer et al., 2012; Syvitski et al., 2009), which, given the predicted sea-
level rise and heavily populated coastal areas, strongly increases the risk of 
flooding (Temmerman et al., 2013).  
 
In large parts of the Netherlands, the agricultural use of peatlands is still 
causing the land to subside and greenhouse gases to be emitted. For this 
reason, there is a strong incentive to stop the ongoing land subsidence and 
restore C sequestration in these drained agricultural peatlands by 
rewetting (Lamers et al., 2002a; Verhoeven, 2014). Restoration may, 
however, be challenging as these peatlands have become very nutrient-
rich, and rewetting can be expected to result in high C emissions (Best and 
Jacobs, 1997; Waddington et al., 2001). Besides, rewetting with nutrient-rich 
and alkaline surface water can be expected to lead to further 
eutrophication, obstructing succession towards more diverse plant 
communities (Lamers et al., 2002a). As an applied section of my thesis, I 
studied the potential to restore eutrophic drained and decomposed peat 
meadows (Fig. 3A) to more biodiverse rewetted peatlands (Fig. 3B), and the 
effect of rewetting on greenhouse gas emissions. Besides, I was interested 
in the effect of different peatland keystone species on the C budget. 

 

 
Figure 3. Picture of A) drained agricultural peat soil and B) 
peatland with Phragmites and Sphagnum spp. (Photos by E. 
van den Elzen) 

 
Peatlands can be dominated by Sphagnum spp. or vascular plants such as 
sedges (Carex spp.) or Phragmites australis (Lamers 2002), which are all 
peat forming species and suitable for introduction. To fully restore the C 
sequestration function of the drained peatland and counteract land 
subsidence, choosing the species with the highest peat-forming capacity 

B A 
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seems recommendable. Whereas Phragmites has the advantage of high 
growth rates, Sphagnum has lower decomposition rates and thus a higher 
peat forming potential. However, in this analysis the effect of 
environmental conditions on their successful establishment and on the 
activity of their microbiome in the endosphere (Sphagnum) and 
rhizosphere (Phragmites) should also be considered. Phragmites is known 
to affect the microbial community in the rhizosphere by transporting 
oxygen by a pressure gradient, at the same time exporting gasses, 
including CH4, through its stems to the atmosphere (Armstrong and 
Armstrong, 1991), also called the chimney effect. How these processes affect 
the net CH4 emission from Phragmites stands remains unclear. Therefore, 
we studied the potential role of these different keystone species and their 
association with their microbiome on greenhouse gas emissions.  
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Objectives and outline of thesis 
 
In this thesis, I studied symbiotic interactions that potentially link N and C 
cycling in different N-limited ecosystems. The focus is on two main themes: 
1) N2 fixation and N cycling, and 2) C cycling and restoration of peatlands, 
with the aim to answer the questions and test related hypotheses found in 
Table 1. 
 
To answer the questions of the first theme, we studied the role of 
symbioses in the N cycle of two different N limited ecosystems, temperate 
peatlands and subtropical savannas (Chapter 2, 3, 4 and 5) and in the C 
cycle of peatlands (Chapter 6 and 7). The nature of the symbiosis between 
Sphagnum and its N2 fixing microbiome was investigated in Chapter 3, and 
the effect of environmental drivers and species-specific traits on N2 fixation 
in Sphagnum in Chapter 3, 4 and 5. The effect of phosphorus (P) and 
bicarbonate (HCO3

-) on N2 fixation in Sphagnum was tested in a lab 
experiment (Chapter 3), and potential drivers of N2 fixation were explored in 
a Swedish bog (Chapter 4). In addition, we studied the differential effects of 
NH4 and NO3 deposition on Sphagnum in a Scottish peat bog (Chapter 5). 
Besides, the potential association with respect to N acquisition among the 
epiphyte Tillandsia, its N2 fixing microbes and its host tree Quercus was 
studied in Chapter 2, where we elucidated the main N input for Tillandsia.  
 
For the second theme, we studied carbon emissions in a rewetted peat 
meadow, formerly used for agriculture (Chapter 6 and Box 1), and in a 
Phragmites fen (Chapter 7). More specifically, we were interested in the 
roles of different keystone species, Phragmites and Sphagnum, regarding 
the C cycle of peatlands in relation to restoration prospects. In Chapter 6 
we investigated restoration measures including rewetting and topsoil 
removal on Sphagnum growth and C-emissions, and in Chapter 7 we 
studied the chimney effect of Phragmites CH4 emissions.  
Chapter 8 provides an overall synthesis of the findings of the different 
studies, addressing the answers to the questions raised here in relation to 
other studies. Both fundamental and applied issues related to the link 
between N and C cycling, and the role of symbioses therein will be 
addressed. This chapter includes a box specifically focusing on the effects 
of rewetting and restoration of Dutch peat meadows on C emissions.  
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Table 1. Questions and hypotheses that are aimed to answer 
in the different chapters, divided over the two main themes. 

 Questions Hypotheses 

1. 
N

2 f
ix

at
io

n
 a

n
d

 N
 c

yc
lin

g
 

What is the nature and 
importance of the symbioses 
between several different N-
limited plant species and their N2 
fixing microbial community?  

The symbioses are mutualistic: both 
partners profit from the interaction. N 
is exchanged for carbohydrates when 
the plant needs N. 

What drives N2 fixation rates of 
diazotrophs in/on Sphagnum and 
other endophytic plant species? 

N2 fixation in endophytic plants is 
mainly driven by P availability. High 
HCO3 levels have a negative effect on 
Sphagnum growth and thus N2 
fixation rates. 

What is the effect of N deposition 
on N2 fixation rates of Sphagnum 
associated microorganisms?  

N2 fixation rates decrease with 
increasing N deposition loads in 
peatlands. 

What is the differential effect of 
NH4 and NO3 deposition on the 
functioning of a bog ecosystem? 

NH4 has a more detrimental effect on 
bog vegetation by its toxic effect. NO3 
results in higher denitrification rates. 

What is the most important input 
of N for Tillandsia? 

N2 fixation in Tillandsia contributes 
substantially to the N acquisition of 
both the epiphyte and its host tree. 

2.
 C

 c
yc

lin
g

 in
 p

ea
tl

an
d

s 

What is the effect of rewetting of 
peat soils and application of 
Sphagnum on greenhouse gas 
emissions? 

Rewetting and restoring of peatlands 
decreases CO2 emissions but, at least 
temporarily, increases CH4 emissions. 

How can we effectively restore 
peatlands on formerly 
agriculturally used peat 
meadows? 

Topsoil removal and application of 
Sphagnum fragments is expected to 
be necessary for development of a 
biodiverse vegetation.  

What is the effect of dense 
Phragmites vegetation on CH4 
emissions in fens? 

Phragmites in fens increases CH4 
emissions by their chimney effect.  
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Abstract 
 
Epiphyte-host interactions are generally presumed to be commensalistic 
(neutral effect on host) or parasitic (negative effect on host). Here we show 
that this relationship can also be mutualistic, when epiphytes enhance the 
availability of nutrients to their host. Tillandsia usneoides (Spanish moss) is 
a common vascular epiphyte in neotropical and subtropical regions of the 
Americas that benefits from the substrate and physico-climatological 
conditions generated by their tree hosts. We conducted a field 
mineralization experiment, an isotope labeling and composition analysis 
and chemical analyses on tissue, soil and rain to investigate whether 
Tillandsia festoons significantly contribute to the nitrogen (N) budget of 
one of their most common host trees, Quercus virginiana (Southern live 
oak), and how Tillandsia acquires its N. We found that the presence of 
decomposing Tillandsia festoons doubled N availability in the topsoil under 
the tree, where tree fine roots are concentrated. Data on isotopic 
composition revealed that Tillandsia obtains its N almost exclusively from 
atmospheric deposition, rather than from host tree leachates. The main N 
input appeared to be diffusive uptake of NHx (ammonia gas and 
ammonium). N captured by dust and debris (3.4%) or atmospheric N2 

fixation by Tillandsia’s microbiome (<1%) did not significantly contribute to 
the total N budget of Tillandsia. Our findings show that Tillandsia festoons 
function as an atmospheric N filter, efficiently assimilating inorganic N 
from dry and wet deposition, and releasing organic N upon decomposition 
on the forest floor. In this way, Tillandsia provides the oak with an 
ecologically significant 5-24% (representing 0.6 to 3.6 kg N ha-1 y-1) of its total 
aboveground N input including leaf recycling. This indicates that 
epiphytes, effective in accumulating wet and dry deposition likely have a 
mutualistic interaction with their host tree through their effect on nutrient 
input.  
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Introduction 
 
Symbiotic relations between epiphytes, which represent 10% of the world’s 
plant species (Nieder et al., 2001), and trees are keystone associations in a 
range of ecosystems, including tropical rainforests, montane cloud forests, 
and tropical and subtropical swamps and savannas (Benzing, 1990; 
Francisco et al., 2018; Scarano, 2002; Zotz and Hietz, 2001). Epiphytes are 
ecologically important as they increase both floral (Zotz and Hietz, 2001) 
and faunal biodiversity through their role as a ‘secondary’ foundation 
species that enhance structural complexity (Angelini and Briggs, 2015; 
Angelini and Silliman, 2014; Young and Lockley, 1989) within their primary 
foundation species tree hosts, which provide suitable habitat for epiphytes 
through structure and stable physico-climatological conditions (Angelini 
and Silliman, 2014; Ellison et al., 2005; Zotz and Hietz, 2001). Epiphyte-host 
interactions are generally presumed to be either commensalistic, whereby 
the tree provides optimal habitat for the epiphyte and the epiphyte has 
little effect on its host (Blick and Burns, 2009), or parasitic, whereby the 
epiphyte not only benefits from but also harms the host, based on 
structural or direct competition for the same resources (Benzing and 
Seemann, 1978; Flores‐Palacios, 2016). Lacking access to the soil, holo-
epiphytes obtain nutrients from atmospheric sources, directly from the 
host’s vascular tissue, or indirectly from their host via leachates (Benzing 
and Seemann, 1978; Press and Phoenix, 2005). This diversity of nutrient 
acquisition mechanisms means that the direction and strength of the 
interaction between an epiphyte and its host tree may be largely 
determined by the epiphyte’s means of nutrient assimilation and cycling. 
Little is known, however, about epiphytes’ main sources of nutrients and 
their potential impact on the nutrient budget of their host trees. 
 
The epiphyte nutrient pool can vary substantially between different forest 
types due to variation in epiphyte biomass and the total aboveground 
nutrient pool of the ecosystem (Nadkarni, 1984). In tropical forests, for 
example, where epiphyte biomass represents only a small percentage (< 
5%) of the biomass of their host tree, epiphyte nutrient levels can represent 
up to 45% of total nutrients contained in the tree’s foliage (Nadkarni, 1984). 
In contrast, epiphytes may represent a much larger proportion of foliar 
biomass in savannas, the most common ecosystem in the tropics and 
subtropics (Scholes and Archer, 1997). Savannas are open grassland 
systems with scattered trees in which productivity is generally limited by 
nitrogen (N) availability (Bustamante et al., 2006; Tilman, 1986). In 
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subtropical and tropical savannas located in eastern North and South 
America, oaks form broad, sprawling canopies that can be covered by a 
conspicuous, dominant vascular epiphyte, Tillandsia usneoides, hereafter 
Tillandsia (Angelini and Silliman, 2014; Garth, 1964). This epiphyte, 
conventionally called Spanish moss, is the most broadly distributed 
bromeliad in the southeastern United States, where it defines the 
landscape aesthetic (Benzing, 2008; Garth, 1964). In coastal savannas in this 
region, Tillandsia is very often observed draped in festoons on the 
branches of the southern live oak, Quercus virginiana, hereafter oak, but 
also colonizes many other tree species, and non-live structures, such as 
fences and power lines, suggesting some degree of structural and nutrient 
independence from the host tree (Abril and Bucher, 2009).  
 
Tillandsia does not absorb nutrients through its rudimentary roots, but 
instead via its trichomes, a layer of absorbing scales on its leaves (Benzing, 
1990; Garth, 1964). There are Tillandsia can therefore only obtain its 
nutrients through four potential pathways: 1) indirectly from their tree host 
via leaching or decomposition of host tissue, 2) directly from the 
atmosphere via wet deposition and dry deposition (aerosols), 3) from 
airborne dust and excreta of fauna associated with the canopy, or 4) 
through associations with symbionts such as N2-fixing microorganisms. 
The first pathway would suggest a negative interaction, in which Tillandsia 
intercepts nutrients from the tree, slowing their potential to be efficiently 
recycled via uptake from tree roots (Benzing and Seemann, 1978; 
Schlesinger and Marks, 1977). However, direct uptake of airborne and 
external nutrients (2 and 3) could be more important for Tillandsia, given 
this epiphyte’s trichomes, i.e. specialized epidermal outgrowths which 
increase the plant’s surface area, creating a kind of brush border for 
trapping debris, and absorption of airborne water and nutrients (Angelini 
and Silliman, 2014). In addition, Tillandsia functions as a secondary 
foundation species, improving conditions in the host tree for a biodiverse 
faunal community (Angelini and Silliman, 2014). Excreta from this 
community together with other dust caught between the trichomes of 
Tillandsia leaves potentially form another input of nutrients (3) (Benzing, 
1981; Nadkarni, 1986; Van Stan et al., 2015). Lastly, trichomes form a favorable 
habitat for a diverse community of microorganisms (4) that contribute to 
plant and ecosystem functioning (Lindow and Brandl, 2003), including the 
potential input of N by N2 fixation (Brighigna et al., 1992), as is known for 
mosses and lichens (Cornelissen et al., 2007; DeLuca et al., 2002; van den 
Elzen et al., 2017). As N2 fixation is typically stimulated by more humid 
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conditions, precipitation may stimulate the exchange of nutrients between 
Tillandsia and its associated microorganisms. Nutrient uptake via wet 
atmospheric deposition, dust and N2 fixation are ways of nutrient collection 
that add to the available nutrient budget without taking up nutrients that 
may otherwise be used by the host tree.  
 
When Tillandsia festoons dislodge and land on the ground, they are rapidly 
decomposed by invertebrates and fungi, increasing litter layer depth and 
altering the understory invertebrate and fungal communities (Angelini and 
Briggs, 2015). Through this decomposition process, Tillandsia could 
function as a slow-release fertilizer for the host tree, supplying the host tree 
with an additional source of nutrients (Lang et al., 1976; Nadkarni, 1984; Van 
Stan et al., 2015). Increasing Tillandsia density in the tree canopy was found 
to correlate linearly with increased Tillandsia deposition on the forest floor 
(Angelini and Briggs, 2015), which may indicate that trees supporting high 
Tillandsia densities may be especially likely to benefit from epiphyte-
mediated nutrient load enhancement. When Tillandsia gets its nutrients 
primarily from leachates, these are then not directly available to the tree 
host (Benzing and Seemann, 1978; Umana and Wanek, 2010). Thus, the 
direction and strength of the interaction between host tree and epiphyte is 
unknown in this case (and for most, if not all, other host tree-epiphyte 
interactions), and may be mutualistic, as the tree provides optimal habitat 
to the epiphyte while the epiphyte may simultaneously provide additional 
nutrients to the host tree.  
 
Here, we identify the processes through which Tillandsia acquires its N, 
determine the role Tillandsia decomposition plays in contributing N to the 
soil, and resolve the nature of the symbiosis between Tillandsia and 
southern live oaks. First, we aim to unravel how Tillandsia obtains its N by 
studying the contribution of N2 fixation of its microbial symbionts by 
isotope labeling, and isotopic composition analysis of both dust and 
captured rainwater. Second, we quantified the N concentration in the soil 
beneath festoons and compared it to uncovered soil to investigate how 
dislodged Tillandsia affects N availability in the soil. Last, we quantified the 
total nutrient load of Tillandsia available for the tree at different densities 
to determine if Tillandsia contributes to the total N input of the tree or if it 
takes away from the trees N supply. We hypothesized (1) that of the four 
types of nutrient uptake, N2 fixation by microbial symbionts is the main N 
source for Tillandsia, as it is a well-known pathway for other rootless plants 
and lichens (Lindo et al., 2013; Turetsky, 2003) and (2) that this widespread 
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and abundant epiphyte represents an important addition to the nutrient 
input of Q. virginiana through the decomposition of its tissues enriched 
with N captured via N2 fixation, making their interaction mutualistic. 
 
 

Methods 
 
Our study was conducted in the National Estuarine Research Reserve on 
Sapelo Island, Georgia, USA (31°24’2”N, 81°17’4”W), a Pleistocene barrier 
island of approximately 7000 ha with a subtropical climate characterized 
by hot, humid summers and mild winters. The southern live oak, Quercus 
virginiana (Duncan and Duncan, 1988) is the most common tree species in 
expansive, open savanna habitats, where their broad crowns cover 
between 5-65% of the area, otherwise dominated by Bahia grass 
(Paspalum notatum). Similar to other locations in the southeastern US 
coastal plains, these evergreen oaks are loaded with the abundant vascular 
epiphyte Spanish moss, Tillandsia usneoides (Callaway et al., 2002) (Fig. 1). 
This representative of the Bromeliaceae family is distributed in festoons 
hanging from branches of the tree in variable densities. We selected seven 
trees with a crown diameter of 18-25 m, distributed at least 200m apart and 
with a volume of Tillandsia festoons of around 800 m3 per tree, an 
intermediate to high level of Tillandsia coverage observed in coastal 
savannas in the region (see methods of Angelini and Briggs (2015)). 
 
To disentangle the N budget of Tillandsia and to be able to calculate 
relative contributions of different N sources we measured N concentration 
and isotopic signature of the different possible sources of Tillandsia. We 
collected tissue from Tillandsia and oak leaves, dust on Tillandsia festoons 
and atmospheric deposition. In leaves and Tillandsia tissue N 
concentration and isotopic composition was determined and a labeling 
assay was conducted on Tillandsia to measure N2 fixation rates of its 
microbial community. Isotopic composition and N concentration of dust, 
oak leaves and bark was also determined to compare with Tillandsia. 
Besides, to assess Tillandsias N uptake from deposition, the N 
concentration in rain was studied under Tillandsia festoons and under bare 
branches. Besides, to investigate the effect of Tillandsia presence on the 
tree, the different sources of N input to the tree were assessed and a 
decomposition experiment was conducted to quantify N mineralized from 
decomposing Tillandsia biomass. 
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Figure 1. Pictures of host-epiphyte partners: a) Quercus 
virginiana host tree in a coastal savanna habitat; b) Tillandsia 
usneoides draped within a southern live oak; c) a fluorescence 
microscopic picture of DAPI-colored trichome structures on 
Tillandsia tissue. 

 
Nutrient concentrations in oak leaves and Tillandsia 
From each of the 7 selected oaks 5 living leaves from different branches of 
each tree were collected in October 2013. From 6 of these oak trees, 3 large 
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Tillandsia festoons were selected that weighed around 40 g DW, had a 
length of around 1 meter length, and hung halfway between the trunk and 
the canopy edge of the tree, at 1-3 meters above the ground. From each 
festoon, 2 samples were taken from the lower part (20 cm from lower end) 
and upper part (50-70 cm from lower end). Festoon samples were pooled 
per tree (lower and upper part separately) of which one sample was used 
for the labeling assay (see next paragraph) and one (background) sample 
was collected for analysis on nutrient concentration. Both oak leaves and 
Tillandsia were dried and transported to the lab in Nijmegen, the 
Netherlands. There, samples were ground using a mixer mill (MM301, 
Retsch, Germany) for 2 min at 30 rotations s-1 and total C and N 
concentrations and isotopic ratios were determined using an elemental 
analyzer (Type NA 1500 Carlo Erba, Thermo Fisher Scientific Inc., USA) 
coupled online via an interface (Finnigan Conflo III) to a mass spectrometer 
(Thermo Finnigan DeltaPlus, USA). 
 
Potassium (K) and phosphorus (P) concentrations of oak leaves and 
Tillandsia were determined by digesting 200 mg of sample in 500 μL HNO3 
(65%) and 200 μL H2O2 (30%) by heating for 16 min in a microwave (m.l.s. 
1200 Mega, Milestone Inc., Sorisole, Italy). Digestates were diluted in 
demineralized water and P and K concentrations were measured by 
inductively coupled plasma emission spectrometry (IRIS Intrepid II, Thermo 
Electron corporation, Franklin, MA, USA). 
 
N2 fixation by Tillandsia’s microbiome 
The collected Tillandsia samples of each tree, upper and lower parts of 
Tillandsia separated, were divided over four 60ml glass vials for N2 fixation 
assays. To half of the vials 3 ml of demineralized water was added to study 
whether increased humidity had an effect on N2 fixation. Vials were capped 
and 45ml of the headspace was removed with an injection needle and 
replaced with 15-15N2 gas (98atom % 15N, Sigma-Aldrich, Germany), leading to 
a 75% 15N2 labeling. Samples were incubated for 48 hours under one of the 
oak trees at 1m height. For each incubated sample, a control sample was 
collected to correct for the natural background abundance of 15N. After 
incubation, enriched and control samples were dried and transported to 
the lab in Nijmegen, the Netherlands. After being dried and ground by a 
mixer mill, N concentrations and isotopic ratios were assessed using an 
elemental analyzer (see above). For each sample the enriched isotopic N 
value was diminished with the average background isotopic N value of the 
control samples. These increases in 15N labeling were converted to N2 
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fixation rates (nmol N2 gDW-1 d-1) using the incubation time and weight of 
the sample.   
 
Collection of Tillandsia dust 
From one of the 6 selected oak trees, additional data on particulate matter 
associated with Tillandsia festoons was gathered in April 2014. Five large 
Tillandsia festoons hanging between 1.5-3 m from the ground were 
selected and dust present on the tissue was extracted using a suction 
sampler, i.e. a reversed leaf blower contraption. The festoons were then put 
back into the tree and all surrounding Tillandsia festoons within 0.5m were 
removed. After 3 months, the festoons were recollected and suction 
sampled again, using a filter mesh of 0.5 mm and another of 0.2 mm, 
resulting in a sample of dust particles (0.2-0.5 mm) for each festoon. These 
samples were dried and transported to the lab in Nijmegen, the 
Netherlands. The N concentration and isotopic signature were determined 
as described above. Bark and leaves from this tree were also collected for 
stable isotope analysis. 
 
Wet and dry deposition collection 
To compare the composition of wet deposition under Tillandsia festoons 
and bare branches, throughfall rainwater was collected in July-August 
2017. All 7 oak trees were included with 6 rain collectors each: 3 under 
Tillandsia and 3 under bare branches. Rain was collected within 48 hours 
after 3 subsequent rain events of more than 0.2 mm of rain, after at least 2 
days of drought, spread over 16 days. After each event total volumes of rain 
in collectors were taken and a pooled sample of 3 replicates per tree was 
stored in a fridge. All samples were transported to the lab in the 
Netherlands and concentrations of NO3 and NH4 were measured 
colorimetrically with an Auto Analyzer system (Bran and Luebbe, 
Norderstedt, Germany) using hydrazine sulfate (Kamphake et al., 1967) and 
salicylate (Grasshoff and Johannsen, 1972). Total volumes and N amounts 
(NO3 and NH4 combined) in rain of the three events were summed up. 
 
Mineralization experiment  
Under each oak tree (N=7) soil and litter were collected in October 2013. 
Five replicate, 10cm x 10cm litter samples were taken from a ground 
surface under each tree and mixed together, homogenized and weighted. 
From the center of each of these 10cm x 10cm areas, soil samples were 
taken with a plastic corer (ø=2.8cm, length 10 cm) and the depth of the 
organic humus layer was noted. Again 5 subsamples were homogenized, 
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humus and topsoil layer separately, and weighted. Furthermore, from 6 of 
the 7 trees additional soil samples (2 subsamples per tree) were taken from 
underneath large Tillandsia festoons (of around 50-60 g dry weight (DW), 
that were experimentally placed and labeled to measure decomposition 
rates (Angelini and Briggs, 2015). These samples were also divided into 
humus and topsoil samples, homogenized and weighed. All soil samples 
were chilled and transported to the lab in Nijmegen, the Netherlands. In 
the lab, plant-available N, including NH4

+ attached to soil cation exchange 
sites, was estimated for all humus and topsoil samples, by shaking 17.5 g 
fresh weight (FW) in 50 ml of 0.2 M NaCl solution for 1 hour at 105 rpm (De 
Graaf et al., 2009). The NO3 and NH4 concentrations were determined as 
described above for leaves.  
 
Statistics 
N2 fixation rates were tested with ANOVA, treating festoon part (upper vs 
lower) and humidity (dry vs. moist) during incubation as independent 
factors. Differences in total volume and N load (i.e. mg N m-2) in wet 
deposition between bare branches and Tillandsia covered branches were 
tested with a one-way ANOVA. The NH4 and NO3 availabilities in humus 
and topsoil were tested with an ANOVA with presence/ absence of 
Tillandsia on soil as independent factor. In all tests, residuals were normally 
distributed, confirmed by the Shapiro Wilk test, and the homogeneity of 
variance assumption was upheld based on Levene’s test. All analyses were 
carried out using IBM SPSS Statistics 21.0. 
 
 

Results 
 
Tillandsia N budget: nutrient concentrations, N2 fixation and dust 
Tillandsia consisted of only 0.6% N (Table 1), which was much lower than 
oak leaves (2.0 % N). Relative contributions of different N sources were 
calculated based on a relative growth (biomass increase) of 45% per year 
(Angelini and Briggs, 2015), resulting in an average total assimilation rate of 
2.4 mg N g DW-1 y-1 (Table 2). 
 
N2 fixation rates were found to be around 6.6 µg N2 g DW-1 y-1, representing 
only 0.3% of the total N input of Tillandsia (Table 2). No significant 
differences in N2 fixation rates were found between different parts of large 
Tillandsia festoons, i.e. the lowest tip compared to the upper part 
(F3,20=0.012; ns). Moreover, equal rates were found for incubations of 
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Tillandsia under moister or drier conditions (F3,20=0.110; ns). As a second N 
source, the capture of dust in the form of faunal excreta and dust particles 
was quantified. We found that in 3 months 45-70 mg of dust was caught 
by large festoons of around 41 g DW. This translates to 4.4-6.8 mg dust g 
DW-1 y-1, of which around 1.5% is N, providing 81.8 µg N gDW-1 y-1 to Tillandsia 
and equaling 3.4% of its total N input (Table 2). This indicates that N2 
fixation and capturing of dust represent only small sources of N and that 
the majority (96%) of N must have been acquired from wet deposition, dry 
deposition of aerosols, or direct uptake of airborne NH3 gas (Table 2). 
 

Table 1. Nutrient concentrations (mean ± SE) of 
oak leaves (n=7) and Tillandsia (n=12) tissue. 

Nutrient Quercus virginiana 
leaves (mg g-1) 

Tillandsia tissue  
(mg g-1) 

C  478.31 ± 2.75 442.07 ± 3.01 
N  20.06 ± 0.50 6.02 ± 0.29 
P  1.69 ± 0.14 1.00 ± 0.13 
K  6.71 ± 0.66 4.31 ± 0.50 

 
Table 2. Sources of N input and their relative contribution to 
the total N input to Tillandsia. Total tissue N assimilation was 
calculated based on the relative growth rate.  

Source input  
(µg N g DW-1 y-1) 

% of total  
input 

N2 fixation 6.6 0.28% 

Dust, excreta and other particles  81.8 3.4% 

Estimated wet and dry deposition input - 96.32% 

Total tissue N assimilation 2409.3 100% 
 
Deposition as main Tillandsia source 
We compared rainfall below oak trees under bare branches to Tillandsia 
covered branches and found no difference in volume of rainfall over 3 
events (F1,12=1.363; ns). Cumulative loads of N in this total deposition were 
around 30 mg N m-2, with a ratio of NO3:NH4 of 1:1.5 (±0.4), and loads did not 
differ between bare branches and Tillandsia covered branches (F1,12=0.031; 
ns). Rainwater N concentrations under trees and in the open field were 
found to be similar (results not shown). Combining these results with the 
average total N deposition in rain on the coast of Georgia (1-1.5 kg N ha-1 y-1 
as NH4 and 1-1.5 kg N ha-1 y-1 as NO3; National Atmospheric Deposition 
Program), we estimate total N load in throughfall deposition to be equal to 
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the N levels outside trees: 1 kg of N-NO3 and 1.5 kg N-NH4 ha-1 y-1, adding up 
to a total 0.25 g N m-2 y-1 both with high and low Tillandsia cover.  
 

 
Figure 2. Schematic figure of isotopic N signature and N 
concentration of different sources of Tillandsia, Q. virginiana 
bark and leaves, dust and deposition. Of each source the δ15N 
and N concentration in % is given. 

 
Isotopic N signature 
While leaves of Q. virginiana trees had a high isotopic N signature of on 
average 1.17, Tillandsia plant material had a much more depleted value of -
10.17 (Figure 2), indicating that Tillandsia has a different source of N than 
input of dust or leachates from the tree. N isotope signatures in 
precipitation in clean air have more similar, depleted values, i.e. -10.0 (± 2.6) 
for NH3; -1.4 (± 3.5) for NH4; -6.6 (± 3.9) for NO3 (Koopmans et al., 1997; Liu et 
al., 2013; Moore, 1977) (Fig. 2). 
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N availability in soil 
Decomposition of Tillandsia festoons on the ground resulted in additional 
leaching of N to the humus layer underneath. In this layer (where the 
majority of the fine tree roots are found), the plant-available NH4 
concentration was 2 times higher in festoon-covered versus control areas 
(F1,11=6.133; p<0.05) (Fig. 3), while NO3 concentrations did not differ 
(F1,11=0.000; n.s.; results not shown). 

 
Figure 3. Plant-available NH4 in the humus layer (N=6) and 
the underlying soil layer (N=7) in locations beneath dislodged, 
decomposing Tillandsia festoons (black bars) and in locations 
not beneath Tillandsia (grey bars). * indicates significant 
differences at p<0.05. 

 
N budget tree 
To estimate the Tillandsia N input to the tree, we calculated the average 
supply of biomass of decomposing Tillandsia under the tree canopy to be 
10-60 gDW m-2 y-1, depending on the density of Tillandsia in the canopy, 
based on the study by Angelini and Briggs (2015) whose research was done 
the same area. Combining this with the N concentration of Tillandsia we 
calculated the contribution of decomposing Tillandsia to the N input to 
the tree (Table 3). The relative N contribution of each source could then be 
determined by accounting for additional external N sources: N leaching 
from decomposing leaves from the host tree and throughfall N in 
deposition. Evergreen trees resorb N during senescence for reuse. 
Resorption is estimated at 47% of the N in leaves of evergreen trees before 
shedding (Aerts, 1996; Killingbeck, 1996). With an N concentration of 20 mg 
g-1 and a deposition of oak leaves of around 80 g DW m-2 y-1 (Angelini and 
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Briggs, 2015) we could calculate the N contribution of senescing oak leaves 
to the tree (Table 3). Compared to the total N input from deposition and 
shedding of leaves, Tillandsia festoons add 5-24% of N to the total 
aboveground N input. This can be expected to be even more given that N 
from decomposing Tillandsia is a better N source for tree roots than 
inorganic N in deposition (Nair et al., 2017).  
 

Table 3. External N inputs to solitary southern live oaks. 
N input to tree N (in g m-2 y-1) 

at low Tillandsia 
cover 

N (in g m-2 y-1) 
at high Tillandsia 
cover 

% of total 

Tillandsia (0.6% N) 0.06 (5%) 0.36 (24%) 5-24 
Oak leaves (2% N) 0.75 (64%) 0.75 (50%) 50-64 
Throughfall deposition 0.25 (31%) 0.25 (25%) 25-31 
Total 1.06 (100%) 1.36 (100%)  
 

 
Discussion 
 
Although epiphytes are generally regarded as commensals or parasites 
with respect to their host trees, here we show that this relationship may 
also be mutualistic, as the host can benefit from additional slow-release N-
inputs, representing 5-25% of the aboveground N input. We also show that 
Tillandsia is most likely directly absorbing this N from atmospheric 
deposition (dry and wet) or as NH3 gas, while tree leaching, N2 fixation and 
dust collection play little to no role in Tillandsia’s N uptake. 
 
N input to Tillandsia 
Surprisingly, and in contrast to our hypothesis, N deposition (wet, dry) 
and/or direct NH3 uptake seems to be the most important source of N for 
Tillandsia. To verify this, we looked into stable isotope signatures of N 
inputs to Tillandsia to assess the source of N in Tillandsia. The external N 
inputs we measured: tree leaves and bark, dust and N2 fixation (δ15N = 0), 
have much more enriched δ15N signatures than Tillandsia tissue with an 
isotopic signature of around -10 (Table 3). Therefore, the isotopic signature 
of these components cannot explain the depletion in Tillandsia δ15N. In 
other words, Tillandsia is not significantly absorbing N that may be 
leaching from the tree itself and it does not seem to negatively affect the N 
budget of the tree. This is in line with the finding that N did not fall through 
in higher concentrations in forests with abundant Spanish moss, which 
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was the case with other elements like Ca and P (Schlesinger and Marks, 
1977). Similarly, dust and N2 fixation seem to contribute only little to the N 
input. 
 
Other terrestrial plants (Peterson and Fry, 1987) as well as NH4 and NO3 in 
rain often have more enriched signatures than the -10 value of Tillandsia 
tissue, depending on their source (Dillon and Chanton, 2005; Moore, 1977). 
However, Hietz and Wanek (2003) found comparably low δ15N signatures of 
around -12.4 for atmospheric bromeliad species, like Tillandsia usneoides, 
that seemed to contrast the isotopically enriched rainwater measured in 
the study with a δ15N signal of 3.55. On the contrary, N gasses like NH3 and 
N2O were found to have comparably depleted δ15N signatures as Tillandsia 
(Felix et al., 2014; Moore, 1977) and it was hypothesized that plants, 
especially N limited epiphytes, can take up NH3 gas from the atmosphere 
(Tozer et al., 2005). The isotopic δ15N signature of atmospheric NH3 
measured close to Sapelo Island (<200 miles distance) is -4.7 and the signal 
is even more depleted in other measurement sites in the USA (-15.1 on 
average) (Felix et al., 2017). Volatilization of NH4 in deposition to NH3 and 
diffusive uptake of NH3 by Tillandsia result in further fractionation, leading 
to more depleted δ15N signatures (Tozer et al., 2005). This may well explain 
the low δ15N signatures we found and thus suggests that direct uptake of 
NH3 or of volatilized NH3, and uptake of NH4 from wet and dry deposition 
probably represent the most important N input to Tillandsia.  
 
N limitation of the host tree 
Strikingly, our results show that decomposing Tillandsia results in an 
ecologically relevant additional N input to, and availability in, the forest soil, 
especially given the fact that the organic humus soil layer contains a large 
part of the fine oak roots that are taking up nutrients (Mori et al., 2009). N 
has been suggested to be the nutrient limiting biomass production in 
these systems (Tilman, 1986), which was affirmed for red oak by fertilization 
with N leading to increased basal area (Finzi, 2009). The N concentration 
measured in Q. virginiana leaves of 20 mg g-1 is indeed in the low (limiting) 
range (<23 mg g-1) of leaf N concentrations of 4 different European oak 
species (Finzi, 2009; van den Burg and Schaap, 1995). Although phosphorus 
(P) could also be limiting oak growth, N: P ratio of the tree leaves was 12 g 
g-1, which is generally considered to suggest N limitation (N: P < 14; 
(Güsewell, 2004; Reich and Oleksyn, 2004; Tessier and Raynal, 2003) rather 
than P limitation (N: P >20; Güsewell (2004)). In addition, P concentration in 
leaves (1.7 mg g-1) is in the saturated/high range of P concentrations in 
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European oaks (van den Burg and Schaap, 1995), suggesting that P is not 
limiting production. So, the increased input of N from decomposing 
Tillandsia festoons to the soil can be expected to be beneficial for growth 
of its host oak tree, especially since decomposing organic material provides 
a more easily accessible N source than N in inorganic forms (Nair et al., 
2017). 
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Conclusion 
 
Tillandsia receives structure and higher humidity from the oak trees, 
obviously benefitting the epiphyte (Angelini and Briggs, 2015). We here 
show that the epiphyte obtains its N mainly from deposition, without 
diminishing the N concentration in rain reaching the soil under the tree, by 
using NH3 (direct and volatilized from NH4) and probably also NH4 from 
additional deposition. Tillandsia transfers this additional N as a slow-
release organic N source, stimulating growth of its N-limited host tree. We 
show that after dislodging, Tillandsia, provides a relevant input of N of up 
to 24% of the total aboveground N input. This relative N input is much 
higher than the contribution of epiphytes in humid tropical forest of 8% of 
N (Nadkarni and Matelson, 1992; Tanner, 1980). In this way, Tillandsia 
represents an ecologically important N source with a total load of 0.6-3.6 kg 
N ha-1 y-1 (Table 3). In trees with high Tillandsia cover, the absolute load 
produced is 3.6 kg N ha-1 y-1. In this way, the tree benefits from the 
additional input of nutrients that the epiphyte can access, demonstrating 
that Tillandsia is a mutualistic symbiont of its host tree.  
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Abstract 
 
In pristine Sphagnum dominated peatlands, (di)nitrogen (N2) fixing 
(diazotrophic) microbial communities associated with Sphagnum mosses 
contribute substantially to the total nitrogen input, increasing carbon 
sequestration. The rates of symbiotic nitrogen fixation reported for 
Sphagnum peatlands, are, however, highly variable and experimental work 
on regulating factors that can mechanistically explain this variation is largely 
lacking. For two common fen species (Sphagnum palustre and S. 
squarrosum) from a high nitrogen deposition area (25 kg N ha-1 y-1), we found 
that diazotrophic activity (as measured by 15-15N2 labeling) was still present at 
a rate of 40 nmol N gDW-1 h-1. This was surprising, given that nitrogen fixation 
is a costly process. We tested the effects of phosphorus availability and 
buffering capacity by bicarbonate rich water, mimicking a field situation in 
fens with stronger groundwater or surface water influence, as potential 
regulators of nitrogen fixation rates and Sphagnum performance. We 
expected that the addition of phosphorus, being a limiting nutrient, would 
stimulate both diazotrophic activity and Sphagnum growth. We indeed 
found that nitrogen fixation rates were doubled. Plant performance, in 
contrast, did not increase. Raised bicarbonate levels also enhanced nitrogen 
fixation, but had a strong negative impact on Sphagnum performance. 
These results explain the higher nitrogen fixation rates reported for 
minerotrophic and more nutrient-rich peatlands. In addition, nitrogen 
fixation was found to strongly depend on light, with rates 10 times higher in 
light conditions suggesting high reliance on phototrophic organisms for 
carbon. The contrasting effects of phosphorus and bicarbonate on 
Sphagnum spp and their diazotrophic communities reveal strong 
differences in optimal niche for both partners with respect to conditions and 
resources. This suggests a trade-off for the symbiosis of nitrogen fixing 
microorganisms with their Sphagnum hosts, in which a sheltered 
environment apparently outweighs the less favorable environmental 
conditions. We conclude that microbial activity is still nitrogen limited under 
eutrophic conditions because dissolved nitrogen is being monopolized by 
Sphagnum. Moreover, the fact that diazotrophic activity can significantly be 
upregulated by increased phosphorus addition and acid buffering, while 
Sphagnum spp do not benefit, reveals remarkable differences in optimal 
conditions for both symbiotic partners and questions the regulation of 
nitrogen fixation by Sphagnum under these eutrophic conditions. The high 
nitrogen fixation rates result in high additional nitrogen loading of 6 kg ha-1  
y-1 on top of the high nitrogen deposition in these ecosystems. 
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Introduction 
 
Nitrogen (N) availability is considered to limit or co-limit primary 
production in pristine Sphagnum-dominated ecosystems (Aerts et al., 1992; 
Lamers et al., 2000; Limpens and Berendse, 2003a). Peat mosses 
(Sphagnum spp.) function as a filter that very effectively absorbs 
particularly ammonium (NH4

+) but also nitrate (NO3
-) from atmospheric 

deposition, leading to N limitation in the rhizosphere of vascular plants 
(Bragazza et al., 2004; Fritz et al., 2014; Lamers et al., 2000). Since the 
availability of N determines primary production, there appears to be a close 
link between the N and C cycles (Hungate et al., 2003; Vitousek et al., 2013). 
This link is especially important in peatlands, which, by storing substantial 
amounts of C, play an important role in global C cycling (Clymo and 
Hayward, 1982; Ruesch and Gibbs, 2008). Being ecosystem engineers in 
peatlands, Sphagnum spp. produce recalcitrant litter, rich in phenolic 
compounds (Verhoeven and Toth, 1995), and actively acidify their 
environment (Clymo and Hayward, 1982). This, combined with moist, 
anaerobic conditions results in the accumulation of peat with a high C 
content (Van Breemen, 1995). Recently, it has been shown that the high N2 
fixation activity of the Sphagnum microbiome could explain the 
discrepancy between low inputs of atmospheric N and high N 
accumulation rates in the peat of pristine Sphagnum peatlands (Vile et al., 
2014), confirming the strong link between C and N accumulation. On the 
other end, high atmospheric N deposition may compromise the C 
sequestration function of peatlands by stimulating microbial processes 
such as overall decomposition (Bragazza et al., 2006) and denitrification 
(Gruber and Galloway, 2008).  
 
N2 fixing microorganisms (diazotrophs) live on the surface and inside dead 
hyaline cells of Sphagnum (Bragina et al., 2012; Larmola et al., 2014; Opelt et 
al., 2007), forming a symbiosis with their host. A highly diverse microbial 
community, including Proteobacteria, Verrucomicrobia and Cyanobacteria 
has been found to colonize peat mosses (Bragina et al., 2014) and many of 
these microorganisms have the capacity to fix N2 (Bragina et al., 2013; Kox 
et al., 2016). Also in other bryophytes, like Hylocomiaceae (feather mosses) 
such a symbiotic relationship can be found with N2 fixing cyanobacteria, 
supplying up to 50% of the total N input in boreal forests (Rousk et al., 2013). 
These phototrophic diazotrophs provide N to their host in exchange for C 
compounds (Bay et al., 2013; Leppänen et al., 2013), a process that we refer 
to as a direct mutualism, with reference to the direct transfer of chemicals 



CHAPTER 3 

44 

3 

between host and symbiont (Ho and Bodelier, 2015). In these moss 
symbioses, as well as in vascular plant symbioses, application of high rates 
of inorganic N were found to decrease N2 fixation rates, with the host plant 
shifting to the use of this readily available inorganic N source (Gundale et 
al., 2011; Rousk et al., 2014; Zackrisson et al., 2004). There may also be a 
different, indirect type of interaction in which Sphagnum receives a flow of 
nutrients from dead and lysed microorganisms. Although the exact nature 
of the Sphagnum-microorganism symbiosis remains unknown, i.e. a direct 
mutualism or an indirect interaction, N fixed by cyanobacteria associated 
with Sphagnum was found to enhance Sphagnum growth (Berg et al., 
2013). A high variation in rates of N2 fixation has not only been found for 
different species and different systems, but also for similar ecosystem types 
at different locations. To our knowledge, the mechanistic explanation for 
this high variation of symbiotic N2 fixation rates in Sphagnum peatlands is 
still lacking.  
 
In areas with high N deposition like in our field site in the Netherlands, the 
necessity for microorganisms with diazotrophic capacity to actually fix N2 
can be expected to diminish, as NH4

+ availability usually leads to down-
regulation of the expression of the nitrogenase enzyme responsible for N2 
fixation (Dixon and Kahn, 2004). Other nutrients than N have been 
suggested to influence N2 fixation, especially phosphorus (P) (Vitousek and 
Field, 1999) which is generally the second nutrient limiting primary 
production (Bieleski, 1973; Vance, 2001). P limitation has been shown to play 
an important role in biomass growth and functioning of peatlands (Fritz et 
al., 2012; Hill et al., 2014; Larmola et al., 2013) and appeared to control N2 
fixation rates (Chapin et al., 1991; Toberman et al., 2015; Vitousek et al., 2002). 
Besides, isolated cyanobacteria were shown to be directly stimulated by P 
(Mulholland and Bernhardt, 2005) and in Azolla spp, a fern species with 
symbiotic cyanobacteria within its leaves, P was shown to drastically 
increase plant growth and N content (Cheng et al., 2010). In peat mosses 
from N-rich sites, increased P availability can be expected to complement 
the high N supply (Limpens et al., 2004) and lead to an increase in 
photosynthesis (by 14%) (Fritz et al., 2012) and moss growth (by 42%) 
(Carfrae et al., 2007). It is therefore expected that the addition of P can 
improve the performance of the Sphagnum-microorganism association in 
high N deposition areas.  
 
Next to nutrient availability, the alkalinity and pH of the environment is 
known to be a key biogeochemical factor affecting Sphagnum presence 
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and performance in peatlands (mires). Higher concentrations of 
bicarbonate (HCO3

-) and concomitantly higher pH values (from 7.5 and 
upwards), through the influence of minerotrophic groundwater or surface 
water in rich fens, have been shown to hamper Sphagnum growth (Clymo, 
1973; Lamers et al., 1999). While the effect of environmental factors such as 
pH and nutrient availability on Sphagnum itself has been thoroughly 
studied (Bragazza and Gerdol, 2002; Clymo, 1973; Kooijman and Paulissen, 
2006), it remains unknown how these environmental factors influence the 
activity of its diazotrophic community and how this in turn affects 
Sphagnum performance in peatlands. Information about the factors 
regulating the diazotrophic community is vital to understand the high 
variation in N2 fixation rates in Sphagnum dominated wetlands that may 
strongly affect both nutrient and carbon cycling. 
 
We therefore used a controlled, full-factorial set-up to experimentally test 
the effects of P and HCO3 addition on N2 fixation rates of the diazotrophic 
community and on photosynthesis and growth of two common fen 
species, Sphagnum squarrosum Crome and S. palustre L. from a Dutch 
poor fen. Our prime research question was whether P availability and 
alkalinity were key regulators of both diazotrophic and Sphagnum activity, 
with P increase having a positive effect on both partners, and alkalinity 
increase a negative effect. In addition, in view of a direct mutualistic 
relationship between the moss and its diazotrophs, as with Azolla spp and 
its cyanobacteria, we expect that higher N2 fixation rates provide additional 
N. Combined with higher P availability, this may increase Sphagnum 
photosynthesis and growth even further, as long as no other resource or 
condition becomes limiting. By testing this hypotheses, we are able to not 
only investigate the regulation of N2 fixation by these abiotic factors but 
also explore the nature of the symbiotic interaction, i.e. which benefits or 
costs the diazotrophic microbial community experience through the close 
association with their host, and vice versa. 
 
 

Methods 
 
Collection of Sphagnum and peat 
Two common species of Sphagnum, S. squarrosum and S. palustre were 
chosen for their widespread occurrence (Europe, America, Asia, Australia), 
and their differences in habitat preference. While both are typical fen 
species, S. squarrosum is known to withstand slightly more buffered 
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(higher pH) conditions (Clymo, 1973; Rydin and Jeglum, 2013). Field 
conditions of the site where the mosses were collected are shown in Table 
1A. To mimic their natural habitat, including moist conditions and supply of 
substrate-derived CO2 for Sphagnum development (Smolders et al., 2001), 
peat mosses were placed on Sphagnum peat monoliths. Both peat mosses 
and monoliths were collected from the peatland Ilperveld in the 
Netherlands (52°26'22.68"N; 4°56'54.81"E), where monoliths (25 x 12 x 20 cm 
depth) were placed in glass mesocosms (25 x 12 x 30 cm depth) and then 
transported to the lab. Soils were kept wet with demineralized water (1 cm 
above soil level) and allowed to acclimatize for 2 weeks. Patches of 70 (S. 
palustre) or 80 (S. squarrosum) capitula (top 2 cm of moss) representing 
similar fresh weights were placed on top of the monoliths. A total of 16 
mesocosms were placed in a water bath maintained at 15° C (using a 
cryostat) with a light regime of 16h light using four 400 watt lamps 
(Hortilux Schreder HS2000, Monster, the Netherlands) and one growth 
lamp with 120 deep red/white LED lamps (Philips, GreenPower LED, 
Poland), providing in total 150 µmol PAR m-2 s-1 and a temperature of 18° C 
at vegetation level. The light level was chosen to mimic realistic field 
conditions where Phragmites australis and sedges in these fens create 
low, but not limiting light levels for Sphagnum spp (Bonnett et al., 2010; 
Kotowski and Diggelen, 2004). 
 

Table 1. (a) Field conditions of pore water in the Sphagnum 
vegetation layer at collection site (N=4). (b) Properties of peat 
monoliths in the experiment (N=16).  

 S. palustre S. squarrosum 
(a) Mean S.E.M. Mean S.E.M. 
pH  4.57 0.09 5.25 0.17 
Alkalinity (meq L-1) 0.24 0.03 0.39 0.04 
P (μmol L-1) 10.49 6.47 1.47 0.03 
NH4

+ (μmol L-1) 41.64 26.77 3.17 1.55 
NO3

- (μmol L-1) 0.04 0.04 0 0 
K (mg g-1) 198.01 84.07 24.64 10.12 
(b) Mean S.E.M. 
Bulk density (kg DW L-1) 0.27 0.01 
Organic matter (mg g-1) 573.33 28.60 
C (mg g-1) 294.75 14.54 
N (mg g-1) 18.02 0.60 
P (mg g-1) 0.80 0.04 
K (mg g-1) 2.00 0.16 
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Experimental set up 

 
Figure 1. Picture of the mesocosms with rhizons inserted in the 
Sphagnum vegetation layer on top of the peat monoliths, 
placed in a temperature controlled water bath (left, up), 
close-up of one mesocosm (left, down), and the experimental 
design (right) showing the 16 mesocosms with water outflows 
and 4 treatment solution inflows: C (control), P addition (C+P), 
bicarbonate addition (C + HCO3

-), and P plus bicarbonate 
addition (C + P + HCO3

-), each randomly assigned to 4 
mesocosms. 

 
After acclimatization, there was a constant flow of different treatment 
solutions through the mesocosms, at a flow rate of 5.4 L per week using 
peristaltic pumps (Masterflex L/S tubing pump; Cole-Parmer, Schiedam, 
the Netherlands) to create constant conditions in a 1 cm water layer over 
the soils. The lower 1 cm of Sphagnum spp. was flooded, while capitula 
were just above the water layer. Four different treatment solutions were 
applied (N=4 replicates per treatment), which were spatially distributed in a 
randomized block design. The treatments were applied in a full factorial 
design with a P treatment of 10 µmol L-1 P (as Na4P2O7) and a HCO3 
treatment of 3 mmol L-1 NaHCO3. Also 5 mg L-1 of sea salt with small 
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amounts of trace elements (Tropic Marine, aQua united LTD, Wartenberg, 
Germany) was added to all treatment solutions (including control) to 
mimic rainwater quality and to prevent osmotic stress. A graphic figure of 
the experimental set up and pictures can be found in Figure 1. 
Furthermore, each mesocosm was provided with an amount of rainwater 
equivalent to the mean annual rainfall in the Netherlands (750 mm) and 
with an N concentration equivalent to the Dutch atmospheric deposition 
of 25 kg N ha-1 y-1. Three times a week, 150 ml of artificial rainwater was 
sprayed on the peat mosses, containing 5 mg L-1

 sea salt (Tropic Marine, 
aQua united LTD, Wartenberg, Germany), 19 µmol L-1 KCl, 10 µmol L-1 CaCl2, 
10 µmol L-1 Fe-EDTA, 1 µmol L-1 KH2PO4, 0.7 µmol L-1 ZnSO4, 0.8 µmol L-1 
MnCl2, 0.2 µmol L-1 CuSO4, 0.8 µmol L-1 H3BO3, 8 nmol L-1 (NH4)6Mo7O24 and 91 
µmol L-1

 NH4NO3. Treatment solutions were supplied during ten weeks, 
after which plant, microbial and abiotic measurements were conducted. 
 
Plant performance  
Photosynthetic rates of the mosses were determined using a fast 
greenhouse gas analyzer (NIRS) with cavity ringdown spectroscopy (CRD) 
(GGA-24EP; Los Gatos Research, USA). From each mesocosm one 
individual of each moss species was taken and placed in a closed glass vile 
(100 ml) at similar light conditions as used in the experimental set up (150 
μmol m-2 s-1 PAR), connected to the gas analyzer. Changes in CO2

 

concentrations were measured over a time period of 5 minutes, in a closed 
loop with the NIRS-CRDS gas analyzer capable of measuring concentration 
changes at a very high resolution (Crosson, 2008) and of accurately 
measuring photosynthesis (Hunt, 2003). Additionally, dark measurements 
were carried out for each sample, and gross photosynthetic rates were 
calculated by correcting the slope of CO2 decrease in light with the slope of 
the CO2 increase in dark. Also, capitula were counted and average lengths 
of Sphagnum individuals determined. Total fresh weight (FW) of 
Sphagnum biomass was measured, after which material was dried at 70° C 
for 48 hours to determine dry weight (DW) in order to calculate relative 
growth rates. 
 
N2 fixation rates and elemental composition of Sphagnum 
Two subsamples (the top 2 cm of two individuals) of S. squarrosum and S. 
palustre from each mesocosm were placed separately in 30 ml glass serum 
bottles with rubber stoppers. 6 ml of headspace was removed with an 
injection needle and replaced with 15-15N2 gas (98 atom% 15N, Sigma-Aldrich, 
Germany), leading to 20% 15N2 labeling. Samples were incubated for 48 
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hours with a light regime of 16 hours of light (150 µmol m2 s-1 PAR) at 18° C. 
They were then dried at 70° C for 48 hours and ground using a mixer mill 
(MM301, Retsch, Germany) for 2 minutes at 30 rotations s-1. Total N 
concentrations and isotopic ratios were determined using an elemental 
analyzer (Type NA 1500 Carlo Erba, Thermo Fisher Scientific Inc., USA) 
coupled online via an interface (Finnigan Conflo III) to a mass-spectrometer 
(Thermo Finnigan DeltaPlus, USA). For every control and P-treated sample 
an additional incubation was carried out under similar but dark conditions. 
For every incubated subsample a control sample was taken that had not 
been incubated with 15-15N2, to correct for background isotopic composition 
as influenced by the different treatments. The corrected increases in 15N 
labeling were converted to N2 fixation rates (nmol N2 gDW-1 h-1), using the 
average of both labeled subsamples. These N2 fixation rates were also 
converted to rates of N fixed per unit area with bulk density data from the 
field (dry weight of upper 2 cm of each species in a 10 cm2 plot (N=4 
replicates)). Fixation rates per hectare per year were calculated assuming 
N2 fixation activity throughout the growing season (Rousk et al., 2015) 
during a growing season of around 250 days for peatlands in the northern 
hemisphere with mild winters (Helfter et al., 2015; Zhu et al., 2012) and 
corrected for an average seasonal temperature of 13° C, assuming a Q10 of 
three (Alexander and Schell, 1973; Granhall and Selander, 1973; Kravchenko 
and Doroshenko, 2003). 
 
Total P and potassium (K) concentrations were determined in digestates of 
dried and ground Sphagnum-microorganism tissue. Digestates were 
prepared by heating in 500 µl HNO3

 (65%) and 200 µl H2O2 (30%) for 16 min 
in a microwave (mls 1200 Mega, Milestone Inc., Sorisole, Italy). After dilution 
with demineralized water, P and K concentrations were measured by 
inductively-coupled plasma emission spectrometry (IRIS Intrepid II, 
Thermo Electron corporation, Franklin, MA, USA). 
 
Soil and water chemistry 
At the end of the experiment, two soil subsamples of a fixed volume were 
taken from each mesocosm. Homogenized subsamples were dried at 70° 
C for 72 hours and weighted to determine bulk densities. Organic matter 
concentrations were determined through loss on ignition at 550° C for 3 
hours. Dried soils were digested with 4 ml HNO3

 (65%) and 1 ml H2O2 (30%) 
using a microwave and measured by inductively-coupled plasma emission 
spectrometry as described above. C and N contents of dried soil were 
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measured using an elemental analyzer (see above). Soil properties can be 
found in Table 1B.  
The pH of surface water was measured with a standard Ag/AgCl electrode 
(Orion Research, Beverly, USA) combined with a pH meter (Tim840 
titration manager; Radiometer analytical, Lyon, France). Alkalinity was 
determined by titrating down to pH 4.2 with 0.1 N HCl using an auto 
burette (ABU901 Radiometer, Copenhagen, Denmark). Concentrations of 
PO4

3-, NO3
- and NH4

+ were measured colorimetrically with a 3 Auto Analyzer 
system (Bran & Luebbe, Norderstedt, Germany), using ammonium 
molybdate (Henriksen, 1965), hydrazine sulfate (Kamphake et al., 1967) or 
salicylate (Grasshoff and Johannsen, 1972), Cl was determined with a 
Technicon Flame Photometer IV Control (Bran & Luebbe, Norderstedt, 
Germany). Concentrations of Al, Ca, Fe, S, Mg, Mn, Na, P and K were 
analyzed by inductively coupled plasma spectrometry (see above). 
 
Statistical analyses 
Values displayed in bar graphs are means ± standard error (SEM) (N=4). To 
test for the effect of P, HCO3

- and different species on different parameters 
three-way analyses of variance (ANOVAs) were used, using P, HCO3

- and 
species as independent variables (fixed factors) with two categorical 
groups. All dependent variables were quantitative and at a continuous 
scale, i.e. nitrogen fixation rate, photosynthetic activity, relative growth rate, 
number of capitula, Sphagnum length increment, and pore water and 
tissue nutrient concentrations. Normality was tested with a Shapiro-Wilk 
test on the residuals of the ANOVA and data that were not normally 
distributed were log-transformed prior to analysis to meet conditions of 
parametric tests. Homogeneity of the data was checked with Levene’s test 
of equality of variances. No interaction effects were found for any of the 
parameters and significance was accepted at a confidence level of P < 0.05. 
Statistical tests were performed using IBM SPSS Statistics 21.0 (IBM 
Corporation, 2012). 
 
 

Results 
 
From our full factorial experiment with additions of P and/or HCO3 we took 
measurements on surface water (water quality changes) and on 
Sphagnum-microorganism tissue: N2 fixation activity, plant performance 
parameters and nutrient contents. 
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Table 2. Surface water characteristics for the different 
treatments: control (C), addition of P (P) or HCO3

- (HCO3), or 
both (P + HCO3). Displayed are means ± standard error of the 
mean (N=4). Unit for alkalinity (alk) is meq L-1, for all elements 
concentrations are expressed as µmol L-1. In the effect row, 
significant differences of P or HCO3 treatment are indicated 
by asterisks, where * represents P≤0.05, ** represents P≤0.01 
and *** represents P≤0.001. 

 

Water quality changes 
The addition of P (10 µmol L-1) resulted in an increase in total P in the 
surface water (F = 6.044; P < 0.05) from 0.7 µmol L-1 to a concentration of 6.0 
µmol L-1, indicating net uptake and/or binding of P. Supply of HCO3

- 
increased pH (from 4.3 to 8.0) and alkalinity (from 0.1 to 2.8 meq L-1) in the 
surface water (F=2780.292; P<0.001). Furthermore, upon addition of HCO3

- 
the concentrations of NH4, Ca, Mg, Cl, S, Fe and Al in the water increased 
two to five times, and K concentration was increased by a factor 1.4 (Table 
2). 
 

 
pH alk NO3 NH4

 P K S 
C 4.37 

± 0.09 
0.06 
± 0.03 

0.00 
± 0.00 

0.83 
± 0.06 

0.74 
± 0.36 

10.42 
± 1.06 

36.32 
± 7.38 

P 4.31  
± 0.03 

0.09 
± 0.04 

0.46 
± 0.27 

0.66 
± 0.20 

5.97 
± 0.41 

9.72 
± 0.30 

30.32 
± 8.54 

HCO3 7.59  
± 0.10 

2.76 
± 0.04 

0.00 
± 0.00 

3.10 
± 0.54 

3.86 
± 2.24 

11.37 
± 1.10 

102.93 
± 57.05 

HCO3 + P 8.40  
± 0.38 

2.86 
± 0.08 

0.03 
± 0.03 

4.15 
± 0.39 

5.24 
± 1.38 

16.45 
± 2.18 

67.81 
± 15.45 

P effect     *   
HCO3 
effect 

*** ***  ***  *  

 Al Ca Fe Mg Mn Na Cl 
C 6.08  

± 1.92 
25.25  
± 5.40 

7.17  
± 3.53 

16.00  
± 2.02 

0.29 
± 0.06 

113.09  
± 3.31 

26.96  
± 2.30 

P 4.86  
± 0.50 

19.28  
± 6.45 

10.94  
± 5.92 

12.54  
± 4.36 

0.23 
± 0.05 

130.32  
± 8.80 

16.02  
± 10.73 

HCO3 14.65  
± 2.22 

54.99  
± 20.32 

60.32  
± 6.02 

34.16  
± 10.89 

0.54 
± 0.18 

2819.60  
± 72.70 

66.00  
± 16.87 

HCO3 + P 14.92  
± 0.87 

43.03  
± 11.33 

31.18  
± 9.27 

27.52  
± 3.47 

0.39 
± 0.03 

2900.83  
± 94.27 

102.35  
± 18.36 

P effect        
HCO3 effectt *** * *** **  *** *** 
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N2 fixation 
Under light conditions, diazotrophic activity was similar for both 
Sphagnum spp. Control incubations showed high average N2 fixation rates 
of around 40 nmol N gDW-1 h-1, translating to high area-based rates of 
around 6 kg N ha-1 y-1. When treated with HCO3

- and/or P, however, S. 
squarrosum showed 40% higher fixation rates compared to S. palustre, 
(F=4.510; P<0.05) (Figure 2). Addition of P positively affected N2 fixation for 
both Sphagnum species (F=12.639; P<0.005), leading to at least two times 
higher fixation rates compared to their controls (Figure 2). HCO3

- addition 
had an even greater effect, and resulted in around four times higher N2 

fixation rates (F=32.103; P<0.001) (Figure 2). The combined P and HCO3
- 

treatment increased N2 fixation rate to 300 nmol N gDW-1 h-1 in S. 
squarrosum.  
 

Figure 2. Rates of N2 fixation of the diazotrophic communities 
of Sphagnum squarrosum (dark bars) and S. palustre (grey 
bars), under different treatments. Both P and HCO3 treatment 
significantly increased N2 fixation in both species, shown by 
letter combinations: P treatment (capital letter) and HCO3

- 
treatment (lower cases). 

 
In general, N2 fixation rates were highest in light incubations and around 10 
times lower under dark conditions (F=65.642; P<0.001) (Figure 3). However, 
a similar increase (1.5 times higher) in fixation rates upon P addition was 
found under both light and dark conditions (F=18.588; P<0.001) 
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Figure 3. N2 fixation rates of diazotrophic communities of 
Sphagnum squarrosum (dark bars) and S. palustre (grey bars), 
under light or dark conditions. Displayed is the mean ± 
standard error (N=4) of the control and P treatment (see text). 
Dark conditions significantly decreased N2 fixation rates 
(shown by capital letter) and P treatment significantly 
increased rates (shown by lower cases). 

 
Plant performance  
S. squarrosum and S. palustre, had similar photosynthetic rates of around 
65 µmol CO2 gDW-1 h-1 and showed a strong negative response to HCO3

--
rich water (F=21.468; P<0.001), resulting in approximately 50% lower 
photosynthetic rates (Figure 4). HCO3

- also resulted in 50-70% lower relative 
growth rates (F=29.339; P<0.001), relative decrease in the number of 
capitula (F=86.090; P<0.001) and average length (F=268.846; P<0.001) of 
both species (results not shown). Final biomass of HCO3 treated mosses 
was around 10% lower than that of the control group. Controls of both 
species ended up with a final dry weight of around 3 g per Sphagnum 
patch, containing around 86 capitula with a length of around 73 mm per 
moss. This corresponds to a growth rate of 8.5 mg gDW-1 d-1. In contrast, P 
treatment did not show an effect on any of the measured plant 
performance variables of the Sphagnum mosses. 
 
Nutrient contents of Sphagnum-microorganism association 
Concentrations of N, P and K in Sphagnum tissue including their microbial 
community were clearly influenced by surface water treatments (Table 2). 
Addition of P-rich surface water increased the P content in Sphagnum-
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microorganism tissue by 75% for both Sphagnum species (F=11.549; 
P<0.005), while N and K concentrations remained unchanged. In 
treatments with HCO3

--rich water the N concentration increased by around 
20% (F=6.955; P<0.05), and the concentration of K in the tissue decreased 
by around 25% (F=140.343; P<0.001), without affecting P concentrations, 
indicating K leakage. Individual N contents did not correlate with N2 
fixation rates (results not shown).   

 
Figure 4. Photosynthetic rates of Sphagnum squarrosum (dark 
bars) and S. palustre (grey bars) under different surface water 
treatments. Displayed is the mean ± standard error (N=4). 
HCO3

- significantly decreased rates, shown by *** (P<0.001). 
 
N: P ratios differed between the two Sphagnum species (F=4.673; P<0.05), 
with overall slightly higher ratios for S. palustre (mean of controls: 11.8), 
compared with S. squarrosum (mean controls: 7.9) (Figure 5). These ratios 
decreased by 57-73% after addition of P (F=8.656; P<0.01) to 6.7 and 5.8 
respectively, while HCO3

- addition did not influence ratios at all. N: K ratios 
did not differ between the two Sphagnum species and were unaffected by 
addition of P. Addition of HCO3

- however, increased N: K ratios by 80% 
(F=143.049; P<0.001), due to leaking of K from Sphagnum tissue. Therefore 
the HCO3 treatments were not included in Figure 5. 
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Figure 5. Means of a) N: P ratio and b) N:K ratios for 
Sphagnum squarrosum (dark bars) and S. palustre (grey 
bars), displayed for control (C) and addition of P (P) to surface 
water. Given is the mean ± standard error of the mean (N=4). 
HCO3 treatments were not included, because of leaking of 
nutrients from tissue (see text). Significant differences 
between treatments are shown with ** (P<0.01) in graph. 

 
 

Discussion 
 
Diazotrophic activity under high N conditions 
Surprisingly, the diazotrophic communities of S. squarrosum and S. 
palustre showed appreciable N2 fixation rates of around 40 nmol N2 gDW-1 
h-1, even though they had been subjected to high (25 kg ha-1 y-1) historical 
and experimental airborne N input. These rates are well in the range of N2 
fixation rates reported by Larmola et al. (2014) for Sphagnum spp in Finnish 
peatlands (0-126 nmol gDW-1 h-1) and equal to the rates they found for 
mesotrophic fens, even though atmospheric N inputs were significantly 
lower in Finland (3 kg ha-1 y-1; Mustajärva et al 2008). On an areal basis, N2 
fixation rates of our controls translated to an average N input of 6 kg N ha-1 
y-1 in the upper 2 cm of peat moss for a 250 day growing season (at an 
average temperature of 13° C). This is in the same order of magnitude as 
the range of 12-25 kg ha-1 y-1 reported for pristine boreal bogs, although 
their growing season only lasts 140 days per year (Vile et al., 2014). 
Furthermore, similar to Markham (2009), we found Sphagnum-associated 
N2 fixation rates to be at least 5 times higher than those found in feather 
mosses, which are around 1.5-3 kg ha-1 yr-1

 (DeLuca et al., 2002; Leppänen et 
al., 2013; Rousk et al., 2014; Zackrisson et al., 2009). This could be due to 
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morphological differences between the moss species (including hyaline 
cells of Sphagnum providing additional space and protection to 
microorganisms) and differences in microbial communities resulting from 
differences in habitat conditions and resources, i.e. availability of inorganic 
and organic nitrogen and carbon compounds, moisture content and 
presence of oxygen.  
 
The tissue N concentration of around 11.8 mg g-1 in Sphagnum spp. appears 
to be high compared to a range of Sphagnum N contents for different N 
deposition sites (Lamers et al., 2000). Optimal growth conditions for 
Sphagnum balticum were found at an N content of 12.9 mg g-1 (Granath et 
al., 2009), suggesting that Sphagnum in our experiment is around the 
saturation point. Indeed high amounts of inorganic N were still taken up 
from rainwater by Sphagnum spp., leaving the surface water nearly 
depleted of N (Table 2). These high N uptake rates, especially for NH4

+, from 
surface water or rainwater are indeed typical for Sphagnum spp. (Fritz et 
al., 2014). Simultaneously, the associated diazotrophs were still fixing N2 at 
appreciable rates under these N-rich conditions, even though N2 fixation is 
an energy demanding process (Vitousek et al., 2002). The fact that N2 
fixation rates were high and all N present as NH4

+ in rainwater was taken 
up by the moss therefore suggests that dissolved inorganic N was not or 
hardly available for the microbial community and diazotrophs were still 
experiencing N limitation. Next to this absolute limitation, the relative lack 
of N was also great, given the high concentrations of all other 
(micro)nutrients present in the surface water. So, even the high supply of 
25 kg N ha-1 y-1 by rainwater was rapidly taken up by Sphagnum, leaving 
insufficient N for the microbial community that, in this way, still 
experienced N limitation.  
 
Both symbiotic partners strongly differ in optimal abiotic conditions 
As expected, an increase in HCO3

- concentration, resulting in a higher 
alkalinity and related higher pH, decreased Sphagnum performance. 
Photosynthetic rates and relative growth rates decreased by around 50% 
for both species. Furthermore, HCO3

- addition led to slightly higher surface 
water NH4

+ concentrations (Table 2), which most likely resulted from 
leakage from Sphagnum tissue. Increased N: K ratios indicated that K was 
also leaking from tissue, both pointing towards cell die-off. This is in 
accordance with earlier studies that showed sensitivity of Sphagnum spp. 
to buffered conditions (Clymo, 1973; Lamers et al., 1999), although the fen 
species used in this study are known to be more tolerant than typical bog 
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species (Harpenslager et al., 2015). Here, we showed that direct infiltration 
of HCO3

- from mineral-rich surface waters or groundwater into the moss 
layer negatively affects fen Sphagnum spp performance, rather than Ca+, 
which does not directly affect pH (Lamers et al., 2015).   
 
To our surprise, the response of the diazotrophic community to high HCO3

- 
levels was completely opposite to that of Sphagnum. Although Sphagnum 
biomass decreased by 10% after treatment with HCO3

-, the diazotrophic 
community was stimulated and showed around 4 times higher N2 fixation 
rates. The increase of N2 fixation may, therefore, have been a direct effect of 
leakage of C or other compounds from deteriorating Sphagnum tissue. 
However, a second plausible explanation for the increase in N2 fixation 
activity is a direct beneficial effect of the increase in pH in the surface water 
on microbial growth rates and diazotrophic activity. It is indeed known for 
aquatic systems that dominant diazotrophs can be inhibited by a decrease 
in pH (Shi et al., 2012) and for agricultural soils that diazotrophic 
communities are larger in higher pH soils (Silva et al., 2013). In addition, the 
stimulated N2 fixation may be explained by an indirect effect of increased 
decomposition rates as a result of buffering (Smolders et al., 2002), leading 
to the mobilization of additional organic compounds and nutrients from 
the soil to the surface water. This was also shown in a field gradient analysis 
at lower atmospheric N-input, where nutrient-rich conditions correlated 
with increased N2 fixation rates (Larmola et al., 2014). Since nutrient 
concentrations in surface water increased 2 to 5 fold in this study, 
increased N2 fixation by increased decomposition is a likely third possibility. 
 
Regardless of the effect of HCO3

- being direct, indirect or both, it is still 
surprising that diazotrophic microorganisms associated with Sphagnum, a 
genus that requires a low pH and actively acidifies its environment, would 
thrive under more alkaline conditions. This strongly suggests that for the 
diazotrophic community the symbiosis with Sphagnum seems to be a 
trade-off, where a sheltered environment (including prevention of drought 
and predation (Andersen et al., 2013; Jassey et al., 2013) in hyaline cells 
outweighs the sub-optimal, acidic conditions and the competition with 
Sphagnum for nutrients. 
 
Role of P availability 
Sphagnum spp. and their diazotrophic microorganisms were found to 
respond in a remarkably different way to the addition of P. As 
hypothesized, based on N2 fixation being a P demanding process (Vitousek 
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et al., 2002), higher P availability doubled the N2 fixation rates. This increase 
in N2 fixation by P addition was 75% higher in Sphagnum squarrosum 
compared to S. palustre, pointing out differences in response of the 
microbiomes of both species. Even more surprising, however, was that 
Sphagnum performance of both species was not at all affected by 
increased P availability. This implies that diazotrophs were stimulated 
directly by higher availability of P, rather than indirectly by additional 
supply of compounds obtained from the moss. This is also shown by the 
similar increase of N2 fixation activity with P addition under dark conditions 
that we found (Figure 3). Most of the diazotrophic activity in both 
Sphagnum species appeared to be light related, as N2 fixation rates went 
down by 90% under dark conditions. This may have different reasons: 1. 
most of the diazotrophs are photoautotrophs; 2. most diazotrophs rely on 
other phototrophic microorganisms for their energy supply; or 3. most 
diazotrophs depend directly on products of Sphagnum photosynthesis. A 
high abundance of phototrophic microorganisms could be explained by 
the high availability of nutrients, since mutualistic interactions can be 
altered by nutrient loading in favor of phototrophic partners (Shantz et al., 
2016).  
 
P addition did, however, not increase Sphagnum growth, raising the 
question which other factor may have been limiting its growth. The low N: 
P ratios of Sphagnum tissue of controls (around 10) indicate relative N 
limitation (Bragazza et al., 2004; Wang and Moore, 2014). However, under 
these eutrophic conditions with high N availability and high tissue N 
concentrations, low ratios rather seem to be an effect of high P 
concentrations (Jiroušek et al., 2011). Concentrations of N, P and K in 
Sphagnum tissue (including their microbial community) were all high or 
on the high end for Sphagnum in minerotrophic peatlands, particularly for 
P (Aerts et al., 1999; Bragazza et al., 2004; Lamers et al., 2000) (Table 3). N: K 
ratios of around 1.6 for the controls in our experiment did not support the 
idea of K limitation (Bragazza et al., 2004). Other (micro)nutrients, like 
molybdenum were also readily available from the surface water. Since light 
conditions provided in the experiment resulted in at least 80-90% of 
saturation of the Sphagnum photosystem (Harley et al., 1989) and drought 
was avoided, growth limitation by light or water also seem unlikely. The 
lack of additional growth with added P and additionally fixed N can 
therefore most likely be explained by the fact that control peatmosses 
were already at their physiological maximum. Biomass production rates 
(based on the average growth rate of 8.5 mg gDW-1 d-1 and a growth season 
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of 250 days) corresponded to around 300 g m-2 y-1, which is indeed high 
(Gunnarsson, 2005; Rydin and Jeglum, 2013).  
 

Table 3. Concentrations of N, P and K (mg g-1) in Sphagnum for 
different treatments. Since no significant differences between 
species were found, data of both species were combined to 
display mean ± standard error (N=8). In effect row, significant 
differences of P or HCO3 treatment are indicated by asterisks: 
* P≤0.05, ** P≤0.01 and *** P≤0.001. 

 
N (mg g-1) P (mg g-1) K (mg g-1) 

C 11.80 
 ± 0.53 

1.36 
± 0.22 

7.56 
± 0.71 

P 12.38 
± 1.06 

2.36 
± 0.38 

9.41 
± 1.17 

HCO3
 13.50 

± 1.19 
1.73 
± 0.22 

2.31 
± 0.20 

HCO3 + P 16.05 
± 1.11 

2.82 
± 0.31 

2.10 
± 0.11 

P effect * **  
HCO3 effect **  *** 

 
With apparently no nutrient limitation for Sphagnum growth, P addition 
led to accumulation in Sphagnum-microorganism tissue. This lowered the 
N: P ratio, pointing towards unbalanced uptake of P or luxury consumption 
(increased nutrient accumulation without any gain in Sphagnum 
biomass). The amount of N fixed by diazotrophs under light conditions 
correlates with the N content of Sphagnum including its microbiome 
tissue (Figure 6). When we use the rate of N2 fixation to calculate 
theoretical increases in N content for different treatments, these can 
explain the increase in N content (result not shown). The unbalanced 
uptake of P, relative to N, therefore questions a direct role of the high 
diazotrophic N2 fixation rates we found here for Sphagnum growth, and 
rather suggests N accumulation in the associated microbial community. In 
conclusion, either the fixed N was not directly available for Sphagnum, or it 
could not be used due to physiological constraints. In both cases, 
Sphagnum could not profit from the additionally fixed N and seemed to be 
competing for nutrients with its symbionts rather than regulating their 
activity by supplying additional C. This is in stark contrast to Azolla spp, 
where P addition is known to directly increase the growth rate and N 
content of the host plant (direct mutualism) (Cheng et al., 2010). Under the 
present environmental conditions, the symbiosis between Sphagnum and 
its microbial community seems to be based on the indirect transfer of 
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nutrients after microbial die-off (Ho and Bodelier, 2015) rather than by a 
mutualistic interaction with Sphagnum directly benefitting from the 
additionally fixed N. More research is, however, needed to determine 
whether the symbiosis would change to a mutualistic interaction at low N 
conditions. At the ecosystem level, the increased N2 fixation rates with the 
lack of additional biomass production of Sphagnum with added P, led to 
remarkably high amounts of 15 kg ha-1 y-1 of extra N input. 
 

 
Figure 6. Linear regression of average N content of Sphagnum 
including its microbiome against average N2 fixation rates of 
both species.  

 
Importance of the symbiosis 
We showed that in these N rich fen systems, Sphagnum spp. still work as a 
filter monopolizing N and their microbial community still experiences N 
limitation. With all N taken up by Sphagnum, diazotrophs fix N2 at 
appreciable rates despite high N deposition. N2 fixation rates are even more 
increased by addition of P and by a higher HCO3

- concentration, as an 
effect of increased pH or an increase of (micro)nutrients, other than P. This 
may well explain the differences in N2 fixation rates between fens and bogs 
(Larmola et al., 2014). The diazotrophic community seems to have different 
optimal environmental conditions than their host, and seem to trade off 
protection from herbivores inside Sphagnum hyaline cells against 
monopolization of N and active acidification by Sphagnum. As peat mosses 
did not benefit from the fixed N, active control of the diazotrophic 
community (e.g. by additional organic compound supply) seems unlikely. 
Given the high N2 fixation rates and accumulation of N in Sphagnum peat, 
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we hypothesize that the fixed N is available by reabsorption from decaying 
and dead Sphagnum tissue and dead microbial biomass, rather than by 
the direct transfer between diazotrophs and Sphagnum. Ho and Bodelier 
(2015) also suggested this alternative pathway of N transfer between 
Sphagnum and N2 fixing methanotrophs, and feather mosses were 
suggested not to depend on their cyanobacterial community for N (Rousk 
and Michelsen, 2016). Since N loads (25 kg ha-1 y-1) were high here, and N2 
fixation added 6 kg N ha-1 y-1

 or more with high P loads, peat mosses can be 
expected to not be able to reabsorb the mineralized N, which then leaches 
deeper into the peat. Here, it may become available to vascular plants 
(Lamers et al., 2000). In this way, the high N2 fixation rates may speed up 
decomposition rates and invasion of vascular plants by supplying 
additional N to an already N loaded system. As high P input still increases 
N2 fixation rates, this will not be able to balance out the high N loads. 
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Conclusions 
 

1. In N saturated fens with an N deposition of 25 kg ha-1 y-1 the activity of 

diazotrophs can still be unexpectedly high (40 nmol N gDW-1 h-1). 

Since Sphagnum spp. monopolize all N in surface water, their 

microbial community still experiences N limitation. 

2. Diazotrophs are stimulated by addition of P and HCO3
- (buffer 

capacity), benefitting from additional organic compounds, nutrients 

and/or an increase in pH, which explains variations in N2 fixation rates 

reported for peatlands differing in nutrient supply or buffering.  

3. Sphagnum growth is -in stark contrast- hampered by the high HCO3
- 

concentrations. This questions the concept of a direct mutualism 

and seems to point to a compromise for the diazotrophic community 

between a sheltered environment on the one hand and a sub-

optimal pH and competition for nutrients with their host on the 

other.  

4. Appreciable N2 fixation rates in Sphagnum in high N deposition sites 

result in a very high total N input, which may speed up 

decomposition and stimulate the invasion of vascular plants, 

affecting C sequestration.    
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Data availability 
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Abstract 
 
Biological nitrogen (N) fixation is an important process supporting primary 
production in ecosystems, especially in those where N availability is 
limiting growth, such as peatlands and boreal forests. In many peatlands, 
peat mosses (genus Sphagnum) are the prime ecosystem engineers, and 
like feather mosses in boreal forests, they are associated with a diverse 
community of diazotrophs (N2-fixing microorganisms) that live in and on 
their tissue. The large variation in N2 fixation rates reported in literature 
remains, however, to be explained. To assess the potential roles of habitat 
(including nutrient concentration) and species traits (in particular litter 
decomposability and photosynthetic capacity) on the variability in N2 
fixation rates, we compared rates associated with various Sphagnum moss 
species in a bog, the surrounding forest and a fen in Sweden. We found 
appreciable variation in N2 fixation rates among moss species and habitats, 
and showed that both species and habitat conditions strongly influenced 
N2 fixation. We here show that higher decomposition rates, as explained by 
lower levels of decomposition-inhibiting compounds, and higher 
phosphorous (P) levels, are related with higher diazotrophic activity. 
Combining our findings with those of other studies, we propose a 
conceptual model in which both species-specific traits of mosses (as 
related to the trade-off between rapid photosynthesis and resistance to 
decomposition) and P availability, explain N2 fixation rates. This is expected 
to result in a tight coupling between P and N cycling in peatlands. 
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Introduction 
 
Nitrogen (N) fixation is the only biological pathway in which atmospheric 
dinitrogen (N2) is converted to a reduced form (NHx) accessible to plants. In 
this way N2-fixing microorganisms (diazotrophs) significantly contribute to 
the N pools of ecosystems, and thereby affect primary production of plants, 
given that N availability is often limiting plant biomass production 
(Vitousek and Howarth, 1991). Knowledge of the drivers of the strongly 
varying rates of N2 fixation reported in literature is therefore vital for our 
understanding of the relative contribution of N2 fixation to the total 
ecosystem N input (Galloway et al., 2004; Vitousek et al., 2010). Human 
interference through the development of techniques to artificially fix N2 for 
agricultural production has led to extensive eutrophication, disrupting the 
global N cycle (Canfield et al., 2010; Fowler et al., 2013). As this disturbance 
of the natural N input into ecosystems also affects carbon (C) cycling 
through its effects on primary production and decomposition (Bragazza et 
al., 2006; Limpens and Berendse, 2003), knowledge about the drivers of N2 
fixation becomes even more important. 
 
The relative contribution of N2 fixation to the total available N pool can be 
expected to be most significant in those ecosystems, such as Sphagnum 
peatlands, where atmospheric N deposition represents the only other 
major N input. The low N deposition at northern latitudes, in combination 
with the competitive strategy of Sphagnum mosses to sequester N, speaks 
for the importance of N2 fixation in these habitats. In pristine boreal 
peatlands, which are long term C sinks (Turetsky et al., 2002; Yu, 2012), rates 
of N2 fixation in Sphagnum were indeed found to explain the discrepancy 
between the low N inputs through atmospheric deposition, and the N 
assimilation of Sphagnum species and N storage in peat (Vile et al., 2014). 
In Sphagnum peatlands the contribution of diazotrophic N2 fixation is 
estimated to constitute around 35% of the N input (Berg et al., 2013; 
Larmola et al., 2014), while in N-limited boreal forests, N2 fixation in mosses 
was found to contribute up to 50% to the total N input (Rousk et al., 2013). 
 
Peat mosses (genus Sphagnum) are the prime ecosystem engineers of 
many peatlands, hampering other plants’ growth for example by strongly 
monopolising N input from atmospheric deposition (Fritz et al., 2014; 
Lamers et al., 2000; Rydin and Jeglum, 2013). Also, Sphagnum deters 
competitors and decomposers through waterlogging, acidification and the 
production of recalcitrant organic compounds and structurally rigid cells: 
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characteristics that enable them to produce and store large amounts of 
peat over time (Rydin and Jeglum, 2013; Verhoeven and Liefveld, 1997). 
Functional traits of Sphagnum mosses, such as litter decomposability, 
growth and acidifying potential, are in large part due to the biochemistry 
of the mosses (Bengtsson et al., 2018a; Cornelissen et al., 2007), and their 
traits affect ecosystem processes such as C sequestration in Sphagnum 
dominated peatlands (De Deyn et al., 2008). N2 fixation potential represents 
an important functional trait that contributes to ecosystem N input. In this 
way plant-associated microbiomes explain additional variation in 
productivity and ecosystem functioning (Kembel et al., 2014; Laforest-
Lapointe et al., 2017).  
 
Sphagnum mosses are colonised by a diverse community of 
microorganisms that live inside the large volume of dead hyaline cells and 
on the surface of their tissue (Bragina et al., 2012; Opelt et al., 2007). The 
community may comprise a high proportion (45.5%; Bragina et al., 2013) of 
highly diverse diazotrophs that profit from the moist and partly anoxic 
conditions around and in Sphagnum. Other studies have shown that most 
of the N2-fixing activity in Sphagnum was assigned to the 
Alphaproteobacterial class of the phylum Proteobacteria, and only very 
little (6% or less) to the phylum Cyanobacteria (Bragina et al., 2013; Kox et 
al., 2016; Leppänen et al., 2015). The ratio between Proteobacteria and 
Cyanobacteria can, however, vary among peatlands (Carrell et al., 2019). 
This microbiome composition is in stark contrast to that of feather mosses 
that dominate the forest floor of boreal forests. The feather moss 
Pleurozium schreberi was associated with diazotrophs whose genes were 
96% cyanobacterial (Leppänen et al., 2013). Much research has focused on 
the differential rates of N2 fixation of cyanobacteria in these feather mosses, 
and its inhibition by increasing N deposition (Ackermann et al., 2012; 
Leppänen et al., 2013; Zackrisson et al., 2009). However, for Sphagnum, 
much less is known about the variation in N2 fixation rates in different 
species and habitats, and how environmental drivers control these rates. 
 
Different Sphagnum species were found to have different microbial 
communities (Bragina et al., 2012), resulting in differences in N2 fixation 
rates (Leppänen et al., 2015). At the same time, different Sphagnum species 
are also adapted to the different environmental conditions of their habitats 
(Bengtsson et al., 2016a; Rydin and Jeglum, 2013), which can also be 
expected to have an effect on the composition and activity of the 
diazotrophic community (Carrell et al., 2019). For example, N2 fixation rates 
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in Sphagnum species of fens were found to be higher than in Sphagnum 
species in bogs (Waughman and Bellamy, 1980). This may be related to 
high pH (Basilier, 1979) or higher phosphorus (P) availability (van den Elzen 
et al., 2017). In bogs, rates were found to be higher in hollows compared to 
hummocks (Granhall and Selander 1973), suggested to be the result of 
water level (Leppänen et al., 2015). Especially the effect of P, important for 
the synthesis of ATP necessary for the costly biochemical process of N2 
fixation, is considered to be important in driving N2 fixation rates in 
terrestrial ecosystems in general (Vitousek et al., 2002), and in feather 
mosses (Rousk et al., 2017a) and Sphagnum (van den Elzen et al, 2017).  
 
Here, we study the variation in N2 fixation rates among host species and 
habitats, by comparing four Sphagnum mosses in contrasting habitats 
and relating N2 fixation to nutrient levels in the mosses. Specifically, we 
relate the N2 fixation to species traits associated with growth and 
decomposition. Synthesizing our results with those of other studies, we 
generate a conceptual model that illustrates the interconnected drivers of 
N2 fixation and Sphagnum performance in mires. In addition, we compare 
the N2 fixation rates in Sphagnum with two well-studied boreal feather 
mosses. 
 
 

Material and methods 
 
Species and study sites 
Our study sites are located in the central-east of southern Sweden. 
Kulflyten mire (59°54’N, 15°50’E) is a raised ombrotrophic bog with bog 
pools, surrounded by a wet lagg fen that is richer in solutes because of the 
surrounding mineral soil. The mire is further surrounded by a young spruce 
forest on peaty soil. The second site, Glon (60°31’N, 17°55’E) is a small rich 
fen on lime-rich moraine. The pH in the bog among our samples averages 
4.3 (±0.02), while it is 5.5 (±0.03) around the Sphagnum sampled in the rich 
fen. Both sites show a mean temperature of around 17°C in July, and –2.6°C 
(Kulflyten) and –1.0°C (Glon) in December (Bengtsson et al., 2016a). No 
specific permissions were required at these sites because Swedish public 
access to land allows everyone to access nature areas and collect plants, as 
long as an area does not have a protected status which states that you can 
not collect plants. These areas did not have protected status prohibiting 
collection of moss or other plants. The field study did not involve 
endangered or protected species. 
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Our sampling aimed to explore the variation among species and habitats. 
At Kulflyten mire we sampled four different vegetation types: open bog 
(OB), pine bog (PB), spruce forest (SF) and lagg fen (LF). At the fen, Glon, 
one habitat type was sampled: rich fen (RF). We sampled four species of 
Sphagnum: S. fallax (LF), S. fuscum (OB, RF), S. rubellum (OB), S. 
magellanicum (OB, PB, SF). Additionally, we sampled two species of 
feather mosses: Pleurozium schreberi (SF) and Hylocomium splendens (SF) 
(Table 1). 
 
Table 1. Species used in the study, vegetation types and 
microtopographical positions along the hummock-hollow gradient. 
Species Author  Sphagnum 

subgenus 
Vegetation type Micro-topo-

graphical 
position 

Sphagnum 
fuscum 

(Schimp.) 
H.Klinggr. 

Acutifolia Open bog (OB) 
Rich fen (RF) 

Hummock 
Hummock 

Sphagnum 
rubellum 

Wilson Acutifolia Open bog (OB) Low 
hummock 

Sphagnum 
fallax 

(H.Klinggr.) 
H.Klinggr. 

Cuspidata Lagg fen (LF) Lawn 

Sphagnum 
magellanicum 

Brid. Sphagnum Open bog (OB) 
Pine bog (PB) 
Spruce forest (SF) 

Lawn–carpet 
Hummock 
Hummock 

Pleurozium 
schreberi  

(Brid.) Mitt. - Spruce forest (SF) - 

Hylocomium 
splendens  

(Hedw.) 
Schimp. 

- Spruce forest (SF) - 

 
Sampling and N2 fixation measurements 
Samples were collected in September 2014 in homogenous patches of 
single species. For each species, five replicates (four for S. magellanicum, 
SF), from similar patches were obtained. For Sphagnum these are the 
patches where we measured several traits, including photosynthetic 
capacity, in the previous study (Bengtsson et al., 2016a; Bengtsson et al., 
2016b). Within each replicate three subsamples were taken. A sharpened 
metal ring (ø 5 cm, depth 5 cm) was carefully inserted into the vegetation 
without compressing it, by making a pre-cut circle using scissors. Samples 
were put in plastic ziplock bags and directly transported to the lab in 
Nijmegen, the Netherlands. Two of the subsamples were dried for 72 h at 
70° C and weighted to determine dry weight (DW) per area and bulk 
density (g cm-3). These subsamples were homogenised and ground with a 
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mixer mill (MM301, Retsch, Germany) for 2 min at 30 rotations s-1 and used 
as control samples to determine background isotopic N signature and 
tissue nutrient concentrations.  
 
The third subsample of each species-habitat combination replicate was 
put in a 120 ml flask with a capped rubber stopper. With an injection 
needle, 12 ml of the headspace air was removed and replaced with 15N2 gas 
(98 atom % 15N, Sigma-Aldrich, Germany) resulting in a headspace 
concentration of 10% of 15N2. The mosses were incubated for 48h in an 
incubation room (light regime 16h per day, 200 µmol m-2 s-1 PAR, 20°C). 
After incubation, mosses were dried and ground (see above). For both 
background and enriched samples, total N concentrations, isotopic ratios 
(15N/14N, expressed with δ15N signal as the ‰ deviation from atmospheric N2) 
and atom percent 15N/14N (15N) were determined using an elemental 
analyser (Type NA 1500 Carlo Erba, Thermo Fisher Scientific Inc, USA) 
coupled online via an interface (Finnigan Conflo III) to a mass spectrometer 
(Thermo Finnigan DeltaPlus, USA). The isotope atom percent 15N of the 
enriched samples was corrected by the natural isotopic 15N abundance of 
the background samples by subtracting enriched atom% 15N with natural 
atom% 15N to get atom% increase in 15N. This atom% increase in 15N is 
converted to g N gDW-1 with the total %N according to equation 1. 
 
N2 fixation = !"#$%  !"#$%&'% !"!

!""%
 ×  !"!#$ %!

!""%
 ×  !"!#$ %! !" !"#$%&!!"!

% !"!! !" !!"#$%"&!
  (eq. 1) 

N2 fixation rates in g N gDW-1 were converted to rates in nmol N2 gDW-1 d-1 
using incubation time and molecular weight. Light regime during 
incubation was representative for the average day length of the growth 
season (16 hours), and the short period of raising the temperature to 20°C 
was expected to have little effect on N2 fixation rates (Basilier et al., 1978; 
Rousk et al., 2017b).  
 
Total carbon (C) concentration was determined using an elemental 
analyser (see above) and total phosphorus (P) and potassium (K) 
concentrations were determined on digestates of dried and ground moss 
tissue, which were prepared by digesting samples in 500 μL HNO3 (65%) 
and 200 μL H2O2 (30%) for 16 min in a microwave (Milestone MLS1200 Mega, 
Milestone Inc., Sorisole, Italy). Digestates were diluted with MilliQ water 
(PFXXXXM1, Elga, UK) and P and K concentrations measured by inductively 
coupled plasma emission spectrometry (IRIS Intrepid II, Therma Electron 
corporation, Franklin, USA).  
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Sphagnum performance and traits 
We used data on Sphagnum performance and environmental variables that 
were collected at the same sample patches and analysed by Bengtsson et al. 
(2016a; 2016b), where methods and data are described in detail. We included 
data on biomass accumulation per unit area, CO2 exchange rate per unit 
biomass, decomposition in the field and standardised decomposability in 
the lab (% mass loss from litter). Biomass accumulation was averaged over 
the two growing seasons 2013 and 2014. Length increment was measured 
along brush wires inserted into the Sphagnum vegetation, as described in 
Rydin and Jeglum (2013). Biomass accumulation was determined by 
counting the shoot density in cores (ø = 7 cm) and multiplying the DW of 3 
cm shoot-sections with the length increment. Photosynthetic capacity was 
measured as the maximum net CO2 exchange rate at optimal water content 
and expressed per individual shoot.  
 
Moss decomposability was measured in samples from the same patches 
used by Bengtsson et al. (2018a; 2018b), where methods and data are 
described in detail. Decomposability of the litter was determined as mass 
loss after litter had been incubated in the lab for 7 months. Litter was 
defined as 2 cm shoot sections from below the capitula, which was placed 
in nylon mesh bags. To estimate field mass loss, a second set of litterbags 
was buried in the field at the original location of each bag, 5 cm below the 
moss surface. Mass loss was assessed after 14 months. We also use data for 
the same Sphagnum patches on biochemical composition of the litter: 
sphagnan, soluble phenolics and lignin-like phenolics (all in mg g-1).  
 
Statistical analysis 
To analyse whether rates of N2 fixation varied between species and habitats 
we used ANOVA. Samples of S. fuscum and S. magellanicum from different 
habitats were treated as different units, i.e. on the same level as species 
when analysing differences between species. Significant differences 
between groups were tested with a Tukey Post Hoc test.  
 
For the Sphagnum species we also had data on traits, and for these we 
analysed regressions with N2 fixation rates as the response variable, and 
decomposability in the lab, decomposition in the field, biomass growth, 
photosynthetic capacity and tissue element concentrations of biochemical 
compounds, C, N, P and K (as well as C/N and N/P ratios) as predictors. 
Residuals were checked for normality and N2 fixation rates were log-
transformed (ln(y+1)). To analyse differences in nutrient concentrations, 
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decomposition and growth parameters between samples of S. 
magellanicum from different habitats a nonparametric Kruskal Wallis test 
was used. Statistical tests were performed using SPSS Statistics 21.0 and R 
version 3.4.0. 
 
 

Results 
 
N2 fixation rates of Sphagnum and feather mosses from different habitats 
N2 fixation rates varied between Sphagnum species (ANOVA: F8,35 = 5.35; P < 
0.001, Fig 1). N2 fixation rates were the highest for S. fallax samples, but the 
rates of these samples could only be statistically distinguished from S. 
fuscum (OB), S. magellanicum (OB) and from the feather moss 
Hylocomium splendens. Compared with all Sphagnum samples, N2 fixation 
rates in the two feather mosses were at intermediate levels.  

 
Figure 1. N2 fixation rates +1 on a logarithmic scale plotted for 
Sphagnum and feather moss species and habitats. Blue 
shows averages ±SEM (N = 5, except for S. magellanicum (SF) 
with N = 4). Different letters represent significant differences 
between species and habitats (based on Tukey tests). 
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For S. magellanicum, we saw a strong effect of habitat (Fig 1) with N2 
fixation averages being more than 20 times higher in the pine bog (PB) 
and spruce forest (SF), than in the open bog (OB). For this species, there 
were also significant differences in P concentration between the three 
habitats (Kruskal Wallis; P < 0.005): lowest P concentrations in OB, followed 
by PB and highest in SF. 
 
N2 fixation could potentially be affected by microsite wetness (affecting 
redox potential), but we found no such relationship: the wettest carpet and 
lawn habitats had samples with both the highest (S. fallax) and lowest (S. 
magellanicum, open bog) rates (Fig 1), and the hummock samples were 
intermediate. 
 
Traits related to N2 fixation in Sphagnum 
N2 fixation rates for Sphagnum species throughout different habitats 
showed the strongest significant positive correlations with lab 
decomposition (r = 0.71; Fig 2A), and in order of weaker correlations with 
N/P ratio (r = -0.48), lignin-like phenolics (r = -0.46), P concentration (r = 
0.43, Fig 2B), field decomposition (r = 0.40) and C concentration (r = -0.39) 
(Table 2). Photosynthetic capacity was most strongly correlated with P (r = 
0.58), N (r = 0.51) and C/N (r = -0.43).  
 

 
Figure 2. N2 fixation rate +1 on a logarithmic scale, plotted 
against A) decomposability (litter mass loss (%) after 7 months 
incubation in the lab) and B) P concentration (mg g-1) of 
Sphagnum dry weight. 
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In addition to the simple correlations (Table 2) we tested whether 
regression models with two predictors could predict N2 fixation better. The 
best combination (highest R2

adj) was with decomposability and N/P ratio as 
predictors (ln(N2fixation rate +1) = 1.715 + 0.06 decomposability - 0.055 N/P; 
P  < 0.0001; R2

adj = 0.57; compared to R2
adj = 0.52 for the model with 

decomposability and P, and R2
adj= 0.49 for the simple model with 

decomposability as predictor). 
 
N2 fixation was correlated with the lignin-like phenolics (Table 2), but 

adding the lignin-like phenolics to the regression model with 
decomposability did not increase the variation explained (R2

adj = 0.47). 
Testing models with three predictors did not improve on R2

adj.   
 

Table 2: see end of chapter, page 81. Correlations within the 
Sphagnum  data set. Variables are Nfix log = N2 fixation (log 
transformed (ln(y+1)) (nmol N2 g-1 h-1), Loss lab = decomposability, 
i.e. mass loss (%) from litter in lab conditions 7 months, Loss field 
= mass loss (%) from litter in field conditions 14 months, 
Biom.growth = biomass increase per area, averaged between the 
growth seasons of 2012 and 2013 (g cm-2), Photos.cap. = 
Photosynthetic capacity per unit dry weight (mg g-1 h-1), C, N, P, K 
= element concentrations (mg g-1) and N/P and C/N = nutrient 
ratios in Sphagnum  tissue, and metabolites in Sphagnum  tissue, 
all in mg g-1: sphagnan concentration, sol.phenolics = soluble 
phenolics concentration, and lignin-like phenolics concentration. 
n = 31-34; * P < 0.05; ** P < 0.01. 

 
 

Discussion 
 
Variation in N2 fixation rates  
The potential N2 fixation rates we measured in feather mosses were on 
average 3.5 nmol N2 g-1 d-1 for Hylocomium splendens and 10.5 nmol g-1 d-1 
for Pleurozium schreberi. This is within the range measured in boreal 
forests in Finland by Leppänen et al. (2013). They compared N2 fixation for 
the same two feather mosses in northern and southern (comparable to the 
latitude for our sites) habitats and found a northern average of around 27.9 
nmol g-1 d-1 for both species, and a southern average of 1.8 nmol g-1 d-1 for 
both species. Lower rates in the southern sites were suggested to be linked 
to higher N deposition loads at lower latitudes in Scandinavia (> 0.3 g N m-2 
y-1 compared to < 0.2 g N m-2 y-1) (Leppänen et al., 2013).  
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If we compare N2 fixation rates in feather mosses to rates in Sphagnum 
they are intermediate; the open bog sphagna tend to have lower rates, 
while mire margin sphagna tend to have higher rates. Higher rates in 
Sphagnum may be expected because of the more consistently higher 
water content of Sphagnum, leading to more anoxic and thus more 
favourable conditions for diazotrophs residing in the hyaline cells of 
Sphagnum (even though we did not find any relationship between habitat 
wetness and N2 fixation in the Sphagnum samples). The diazotrophic 
communities of Sphagnum species, mainly comprising Proteobacteria 
(Bragina et al., 2013; Leppänen et al., 2015), may be more dependent on 
wetter conditions to prevent oxygen from down regulating hydrogenase, 
than cyanobacteria, the main diazotrophs in the studied feather mosses 
(Markham, 2009). This may lead to some Sphagnum species with higher 
and some with lower N2 fixation rates than in the feather mosses. 
 
Studies about N2 fixation often include an up-scaling to potential annual 
fixation per unit area. Even though this is questionable in our case with 
measurements at only one occasion, we did some rough comparisons 
based on literature data. Annual N2 fixation rates are known to vary as a 
result of temperature and precipitation (Gundale et al., 2012; Markham, 
2009), and are appreciable from June to September in Scandinavia (Deluca 
et al., 2002; Zackrisson et al., 2009). Assuming a growth season of 200 days 
(Deluca et al., 2002), rates of annual N2 fixation in Sphagnum species in our 
study range on average from 6 to 120 mg N m-2 y-1. These rates are lower 
than results from other European peatlands of 140–280 mg N m-2 y-1 
(Granhall and Selander, 1973; Larmola et al., 2014), and much lower than 
480–6230 mg N m-2 y-1 in boreal bogs in Canada (Vile et al., 2014). However, 
at the moderate atmospheric N deposition rates in the research area (600 
mg m-2 y-1; Granath et al., 2009), inputs of on average 60 mg m-2 y-1 for 
Sphagnum species still represent an appreciable contribution. 
 
Drivers of Sphagnum-associated N2 fixation 
Our most important finding is that N2 fixation rates of Sphagnum species 
were best explained by decomposability with an additional effect of 
phosphorus concentration (as P or N/P-ratio). Sphagna that produce 
higher amounts of compounds such as sphagnan and phenolics have 
higher intrinsic decay resistance (lower mass loss in the lab) (Bengtsson et 
al., 2018a), which was supported by the correlations found here. This may 
suggest that such compounds directly hamper diazotrophic activity. 
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However, there could also be an indirect effect through decomposition 
rates and the resulting availability of P.  
 
N2 fixation rates in mires have been found to be higher in wetter habitats 
(Granhall and Selander, 1973; Larmola et al., 2014). This was reflected by our 
finding that S. fallax consistently showed the highest rates of N2 fixation. 
However, S. magellanicum from the open bog, which grows equally wet, 
had relatively low N2 fixation rates. The large differences within S. 
magellanicum with lower rates on the bog than in the margin habitats, 
and overall low rates on the bog, suggest that N2 fixation rates are, at least 
partly, driven by differences between habitats (open bog versus mire 
margin). This also supports the old results (based on acetylene reduction 
assays) that open bogs have low rates of N2 fixation (e.g. Basilier, 1979). 
 
For S. magellanicum, different habitats were sampled, and we found the 
highest N2 fixation rates in the spruce forest. Since N2 fixation in Sphagnum 
is known to be much lower in darker conditions (Basilier et al., 1978; van 
den Elzen et al., 2017), as would be the case under a canopy, light 
availability cannot explain the differences between open and treed 
habitats. Trees, assimilating nutrients from deeper soil layers and filtering 
dry deposition from the atmosphere provide input of nutrients as 
throughfall or litter (Aerts et al., 1999). Especially P has been shown to limit 
N2 fixation (Vitousek et al., 2013) and therefore a tree-covered habitat with 
higher P availability may stimulate N2 fixation rates as indicated for S. 
magellanicum in treed habitats (Fig 2B). The diazotrophic community of S. 
magellanicum from different habitats may not only differ in activity, but 
also in their composition (Bragina et al., 2013). It would therefore be 
interesting to know whether there is a direct microbiome link to different 
habitats (Kyrkjeeide et al., 2016).  
 
Several variables were correlated with N2 fixation rates, and in the absence 
of controlled experiments, the mechanisms and directions of cause and 
effects cannot be fully clarified. Some predictors were also correlated with 
each other. For example, N2 fixation was negatively correlated with C, but C 
was also correlated with decomposability (Table 2), and did not improve on 
a model with decomposability as predictor for N2 fixation. 
 
The positive correlation between N2 fixation and P (and negative with N/P 
ratio) may indicate that P increases the diazotrophs’ need for N to build up 
cell structures, instigating them to invest in N2 fixation as a source of 
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additional N. This role of P in N2 fixation has been suggested before 
(Vitousek et al., 2013; Rousk et al., 2017a; van den Elzen et al., 2017). N2 
fixation could also lead to more N in the Sphagnum tissue, which may in 
turn promote decomposition. Sphagnum magellanicum samples from the 
spruce forest have much higher average P concentrations than other 
species in our study, and the S. magellanicum samples from the pine bog 
lie in between (Fig 2B). Thereby, P concentrations in our data reflect 
different levels of P availability in the different habitats. The higher 
decomposition rates in more nutrient rich habitats may, in addition, 
provide a positive feedback on nutrient availability, as they increase 
nutrient turnover rates.  
 
N2 fixation and Sphagnum growth 
We did not find any direct correlations between N2 fixation, photosynthetic 
capacity and growth (Table 1). Instead, higher Sphagnum growth is related 
to lower amounts of decay-resisting compounds, in accordance with the 
trade-off between growth and decomposition we found in a larger data-set 
(Bengtsson et al., 2016a and 2016b; of which the current data are a subset). 
These previous studies also showed that growth is strongly modulated by, 
for example, water availability, and this may be more important than any 
direct effects of photosynthetic capacity or N2 fixation. 
 
The Sphagnum species in our study showed N/P ratios indicating strong to 
moderate N limitation (Güsewell, 2004). Sphagnum magellanicum from 
the spruce forest had the lowest value (9; indicating strong N limitation) 
and the same species had the highest value in the open bog (31; P 
limitation) (Supporting information, S1 Table and S2 Table). Toberman et al. 
(Toberman et al., 2015) recognised that a key role for P was to drive 
productivity in peatlands, and these systems have been suggested to be 
co-limited by N and P, and possibly also by K (Bragazza et al., 2004; Fritz et 
al., 2012; Wang and Moore, 2014). Fritz et al. (2012) showed that addition of P 
to a pristine bog lead to increased Sphagnum growth without a decrease 
in tissue N concentration. This may be explained by increased N2 fixation as 
a result of higher P availability. The importance of P as a regulator of 
microbial activity is also indicated by the high abundance of microbial 
genes for P uptake and transport found in Sphagnum and peat (Lin et al., 
2014). This shows that P, in addition to having a direct stimulating effect on 
Sphagnum as a nutrient co-limiting growth, can also have an indirect 
effect on Sphagnum growth through higher fixation of N.  
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There was a positive correlation between photosynthetic rate and tissue N 
concentration, which can be a result of higher nutrient input, faster 
mineralisation rates, higher N2 fixation rates, or a combination of these. The 
tissue N concentration included the N in the microbiome, so we cannot 
distinguish between the different sources of N. However, since N2 fixation is 
an energetically costly process, it is likely that the N being fixed is 
immediately used for the production of cell structures of diazotrophs (and 
other microorganisms), before becoming available for Sphagnum (van den 
Elzen et al., 2017). Consequently, in the longer term higher P availability also 
results in higher N availability, which would stimulate growth and influence 
the C sequestration function of peatlands. Whether changes in these 
microbial processes, as affected by P, result in a change in the activity or in 
the composition of these communities warrants further investigation. 
 
Synthesis: towards a conceptual model 
Based on literature and our findings, a conceptual model was generated 
that summarises the most probable drivers of N2 fixation, photosynthesis 
and decomposition in Sphagnum, the three processes that we measured 
in standardised laboratory conditions (Fig 3). This conceptual model may 
serve to generate testable hypotheses for experimental work in the future. 
 
Sphagnum growth is generally limited by N or P, and in our results 
photosynthetic capacity was correlated with the concentration of both N 
and P. In contrast, N2 fixation was correlated with P. Sphagnum species-
specific traits are determined by the trade-off between growth and 
decomposition. Decay rates are related to the concentration of metabolites 
inhibiting decomposition and to environmental factors such as pH, water 
table and nutrient availability. We here suggest that faster decomposition 
can lead to higher P availability (reaching the symbionts by the upward 
capillary water movement, or by active internal transport; cf. Rydin and 
Clymo, 1989), while higher concentrations of decomposition-inhibiting 
metabolites may directly or indirectly impede N2 fixation. 
 
Nutrient availability is governed by many processes not depicted in Fig 3 
(such as other biological processes,  nitrogen deposition, or nutrient inflow 
into fens and forested ecosystems). We speculate that if a higher input of P 
to the system (or habitat) stimulates N2 fixation rates, long term Sphagnum 
growth increases through increased N availability. In conclusion, higher 
availability of both N and P can be expected to result in increased turnover 
rates, resulting in a positive feedback loop.  
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Figure 3. Conceptual graph showing the potential drivers of N2 
fixation, Sphagnum photosynthesis and decomposition. 
Arrows indicate an effect (+ positive or – negative) of one 
process (squares) or reservoir (ellipses) on another, through 
the availability of nutrients or metabolites. 
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Abstract  
 
Pristine bogs, peatlands in which vegetation is exclusively fed by rainwater 
(ombrotrophic), typically have a low atmospheric deposition of reactive 
nitrogen (N) (<0.5 kg ha-1 y-1). An important additional N source is N2 fixation 
by symbiotic microorganisms (diazotrophs) in peat and mosses. Although 
the effects of increased total airborne N by anthropogenic emissions on 
bog vegetation are well documented, the important question remains how 
different N forms (ammonium, NH4

+, versus nitrate, NO3
-) affect N cycling, 

as their relative contribution to the total load strongly varies among 
regions globally.  
Here, we studied the effects of 11 years of experimentally increased 
deposition (32 versus 8 kg N ha-1 y-1) of either NH4

+ or NO3
- on N 

accumulation in three moss and one lichen species (Sphagnum 
capillifolium, S. papillosum, Pleurozium schreberi and Cladonia 
portentosa), N2 fixation rates of their symbionts, and potential N losses to 
peat soil and atmosphere, in a bog in Scotland.   
Increased input of both N forms led to 15-90% increase in N content for all 
moss species, without affecting their cover. The keystone species S. 
capillifolium showed 4 times higher N allocation into free amino acids, 
indicating N stress, but only in response to increased NH4

+. In contrast, NO3
- 

addition resulted in enhanced peat N mineralization linked to microbial 
NO3

- reduction, increasing soil pH, N concentrations and N losses via 
denitrification. Unexpectedly, increased deposition from 8 to 32 kg ha-1 y-1 in 
both N forms did not affect N2 fixation rates for any of the moss species and 
corresponded to an additional input of 5 kg N ha-1 y-1 with a 100% S. 
capillifolium cover. Since both N forms clearly show differential effects on 
living Sphagnum and biogeochemical processes in the underlying peat, N 
form should be included in the assessment of the effects of N pollution on 
peatlands.  



EFFECTS OF AIRBORNE AMMONIUM AND NITRATE POLLUTION STRONLY DIFFER 

85 

5 

 

 
Figure. Graphical abstract. 

 
 
Highlights 

• N2 fixation of moss symbionts is not down-regulated by increased N 
deposition. 

• Ammonium N deposition leads to N stress response in keystone spp. 
of bogs. 

• Nitrate N deposition, in contrast, leads to increased peat N 
mineralization. 

• Differential N effects on bog ecosystem functioning should be taken 
into account. 
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Introduction 
 
Nitrogen (N) is a key limiting nutrient for primary production in terrestrial 
ecosystems (LeBauer and Treseder, 2008), and the availability of this 
nutrient affects plant competition and biodiversity (Bobbink et al., 1998; 
Porter et al., 2013). Ombrotrophic bogs typically develop under very 
nutrient poor conditions, and their keystone genus, Sphagnum (peat 
moss), is highly adapted, showing a high N uptake and N use efficiency 
(Aerts et al., 1999; Fritz et al., 2014). By covering the peat soil, peat mosses 
function as a filter that efficiently absorbs N from rainwater, preventing it 
from leaching to the rhizosphere of vascular plants, which makes 
Sphagnum an effective competitor for nutrients (Bragazza et al., 2004; Fritz 
et al., 2014; Lamers et al., 2000). However, increasing anthropogenic N 
emissions of the last century have led to much higher N deposition loads 
(Dentener et al., 2006; Vitousek et al., 1997), presenting a severe threat to 
bogs (Bragazza et al., 2006; Tomassen et al., 2003a). Reactive N in 
atmospheric deposition consists of two major forms: reduced N as 
ammonia (NH3) and ammonium (NH4

+), and oxidized N as nitrate (NO3
-). 

Highly detrimental effects of NH3 deposition on vegetation have been 
demonstrated for various ecosystems including peatlands (Fangmeier et 
al., 1994; Krupa, 2003; Sheppard et al., 2011), but potential differences 
between effects of NH4

+ deposition (here referred to as Nred) and NO3
- 

deposition (referred to as Nox) remain largely obscure. The ratio between 
these two forms of N deposition varies worldwide and is important in 
explaining changes in species composition and ecosystem functioning 
(Stevens et al., 2011). 
 
Both N forms can be rapidly taken up by Sphagnum (Fritz et al., 2014; 
Rudolph et al., 1993) and other mosses (Li and Vitt, 1997) and assimilated in 
their tissue. In particular NH4

+ can enter Sphagnum by binding to cation-
exchange sites, leading to subsequent translocation to the cytoplasm 
(Clymo and Hayward, 1982) and can in this way be taken up 10 times faster 
than NO3

- (Fritz et al., 2014; Liu et al., 2013), which must be reduced to NH4
+ 

before it can be assimilated. At high loads, N deposition can have a direct 
detrimental effect on Sphagnum, as internal accumulation of NH4

+ can 
become toxic (Baxter et al., 1992; Limpens and Berendse, 2003a; Nordin and 
Gunnarsson, 2000; Tomassen et al., 2003a; Wiedermann et al., 2009). Excess 
N is stored in N rich free amino acids in Sphagnum, functioning as an 
internal N detoxification mechanism. However, the imbalance between N 
uptake and N assimilation leads to N stress in Sphagnum that can lead to 
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Sphagnum decline and gradual ecosystem change (Tomassen et al., 
2003a; van der Heijden et al., 2000). The amino acid content of Sphagnum 
therefore represents a sensitive indicator of Sphagnum N stress (Tomassen 
et al., 2003a).  
 
In addition, increased availability of N can lead to indirect negative effects 
on Sphagnum, since excess N is not assimilated or immobilized and 
becomes available in the rhizosphere of fast growing vascular plants that 
may subsequently outcompete Sphagnum for light. It is assumed that N 
leaches through the Sphagnum filter at deposition rates above 20 kg ha-1  
y-1 (Harmens et al., 2014; Lamers et al., 2000). Deposition above this load 
may lead to ecosystem changes, from Sphagnum covered bogs to bogs 
that are more vascular plant dominated (Bubier et al., 2007; Heijmans et al., 
2002; Lamers et al., 2000; Tomassen et al., 2003a). Besides, N leaching to 
deeper anoxic peat layers may become available to the denitrifying 
microbial community that can quickly convert it to N2O and subsequently 
to N2. This loss of N to the atmosphere potentially represents an important 
pathway of N removal from peatlands (Silvan et al., 2002). However, 
denitrification rates reported are low, attributed to the low pH and N 
availability in peatlands (Aerts, 1997; Hayden and Ross, 2005).  
 
Next to atmospheric deposition, N input to pristine ecosystems results to a 
large extend from N2 fixation by microorganisms associated with peat soil 
and vegetation (Vitousek et al., 2013). In peatlands, the symbiosis between 
Sphagnum spp. and associated N2 fixing microorganisms (diazotrophs) is 
considered a very effective mechanism to obtain sufficient N for growth 
(Santi et al., 2013). Sphagnum spp. have hyaline cells that are colonized by a 
diverse microbial community (Bragina et al., 2012; Opelt et al., 2007) 
containing several species of diazotrophs (Bragina et al., 2013). In a pristine 
boreal bog, this community was even found to fix 85-96% of the total bog 
N-input (Vile et al., 2014). In boreal forests, the bryophyte Pleurozium sp. (a 
feather moss) also grows in symbiosis with N2 fixing cyanobacteria, 
supplying up to 50% of its total N input (Rousk et al., 2013). In pristine 
peatlands, associations between mosses and diazotrophs therefore 
represent an important contribution to the total N pool (Rousk et al., 2013), 
boosting peat accumulation through their stimulation of primary 
production (Vile et al., 2014). In addition to mosses, lichens such as 
Cladonia portentosa are also known to have similar symbioses (Grube et 
al., 2009). Although increased N availability can be expected to lower N2 
fixation rates, given the energy consuming nature of the reaction, 
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inconsistent results have been reported on the effect of increased N 
deposition (0.1 - 2 kg N ha-1 y-1 background deposition compared to 12.5, 40 
or 50 kg N ha-1 y-1) on N2 fixation for both feather mosses and Sphagnum 
spp. (Ackermann et al., 2012; Gundale et al., 2013; Kox et al., 2016; Leppänen 
et al., 2013). In addition, little is known about the relative contributions of 
the diazotrophic microbiomes of different species to the total N input in 
bogs where both bryophytes and lichens are present. 
 
In this paper, we report on the effects of long-term (11 years) experimental 
addition of N deposition of 24 kg ha-1 y-1 as NO3 versus NH4 on the 
biogeochemical cycling of N in Sphagnum and peat soil with respect to N2 
fixation, denitrification and N loss to deeper peat. In the real-time watering 
experiment in Whim bog in Scotland we tested our hypotheses that: 1) 
increased N deposition reduces N2 fixation of moss and lichen symbionts; 2) 
Sphagnum accumulates N rich amino acids, especially with NH4

+; 3) N 
deposition, especially NO3

-, leaches through the Sphagnum N filter to 
deeper peat layers, affecting biogeochemical processes in the soil 
including denitrification.  
 
 

Methods 
 
Study site 
Whim bog is situated in the Scottish Borders, close to Edinburgh (3° 16’ W, 
55° 46’ N) and represents a transition between a lowland raised bog and a 
blanket bog. It has a peat soil of 3-6 m deep that is relatively wet and acidic, 
with a pH of around 4.2. The mean annual air temperature and annual 
precipitation between 2003 and 2013 were 7.9°C and 1124 mm respectively, 
and the ambient N deposition rate was around 8 kg N ha-1 y-1, with similar 
contributions of ~3 kg of each wet N deposition form, i.e. NO3

-, NH4
+ and ~2 

kg of dry deposition (NH3) (Leith et al., 2004; Sheppard et al., 2004; 
Sheppard et al., 2014). The vegetation is classified as a Calluna vulgaris-
Eriophorum vaginatum community (UK NVC M19) (Rodwell, 1991) with 
hummocks of Sphagnum capillifolium and hollows containing mostly S. 
papillosum. Other common species are Calluna vulgaris, Eriophorum 
vaginatum, Erica tetralix, the mosses Pleurozium schreberi, Hypnum 
jutlandicum and the lichen Cladonia portentosa. 
 
In June 2002 a long-term deposition experiment was set up in this bog, 
where N treatments were continuously being added by real time watering 
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in different doses and different forms to circular plots of 12.8 m2. The 
treatments, replicated in four plots, were supplied to each plot from a 
central spinning disc generating fine rain droplets when activated by 
rainfall. In this study, we focus on the N treatments of annual addition of 24 
kg N ha-1 y-1 of 2 different forms of wet deposition: oxidized N or NO3

- (Nox) 
applied as NaNO3 and reduced N or NH4

+ (Nred) applied as NH4Cl. No 
increased concentration of Na+ was found in the pore water or bound to 
soil with Nox, nor an increase in concentration of Cl- in pore water with 
Nred (results not shown). Including the background N deposition of 8 kg 
ha-1 y-1 this translates to total N loads of 4 times ambient deposition: 32 kg N 
ha-1 y-1. The solution concentration of the additional raindrops was 1.71 mM 
and a rainwater only control was also applied, all providing an additional 
10% of treatment or control solution to rainwater (Sheppard et al., 2014). 
Samples were taken from each of the four replicate plots treated with 
control solution, 24 kg N-NH4 and 24 kg N-NO3. 
 
Plant analyses 
Sampling of moss and lichen tissue took place in September 2013, after a 
week with average rainfall (total 25.6 mm). Of each species (Sphagnum 
capillifolium, S. papillosum, Pleurozium schreberi and Cladonia 
portentosa) two 21 cm2 x 2 cm deep cores of biomass were taken, of which 
one was put in a zip lock bag to serve as a background isotopic signature 
sample. The other samples of each plot were placed in transparent, airtight 
1L glass jars. Through a septum, 100 mL of headspace was removed using a 
syringe with injection needle and replaced by 15-15N2 gas (98 atom% 15N, 
Sigma-Aldrich, Germany) leading to a 10% 

15N2 labeling. Samples were 
incubated for 24 hr. in the field, transferred to zip lock bags, and together 
with the background samples transported to Nijmegen, the Netherlands. 
All samples were dried at 70°C for 48 hr. and ground using a mixer mill 
(MM301, Retsch, Germany) for 2 min. at 30 rotations s-1. Total N 
concentrations and isotopic ratios were determined using an elemental 
analyzer (Type NA 1500 Carlo Erba, Thermo Fisher Scientific Inc., USA) 
coupled online via an interface (Finnigan Conflo III) to a mass-spectrometer 
(Thermo Finnigan DeltaPlus, USA). Background isotopic composition was 
determined for each species under each treatment separately, which is 
especially important given that the different N treatments (NH4

+ versus 
NO3

-) change the background isotopic signature of the mosses. This 
background isotopic signal was then used to correct the 15N labeled signal, 
leading to accurate rates of N2 fixation and high sensitivity of the method. 
The N2 fixation rates measured (nmol gDW-1 h-1) were also converted to 
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rates per unit moss area using the average bulk density of the cores of 
each species per treatment. Fixation rates per hectare of the species were 
transformed to a yearly rate assuming N2 fixation activity throughout the 
growing season (Rousk et al., 2015), which lasts around 250 days in 
peatlands in the Northern hemisphere with mild winters (Helfter et al., 
2015; Zhu et al., 2012) and has an average temperature of 11°C, calculated 
with a Q10 of 3.7 (Kravchenko and Doroshenko, 2003). Data on species 
cover in plots was used to calculate the average N2 fixation rates per area of 
each species and these were summed to get a representation of total N2 
fixation per bog area. 
 
An additional sample of S. capillifolium was collected from each plot, 
stored dark on ice and transported to Nijmegen. Each sample was ground 
in liquid nitrogen, and for amino acid analysis 3 subsamples of 1 g were 
transferred into 50mL Erlenmeyer flasks with 10 mL of extraction fluid (538 
mL ethanol, 262 mL demineralized water, 32 mL 25% thiodiglycol and 560 
mg citric acid monohydrate), kept on ice. 200 μL of norvaline was added as 
an internal standard, and flasks were shaken at 100 rpm for 60 min and 
then centrifuged at 1000 rpm. The precipitate was diluted in 20 mL of 
cooled chloroform, rigorously shaken for 2 min. and left to set overnight at 
4°C. Supernatant was freeze-dried, diluted in 2 mL 0.01 M HCL and filtered 
(Dynagard filter, 0.2 μm). Nine free amino acids were analyzed with 
automated precolumn derivatization and HPLC with Varian 920-LC (Varian 
INC., Melbourne, Australia): Alanine, Arginine, Asparagine, Aspartic acid, 
Glutamic acid, Glutamine, Glycine, Serine and Threonine. Their 
concentration was calculated based on their relative concentration 
compared to the known concentration of norvaline in the samples and 
expressed on a dry weight basis using the moisture content. The 
concentrations of all 9 amino acids were multiplied by the amount and 
weight of their N atoms and summed to get total N in free amino acids 
(aaN). Of the ground Sphagnum samples, 200 mg was digested in 4 mL 
HNO3 (65%) and 1 mL H2O2 (30 %), using an Ethos D microwave labstation 
(Milestone srl, Sorisole, Italy). Digestates were diluted in demineralized 
water and phosphorus (P) and potassium (K) concentrations were 
determined by inductively coupled plasma emission spectrometry (ICP-
OES iCAP 6000, Thermo Fisher Scientific, Waltham, USA). 
 
Pore water and soil sampling 
Porewater samples were taken at two depths in each plot using ceramic 
cups (Eijkelkamp Agrisearch equipment, Wageningen, the Netherlands) at 
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50 cm depth and small rhizon samplers (Eijkelkamp Agrisearch 
equipment, Wageningen, the Netherlands) at 10 cm depth, attached to 
vacuumed 60 mL plastic syringes. Both devices were placed at a 
representative open spot with mosses, and a second rhizon was placed in a 
S. capillifolium patch at 5 cm under the capitula. Pore water for all three 
depths was collected overnight on three different days at two-week 
intervals in April and May 2014. From each sample, pH was measured 
(Mettler Toledo MP220 pH meter); one 20 mL vial was kept at 4°C and one 
was kept frozen. In Nijmegen, the chilled samples were analyzed for 
dissolved organic carbon (DOC) and total nitrogen (TN) concentrations by 
combustion (Shimadzu, Duisburg, Germany), and the frozen samples were 
analyzed colorimetrically for phosphate (PO4

3-), NH4
+ and NO3

- with an Auto 
Analyzer system (Bran & Luebbe, Norderstedt, Germany) using ammonium 
molybdate (Henriksen, 1965), hydrazine sulphate (Kamphake et al., 1967) 
and salicylate (Grasshoff and Johannsen, 1972). The three sampling dates 
were averaged to one more representative value for each plot. Dissolved 
organic nitrogen (DON) concentrations were calculated by subtracting the 
sum of NO3

- and NH4
+ concentrations from TN concentrations. 

 
To determine cation exchange capacity, one soil core was collected from 
each plot with a metal auger (diameter 2.5 cm, length of 50 cm). Each core 
was separated in an upper (0-10 cm depth) and lower part (40-50 cm 
depth), each part was placed in a closed ziplock bag and transported to the 
lab in Nijmegen. In the lab, a strontium-chloride extraction and a water 
extraction were performed with 14 g of fresh weight (equivalent to 2.5 g dry 
weight) by adding 200 mL of 0.2 M SrCl2 or 100 mL of N2 bubbled 
demineralized water and shaking for 1 hour at 105 rpm. Each sample was 
filtered, the extraction fluid pH was measured and analyzed for Al, Ca, Fe, S, 
Mg, Mn, Na, Si and K by inductively-coupled plasma emission spectrometry 
(IRIS Intrepid II, Thermo Electron corporation, Franklin, USA), and for NH4 
with an Auto Analyzer system (see above). Cation Exchange Capacity (CEC) 
was calculated by subtracting the concentrations of Ca, Mg and K 
extractable by SrCl2 with their water-extractable concentration. All values 
were corrected for their charge and summed.  
 
Denitrification measurements 
Two additional cores from the upper 10 cm of soil were taken from each 
plot with a small plastic tube (diameter 3 cm, length 10 cm) in May 2014, 
closed airtight on both sides with parafilm, and transported to Nijmegen. 
Both cores were weighed and mixed anaerobically to one homogenized 
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sample of which 10 mg of fresh weight was diluted in 25 mL of 
demineralized water and vigorously shaken by hand for 1 min. From these 
slurries three subsamples were put in 13mL-vials to which 80 μL of 3 
different treatment solutions was added to determine potential N loss 
rates to the atmosphere: A) KCl (control); B) 500μM K15NO3 and 500 μM 
NH4Cl; C) 500 μM 15NH4Cl and 500 μM KNO3. Each vial was sealed with a 
plastic cap with a rubber gas sampling septum, flushed with Argon for two 
minutes to get anaerobic conditions and vigorously shaken (20 sec) (t=0). 
The vials were incubated in the dark on a rotary shaker (90 rpm) and 
headspace samples were taken at t= 4, 8 and 20 h and directly analyzed for 
isotopic composition of N gasses using gas chromatography (Agilent 6890 
equipped with a Porapak Q column at 80°C and a TCD detector at 300°C, 
Agilent Technologies, Santa Clara, CA, USA) combined with mass 
spectrometry (Agilent 5975c quadruple inert MS, Agilent technologies, CA, 
USA). From these concentrations over time, slopes were calculated for 
increase in N2 and N2O in the headspace and in the slurry. Solubility ratios 
of 0.016 for N2 (Weiss, 1970) and 0.6 for N2O (Tiedje, 1982) were used, based 
on the Bunsen absorption coefficient, taking the dissolved fraction of gas 
into account. Background denitrification was then calculated from the 28N2 
signal and potential denitrification by adding up the 30N2 and 30N2O 
production from the incubations with labeled NO3

-. Incubations with 
labeled NH4

+ enabled us to determine possible anaerobic ammonium 
oxidation (anammox) in production of 29N2. 
 
Statistics 
Values displayed in bar graphs are means ± standard error (SEM) (N=4). To 
test for the effect of N addition, one-way analyses of variance (ANOVAs) 
were conducted, using N treatment as an independent variable (fixed 
factor) with three categorical groups: control, Nred and Nox, and two-way 
ANOVAs when species data were available with species as an additional 
fixed factor. All dependent variables were quantitative and at a continuous 
scale, i.e. N2 fixation rate, N content, amino-acid concentration, potential 
denitrification rate and pore water and soil nutrient concentration. 
Normality was tested with a Shapiro-Wilk test and data that were not 
normally distributed were log-transformed prior to analysis to meet 
conditions of parametric tests. Homogeneity of the data was checked with 
Levene’s test of equality of variances; when variances were not equal, a 
nonparametric test was used. When significant differences were found, 
Bonferroni post hoc tests were conducted to compare groups. No 
interaction effects were found for any of the parameters and significance 
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was accepted at a confidence level of P < 0.05. Statistical tests were 
performed using IBM SPSS Statistics 21.0 (IBM Corporation, 2012). 
 
 

Results 
 
The results will be displayed in order of compartments affected by N 
deposition: storage in moss and lichen tissue and pore water, leaching to 
peat soil and its pore water, and output to and input from the atmosphere 
by microbial communities. 
 
N accumulation in mosses and lichen 
In the pore water of the Sphagnum vegetation layer concentrations of NO3

- 
and NH4

+ did not change by Nox or Nred treatments compared to the 
control, but there was a trend of a reduced pH with Nred, from 4.9 to 4.2 
(F=4.635; P=0.07) (Table 1).  
 

Table 1. pH values (average ± SEM) of pore water within the 
Sphagnum layer and nutrient ratios of Sphagnum 
capillifolium tissue, for the control and both N addition 
treatments. The last column (stats) gives F values of the 
ANOVAs, * indicates significant difference from the control at 
the 0.05 confidence level. 
Sphagnum Treatments stats 

Control Nred Nox 
pH 4.85 (± 0.27) 4.14 (± 0.18)  4.94 (± 0.14) F= 4.635 
N: P ratio 28.23 (± 3.76) 46.11* (± 1.12) 45.83* (± 4.28) F= 9.340 
N: K ratio 3.49 (± 0.28) 5.67* (± 0.38) 5.45 (± 0.72) F= 5.803 

 
In moss tissue, addition of both Nox and Nred led to a 15-90% increase of N 
concentration for all species (F=17.339; P<0.001), with no differences 
between N forms. The upper 2 cm of Sphagnum species and Pleurozium 
had similar control N concentrations, but the lichen Cladonia, which had a 
significantly lower control N concentration (F=15.757; P<0.001) showed a 
very strong increase of 90% with N addition (Fig. 1). In S. capillifolium N 
concentration was examined in more detail by measuring N 
concentrations in amino acids. For this species, a 4-fold increase in N 
concentration in free amino acids (aaN) was found with Nred (F=5.184; 
P<0.05), corresponding to an increase in fraction of aaN per total N 
concentration from 7.6% to 13.8% (F=8.890; P<0.01). In contrast, no increase 
in amino acids was found with Nox (Fig. 2). P and K concentrations in S. 
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capillifolium did not differ between treatments, but N: P ratios increased 
with both N additions from 1:28 to 1:46 (F=9.340; P<0.01) and N: K ratios with 
Nred only from 1:3.5 to 1:5.5 (F=5.803; P<0.05) as a result of increased N 
concentrations (Table 1). 

 
Figure 1. N concentrations of moss species and the lichen for 
the control (black bars) and two N deposition treatments, 
Nred (light grey bars) and Nox (dark grey bars). Given are the 
means with their standard errors (N=4); significant differences 
between groups are indicated by different letters: a-d. 

 
N leaching to deeper peat 
At 10 cm depth the bulk density of the peat did not differ between 
treatments and for both forms of N treatment the ratio between dissolved 
organic carbon (DOC) to total N (TN) decreased (F=6.752, P<0.05). DOC was 
increased with Nox compared to Nred (nonparametric tests; P<0.05). The 
concentration of NH4

+
 in peat pore water was found to increase 2 to 3 fold 

for both N treatments (F=6.210; P<0.05), whereas dissolved organic N (DON) 
concentration was doubled by Nox, compared to Nred only (F=4.975; 
P<0.05), almost doubling the TN concentration from 65 μmol L-1 in control 
plots to 118 μmol L-1 in Nox plots (F=4.918; P<0.05) (Fig. 2a and 3). PO4

3- and 
NO3

- concentrations were negligible at both 10 cm and 50 cm soil depth, 
and unaffected by N deposition. The cation exchange capacity (CEC) of the 
soil and the concentration of CEC-bound NH4

+ did not differ with 
treatments. 
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Figure 2. Total N stored in free amino acids of Sphagnum 
capillifolium, for the control and with addition of Nox and 
Nred. Given are the means with their standard errors (N=4); * 
indicate significant differences compared to the control.  

 
Nox also increased porewater pH from 4.2 to 4.7 at 10 cm depth (F=13.115, 
P<0.01) and by 0.2 pH units at 50 cm depth (F=8.393, P<0.05) (Table 2a). At 
50 cm depth, NH4

+ concentration and TN were no longer affected by either 
of the N deposition treatments.  
 

Table 2a. pH and concentrations of dissolved organic carbon 
(DOC) and total nitrogen (TN) (mean ± SEM) of pore water in 
the peat soil at 10 cm depth for control and both N addition 
treatments. Concentrations of DOC and TN are in μmol L-1. b. 
Incubations of peat soil of 10 cm depth without (background) 
and with addition of NO3- (potential). N2 and N2O losses are in 
nmol N gDW-1 h-1. * indicates significant difference of Nox 
(compared to control: pH and TN; or compared to Nred: DOC, 
Background N2 losses) at the 0.05 confidence level. 

a. peat soil 
pore water 

Treatments 
Control Nred Nox 

DOC 3304.6   (± 247.6) 2682.2   (± 160.5)  4568.7 * (± 909.5) 
TN 64.61   (± 3.68) 92.76   (± 16.40) 117.80 * (± 12.22) 
pH 4.25   (± 0.04) 4.16   (± 0.08) 4.66 * (± 0.09) 
 b. peat soil 
incubations 

Treatments 
Control Nred Nox 

background N2 losses 227.71  (± 78.85) 82.27   (± 42.14) 441.80 * (± 57.80) 
potential N2 losses 11.75   (± 5.32) 11.62   (± 4.71) 11.00   (± 4.92) 
potential N2O losses 189.50   (± 7.76) 164.19   (± 51.96) 183.50   (± 76.60) 
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N loss to the atmosphere 
Background N2 emission rates based on denitrification assays were around 
227.7 nmol N gDW-1 h-1, increasing ~2 times with Nox, but lowered by 60% 
with Nred (significant difference between Nox and Nred: F=7.649; P<0.05; 
Table 2b). Potential denitrification, with addition of an excess of NO3NH4 
increased emissions with 175-200 nmol N gDW-1 h-1 additional nitrogen 
gasses, which consisted for <90% of N2O for all treatments. With addition of 
labeled NO3

- or NH4
+, no increase in 29N2 signal on top of the natural 

background was found, indicating that N losses by anammox in the 
samples taken were insignificant. 
 

 
Figure 3. Concentrations of N compounds NO3

-, NH4
+ and 

dissolved organic nitrogen (DON) in μmol L-1 in pore water of 
the peat soil at 10 cm depth for the control and N deposition 
treatments Nred and Nox. Given are the means (N=4) with 
their standard errors; letters indicate significant differences 
between treatments (lower case for DON and capitalized for 
NH4

+).  
 
Nitrogen fixation by moss and lichen symbionts 
Eleven years of increased deposition of either NH4 or NO3 did not affect N2 
fixation rates in any of the moss or lichen species (Fig. 4). N2 fixation rates 
did differ between species and their symbiont communities (F=48.131; 
P<0.001). In S. capillifolium the highest N2 fixation rates were found, 
translating to 5 kg ha-1 y-1 based on a 100% cover of this species. In S. 
papillosum rates based on dry biomass were 40% lower. Pleurozium 
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schreberi and Cladonia portentosa show respectively two and four times 
lower N2 fixation rates than S. capillifolium per gram dry biomass.  

 
Figure 4. a) N2 fixation rates in 3 moss species and the lichen for 
controls (black bars), and for addition of Nred (light grey bars) or 
Nox (dark grey bars) nitrogen. Given are the means with their 
standard error (N=4). Both N deposition forms did not significantly 
change N2 fixation rates compared to the controls. b) Average N 
loads by N2 fixation for each moss species, for patches with 100% 
cover by the species. In both graphs significant differences 
between species are indicated by different letter codes (a-d). 
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Discussion  
 
Effects of increased N deposition on N2 fixation rates and moss N 
concentration  
Eleven years of increased N deposition resulted in increased tissue N 
concentrations for all bryophytes and the lichen, in accordance with 
previous studies (Granath et al., 2012; Nordin et al., 1998; Remke et al., 2009), 
but no differences were found between different deposition forms (Fig. 1). 
Especially Cladonia portentosa, often used as biomonitor for N pollution 
(Remke et al., 2009), but also Pleurozium schreberi were found to be 
sensitive to N deposition with a tissue N increase of respectively 90 and 40 
%. Interestingly, these species were also found to show the lowest rates of 
N2 fixation by their microbial communities (Fig. 4). For all species, higher N2 
fixation rates of symbionts coincide with higher N concentrations in host 
species at background N deposition. Sphagnum capillifolium received over 
30 % higher N2 fixation rates compared to the other species, both based on 
dry weight and on unit area (Fig. 4), showing that host species are 
important in explaining the activity of their microbial community. This 
variation in diazotrophic communities between species may, however, also 
be driven by differences in the abiotic conditions of the habitats that 
different host species provide, for example humidity, light and elements 
like phosphorus (P) or molybdenum can determine composition and thus 
activity of their microbial communities (Vitousek et al., 2002; Warren et al., 
2017).  
 
Surprisingly, given the theoretical suppression of N2 fixation by high N 
availability, we found no effect of the N deposition load of 32 kg ha-1 y-1 in 
either form in any of the moss species. Similar results were found in short-
term N addition experiments for Sphagnum magellanicum from a low N 
deposition (<0.5 kg N ha-1 y-1) site with addition of 200 kg N ha-1 y-1 (Kox et al., 
2016) and in Pleurozium schreberi with N additions <10 kg ha-1 y-1 (Rousk et 
al., 2014). Long-term field studies in boreal forests showed no difference in 
N2 fixation rates of Pleurozium schreberi for N deposition loads between 3 
and 12 kg ha-1 y-1 (Gundale et al., 2011), but higher N2 fixation rates were 
found at N deposition loads between 0 and 3 kg ha-1 y-1 (Gundale et al., 2011; 
Leppänen et al., 2013). In our study, the additional N deposition of 24 kg ha-1 

y-1 on top of the background deposition of ~8 kg ha-1 y-1 in both reduced or 
oxidized form does not affect the activity of the diazotrophs of any of the 
moss and lichen species tested. This strongly suggests that the 
background deposition at this research site already exceeds the critical 
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load of N deposition beyond which N2 fixation rates are affected, in 
agreement with literature. Evidently, N2 fixation activity of the microbial 
communities is not completely down-regulated by high N deposition, 
probably because of fast uptake or leaching of N by host species and N2 
fixation rates are appreciable compared to the background N deposition 
(Fig. 4b). Adding up loads from N2 fixation in all assessed species based on 
their coverage gives a rate of 1.8 kg N ha-1 y-1 of the system, which is within 
the range of earlier estimates of N2 fixation rates in bogs: 0.7 – 10 kg N ha-1 y-1 
(Granhall and Selander, 1973; Larmola et al., 2014; Waughman and Bellamy, 
1980) and represents an ecologically significant load of ~23 % of total 
background deposition in this bog. 
 
S. capillifolium, the keystone species, received highest N input from N2 
fixation rates (Fig. 4), which, based on the species bog cover add up to 1.2 
kg N ha-1 y-1. In this species, P, an important regulating factor of N2 fixation 
(van den Elzen et al., 2017; Vitousek et al., 2002) was found to remain 
unchanged with N treatments. This unchanged P availability for the 
microbial community can explain why N2 fixation rates are unaffected by N 
addition. The ratio’s of N: P and N: K in Sphagnum (Table 1), however, were 
found to increase from slight N limitation in the control to strong P and K 
limitation (Bragazza et al., 2004) as a result of the long-term N treatments. 
So, over the course of 11 years of N treatments, N limitation for growth was 
relieved resulting in N accumulation to concentrations of over 15 mg g-1, 
which was postulated as the threshold above which peat moss growth is 
hampered (Fritz et al., 2012; van der Heijden et al., 2000).  
 
Sphagnum physiology affected by reduced N deposition 
The concentration of N in amino acids (aaN) was increased with Nred only, 
to over 2 mg g-1 (Fig. 2), the given threshold for decrease in Sphagnum 
growth (Nordin and Gunnarsson, 2000). This indicates a stress response to 
the increased uptake of NH4

+ by S. capillifolium that is consistent with the 
slow decline in cover of this species in response to cumulative Nred loads, 
and not to Nox loads, as was found by Sheppard et al (2014) at this 
experimental site. This detrimental effect of Nred by Sphagnum spp. 
taking up more N than they can detoxify as amino acids was found before 
(Paulissen et al., 2016) and the fraction of total N in amino acids with Nred 
that we found compare to aaN fractions in Sphagnum spp with addition of 
high N loads (20 kg ha-1 y-1) accumulating over several years (Tomassen et 
al., 2003a). We also found this N accumulation in amino acids to increase 
over time and with increasing N deposition load (results not shown). These 
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results clearly indicate that in peatlands Nred is more detrimental to the 
Sphagnum vegetation than Nox, which was found for heathlands and 
mesotrophic peatlands too (Van Den Berg et al., 2005; Verhoeven et al., 
2011).  
 
Although more N is stored in N-rich free amino acids with Nred, tissue N 
concentrations do not differ between both forms of N deposition (Fig. 1). 
Since Sphagnum is very effective at the reallocation of N from old to new 
tissue (Aldous, 2002b), the total tissue N concentration represents a 
balance between N acquired from reabsorption, N deposition, N2 fixation 
and growth. It is likely that less N is reabsorbed from older tissue to 
compensate the excess uptake of N with Nred, and that in the capitula 
with Nox relative to Nred more N was used in important cell structures and 
proteins. This shows that the assessment of N allocation to N-rich amino 
acids provides a better indicator of ecosystem status in response to 
increased N deposition than tissue N concentrations alone.  
 
Differential effects of Nred and Nox on peat biogeochemistry 
In earlier studies on this unique long-term N application experiment in a 
peat bog, it was shown that high loads of 64 kg ha-1 y-1 of wet deposition, 
particularly as NH4

+, compromise the Sphagnum filter function (Chiwa et 
al., 2016; Sheppard et al., 2013). The low dissolved N concentrations in 
Sphagnum pore water suggested that the filter was still functioning at 32 
kg ha-1 y-1. However, this dose of N deposition well exceeds the suggested 
threshold of 20 kg ha-1 y-1 (Harmens et al., 2014; Lamers et al., 2000), and we 
indeed found 3 times higher NH4

+ concentrations in pore water in peat soil 
(upper 10 cm) with both N deposition forms (Fig. 3). The low concentrations 
of inorganic N in Sphagnum pore water rather reflect the rapid uptake of N 
by S. capillifolium than unaffected functioning of the Sphagnum filter. The 
effective (passive) uptake of NH4

+ (Fritz et al., 2014) in exchange for H+ ions 
lowered the pH in the Sphagnum vegetation layer, and excess NH4

+ was 
still leaching rapidly through the Sphagnum vegetation. At 50 cm depth all 
additional NH4

+ seemed to be denitrified and/or taken up by vascular plant 
roots. 
 
Nox did not change the concentration of NO3

- of the pore water in peat soil, 
indicating that all NO3

- was rapidly converted to different N forms. In the 
upper 10 cm layer of the peat Nox led to increased NH4

+ concentrations, 
probably by increased peat N mineralization. NO3

-, which is a strong 
electron acceptor, is quickly denitrified, speeding up N mineralization, and 
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this may lead to increased concentrations of NH4
+ and also of DON (Fig. 3). 

DOC was 1.5 times increased with Nox compared to Nred, suggesting 
increased decomposition. Alternatively, leaching NO3

- could be converted 
to NH4

+, as a result of dissimilatory NO3
- reduction to NH4

+ (DNRA), a process 
that can be expected in anoxic soils with high organic matter content 
(Rutting et al., 2011). Both DNRA and organotrophic denitrification lead to 
an increase in pH of the soil (Simek and Cooper, 2002), which again speeds 
up decomposition rates (Lamers et al., 1999; Smolders et al., 2002). 
Increased concentrations of total N in the peat soil by Nox and Nred 
leaching deeper in the peat soil seem to be taken up to a certain extent by 
deeper rooting vascular plants. Indeed, vascular plants, especially Calluna 
vulgaris, were shown to profit from increased N loads of Nred and Nox at 
this experimental site (Sheppard et al., 2014). 
 
N losses to the atmosphere 
Background N2 emissions of the controls translated to 364 μmol N m-2 h-1 
(for a soil depth of 1 cm) and were high compared to a range of 
denitrification rates of different types of wetlands of 20-260 μmol N m-2 h-1 
(Seitzinger, 1994). We found a 2.5 times higher denitrification rate with Nox 
compared to Nred (Table 2b), comparable with the trend of N2O emissions 
found by Sheppard et al. (2013) in this bog. Increased N2 emissions with Nox 
can be expected as NO3

- can directly be used for denitrification, while NH4
+ 

from Nred first has to be oxidized to NO3
- and nitrification rates can be 

expected to be low in acidic bogs (Bayley et al., 2005). In addition, the 
increased N2 emissions may also be induced by the increased pH (Francez 
et al., 2011; Seitzinger, 1994) or by the higher availability of DON in these 
soils (Hill et al., 2016). No indications for anammox were found in this bog, 
probably as a result of the fast conversion of NO3

- by denitrification and/or 
DNRA. Potential denitrification consisted mostly of N2O (Table 2b), 
consistent with the relatively low pH of the peat soil (Simek and Cooper, 
2002; Van den Heuvel et al., 2011) and this corresponds with the finding that 
Nox increases gaseous N emissions, especially of N2O (Lozanovska et al., 
2016; Roobroeck et al., 2010). This is important because N2O is the third 
most important contributor to global warming (Forster et al., 2007). 
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Conclusion 
 
Although the tissue N concentration strongly increased in moss species in 
this raised bog as an effect of increased oxidized and reduced N deposition, 
N2 fixation rates of their symbiotic microbiomes were, surprisingly, not 
affected by high loads of N deposition in either form. Apparently, the 
keystone species, Sphagnum spp, that evolved in N limited environments, 
are adapted to effectively assimilate N, but are not capable of down-
regulating N uptake at high N inputs. Their N2 fixing symbionts are not 
actively inhibited, leading to appreciable additional N inputs of around 1.2 
kg ha-1 y-1 to the system, based on S. capillifolium bog coverage. In addition, 
Nred affects moss vitality more than Nox, given the fact that the amino 
acid N content increased to the threshold in concert with a decline in cover 
(Sheppard et al., 2014). Where Nred has negative effects on Sphagnum 
physiology and cover in the bog, Nox in contrast leads to stronger leaching 
of N to the peat soil, where it results in higher N reduction rates and 
increasing pH, speeding up N mineralization rates, and leading to higher 
N2O emissions. A synthesis of our results is shown in fig. 5.  
 
Our results show the need to consider both N forms in atmospheric 
deposition (NH4

+ and NO3
-) separately when assessing the effects of 

increased N deposition on bog ecosystem functioning. Moreover, this study 
adds to the scientific evidence that elevated N input targets the weak spot 
of a living bog, impacting all parts of the N cycle.  
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Figure 5. Conceptual model for the differential effects of Nred 
(NH4

+ deposition) and Nox (NO3
- deposition) in a bog, relative to 

background deposition. Rectangles represent compartments of 
bog system (living Sphagnum layer and peat soil); microbial 
processes converting N compounds are displayed in circles. 
Grey arrows indicate the N deposition flow for Nred and Nox, 
black arrows represent effects of deposition on different 
departments and N conversions of microbial communities. 
Effect magnitude relative to the control is represented by the 
width of the arrow and by: +: doubling/ 2 times increase; ++: <2 
times increase; 0: no effect and (+) or (-) refer to an increasing 
or decreasing trend. Side effects of pH are displayed by grey 
arrows with grey + (increase) or – (decrease). 

 
 





Rewetting former agricultural 
peatlands: topsoil removal as 
a prerequisite to avoid strong 
nutrient and greenhouse gas 
emissions

Ecological engineering (2015)

Sarah F. Harpenslager
Eva van den Elzen
Martine A. R. Kox
Alfons J. P. Smolders
Katharina F. Ettwig
Leon P. M. Lamers

Chapter 6



CHAPTER 6 

106 

6 

Abstract 
  
Globally 15%, and in Europe over 50%, of all peatlands have been drained for 
agricultural use leading to high carbon (C) losses, severe land subsidence 
and increased flooding risks. For the restoration of C sequestration and 
peat formation, abandoned peatlands are being rewetted at a large scale, 
but this transforms them into strong methane (CH4) sources. Furthermore, 
due to the high topsoil nutrient contents and/or high buffering capacities 
of water used for rewetting, this will inevitably result in eutrophication of 
restored peatlands and downstream areas, which may compromise the 
regrowth of peat forming vegetation including Sphagnum spp. 
To experimentally determine the extent of these negative side effects in 
relation to water quality, and to test topsoil removal as an abatement 
strategy, we used a controlled laboratory approach in which topsoil and 
subsoil monoliths of a former agricultural peatland were rewetted with 
water of different qualities (+P, +HCO3

-, +P/+HCO3
- and Control), mimicking 

rainwater vs. surface water storage. In addition, two different Sphagnum 
moss species (S. squarrosum and S. palustre) were compared.  
Without topsoil removal, rewetting led to high P and N mobilisation, algal 
blooms, and high CH4, carbon dioxide (CO2) and dissolved organic carbon 
(DOC) emissions. P-rich water resulted in further eutrophication. 
Bicarbonate (HCO3

-) enrichment by surface water not only stimulated P 
release and CO2 emission, but also strongly reduced Sphagnum vitality.  
We conclude that topsoil removal will, at least in initial stages of rewetting, 
strongly reduce eutrophication problems (by 80-90 %), CH4 emission (99 %), 
DOC loss (60 %) and global warming potential (50-70 %) of rewetted former 
agricultural peatlands. Furthermore, to reduce mineralisation rates and 
enable Sphagnum growth, storage of rainwater rather than surface water 
is preferred. Finally, removed topsoils can be reused in adjacent subsiding 
agricultural areas, and thereby optimise the overall C balance and allow 
higher water levels in rewetted peatlands. 
 
Highlights 
 
- We studied the negative side effects of rewetting former agricultural peatlands   

- Rewetting leads to excessive nutrient and methane emissions 

- HCO3
--rich water increases mineralization and halts Sphagnum growth  

- Topsoil removal strongly reduces GHG emissions and eutrophication 
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Introduction 
 
Land use change, hydrological operations and other forms of 
anthropogenic forcing have severely compromised the functioning of 
global wetlands and their services including flood protection, water 
purification, biodiversity and C sequestration (Foley et al., 2005; Zedler and 
Kercher, 2005). Approximately 15% of peatlands worldwide have been 
drained to accommodate agriculture, peat extraction, forestry or 
urbanisation (Joosten, 2009), although considerable differences exist 
between countries, with 10% to 85% of peatlands drained within a single 
country (e.g. Brock et al. (1999); Hooijer et al. (2012); Zanello et al. (2011); 
Meckel et al. (2006); Hoeksema (2007)). While the accumulation of thick 
peat layers has generally taken thousands of years (∼1.1 mm y-1; Ovenden et 
al. (1998)), drainage of these systems has resulted in strong degradation by 
oxygen intrusion, enhancing aerobic decomposition of organic matter and 
carbon (C) emission. Together with compaction and consolidation (Hooijer 
et al., 2012), this has caused fast land subsidence (2 - 150 mm y-1; Syvitski et 
al. (2009)). Given the projected sea-level rise, this continuing subsidence of 
peatlands ‑ often located in heavily populated coastal areas, river deltas and 
floodplains ‑ poses a serious risk to public safety due to higher flooding risks 
(Syvitski et al., 2009; Temmerman et al., 2013).  
 
Pristine, growing peatlands (mires) generally form net C sinks, in which the 
fixation of carbon dioxide (CO2) into layers of organic matter exceeds the 
emission of methane (CH4) and CO2, leading to net ecosystem exchange 
(NEE) rates ranging from -5 to -40 g C m-2 yr-1 (Belyea and Malmer, 2004; 
Gorham, 1991; Lamers et al., 2015; Saarnio et al., 2007). Drained and 
degraded peatlands, on the other hand, are almost always net C sources 
(Alm et al., 1999; Waddington et al., 2001), with NEE rates ranging from +80 
to +880 g C m-2 y-1 (Lamers et al., 2015) and a yearly global emission of 30 to 
370 Mt C yr-1 (Armentano, 1980). These high C emission rates from drained 
peatlands are the result of strongly increased aerobic ecosystem 
respiration rates and therefore mainly consist of CO2 (Nykänen et al., 1995; 
Silvola et al., 1996; Waddington and Day, 2007). Emissions of CH4, on the 
other hand, are much lower for drained peatlands than for pristine or 
rewetted peatlands (Moore and Knowles, 1989; Salm et al., 2009), as a result 
of the inhibition of CH4 production and stimulation of CH4 oxidation under 
aerobic conditions (Lai, 2009; Maljanen et al., 2010). Since CH4 is a much 
more potent greenhouse gas than CO2, its enhanced emission after 
rewetting strongly increases the global warming potential (GWP) of these 
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restored systems. Due to the high availability of easily degradable organic 
matter (and therefore of acetate, CO2 and H2), and nutrients for 
methanogens (Aerts and Toet, 1997; Fiedler and Sommer, 2000), CH4 
emissions from rewetted, former agricultural peatlands may be 
considerable (Lamers et al., 2015). So far, however, only few studies have 
been published on CH4 fluxes in these systems (e.g. Hendriks et al. (2007); 
van de Riet et al. (2013)).  
 
Since over 85% of drained peatlands have been used for agriculture 
(Joosten, 2009), they have been heavily fertilised and often also limed, 
resulting in an extremely nutrient-rich, buffered top layer of the soil. 
Especially phosphate (PO4

3-) has accumulated in these soils, since it is 
strongly bound in iron (Fe) complexes and to organic matter under aerobic 
conditions (Lamers et al., 2015; Smolders et al., 2006; Smolders et al., 2008). 
Upon rewetting, however, there is a considerable risk of PO4

3- mobilisation 
and eutrophication of the peatland and downstream areas (Patrick and 
Khalid, 1974; Rupp et al., 2004; van Dijk et al., 2007). Furthermore, heavily 
fertilised soils often also turn into sources of N after rewetting (van de Riet 
et al., 2013; Van Dijk et al., 2004; Zak and Gelbrecht, 2007). Thus, although 
rewetting of drained peatlands may counteract land subsidence and CO2 
losses by restoring the anaerobic soil conditions and inhibiting complete 
organic matter oxidation, it may have several negative side effects in 
former agricultural systems. Therefore, despite seeming counterintuitive, 
removal of the easily degradable eutrophic topsoil may be a useful 
abatement strategy to prevent strong greenhouse gas (GHG) emission and 
nutrient mobilisation after rewetting and thus restore peat formation 
(Emsens et al., 2015).  
 
The actual effect of rewetting a drained peatland will also strongly depend 
on the quality of the water used. Instead of conserving rainwater by 
building dams to counteract desiccation in peatlands, many areas have 
been rewetted by flooding them with surface water (Grootjans et al., 2002; 
Lamers et al., 2002b; Roelofs, 1991). Especially in agricultural areas, the 
quality of this surface water may be compromised, with high nutrient 
concentrations and/or high buffering capacity (alkalinity). Both factors can 
be expected to have a strong influence on the peatlands’ biogeochemistry 
and other services, including C sequestration (Lamers et al., 2015).  
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To fully restore the C sequestering function of a system and promote 
regrowth of peat, restoration of the original peat-forming vegetation is 
essential. Limitations in seed or spore dispersal, absence of viable seeds or 
spores in the soil or unfavourable habitat conditions may hamper natural 
return of peat-forming vegetation, such as Phragmites, Carex or 
Sphagnum species (Aggenbach et al., 2013; Campeau and Rochefort, 1996). 
Of these species, Sphagnum mosses produce more recalcitrant organic 
matter than other peat-forming species due to the unique characteristics 
of these ecosystem engineers (Van Breemen, 1995), including habitat 
acidification (Clymo, 1963; Hajek and Adamec, 2009; Van Breemen, 1995), 
production of organic matter with high phenolic contents (Yavitt et al., 
2000), and high water retention, keeping the environment moist and 
anaerobic (Clymo, 1973). While Sphagnum can be reintroduced 
successfully on oligotrophic, acidic cut-over peatlands (Campeau and 
Rochefort, 1996; Robroek et al., 2009; Smolders et al., 2003), revegetation of 
eutrophic or alkaline soils may pose a serious problem to these mosses, 
since they may easily be out-competed by vascular plants (Aggenbach et 
al., 2013; Berendse et al., 2001; Clymo, 1973; Smolders et al., 2008) or suffer 
from high pH (Andrus, 1986; Hajek et al., 2006; Lamers et al., 1999). 
 
Increased CH4 production and nutrient mobilisation after rewetting of 
former agricultural peatlands have already been shown in the field (e.g. 
Hendriks et al. (2007); Zak and Gelbrecht (2007)). In field studies, however, 
determining the extent and impact of these two processes is difficult due 
to multiple biogeochemical interactions, complex hydrology and large 
variations in climatic parameters. Therefore, we chose a controlled, 
experimental approach to determine the extent of the GHG emission and 
eutrophication after rewetting of a former agricultural peatland using 
water of different qualities, mimicking rainwater, or surface water with 
high P and/or HCO3

- availability. This controlled mesocosm approach also 
allowed us to quantify the effect of topsoil removal on the restoration of 
ecosystem services, by using both topsoils (5-20 cm) and subsoils (25-45 
cm). Furthermore, to test whether the original fen vegetation, 
characterised by Phragmites australis and Sphagnum spp., could be 
restored after rewetting and topsoil removal, we introduced two species of 
Sphagnum (S. palustre and S. squarrosum) that are typical of this 
vegetation, and studied their growth potential under the different water 
and soil conditions and their contribution to C sequestration.  
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Material and Methods 
 
Experimental set-up 
In autumn 2013, 32 peat monoliths (25 x 12 x 20 cm; length x width x height) 
were randomly collected from a drained and fertilised, agricultural 
peatland managed as a pasture in the north-western part of the 
Netherlands (Ilperveld; 52°44’075”N; 4°94’960”E). Cores were taken from 
two depths, 5-25 cm (topsoil; n=16) and 25-45 cm (subsoil; n=16), 
immediately transferred into glass aquaria (25 x 12 x 30 cm; l x w x h) and 
transported to the lab. Both layers consisted of Sphagnum/Carex peat, but 
as a result of drainage, the top layer was decomposed further, as illustrated 
by a higher bulk density (0.41±0.03 vs. 0.19±0.01 kg DW L-1 FW), lower 
organic matter content (47.9±9.3 vs. 78.4±1.8) and lower content of 
porewater phenolic compounds (2.75±0.64 vs 4.14±0.85 mg L-1). The two 
chosen depths were based on measurements of the Olsen-P (Olsen et al., 
1954) profile showing much higher P availability (951±71 vs. 153±22 mg P kg 
DW-1) in the top layer due to fertilisation and decomposition.  
 
In the lab, demineralised water was added to 2 cm above soil level (0.6 L 
per aquarium), after which the aquaria were left for 2 weeks to acclimatise 
in a water bath at 15°C  (NESLAB cryostat, Thermoflex 1400, Breda, The 
Netherlands) with a light regime of 16h light (400W, Philips, Master Son-T 
PiaPlus, Belgium, 150 µmol m-2 s-1 PAR), mimicking Dutch summer 
conditions. All soils received artificial rainwater at a rate of 750 mm yr-1 
corresponding to Dutch annual rainfall (250 mL; three times a week), and 
with a composition equal to Dutch rainwater (5 mg L-1

 sea salt (Tropic 
Marine, aQua united LTD, Wartenberg), 19 µmol L-1 KCl, 10 µmol L-1 CaCl2, 10 
µmol L-1 Fe-EDTA, 1 µmol L-1 KH2PO4, 0.7 µmol L-1 ZnSO4, 0.8 µmol L-1 MnCl2, 
0.2 µmol L-1 CuSO4, 0.8 µmol L-1 H3BO3, 8 nmol L-1 (NH4)6Mo7O24 and 91 µmol 
L-1

 NH4NO3).  
 
After two weeks, the demineralised water was replaced with treatment 
solutions containing 5 mg L-1 of sea salt (see above) and either 0 or 5 µmol 
L-1 Na4P2O7.10H2O and 0 or 3 mmol L-1 NaHCO3 creating four treatments: 
Control, +P, +HCO3

- and +P/+HCO3
- (randomly applied; n=4 for each 

treatment). The addition of HCO3
- and PO4

3- simulates the use of alkaline or 
nutrient-rich surface water for the rewetting of peatlands. Treatment 
solutions were flowing through the aquaria at a rate of 5.44 L week-1 using 
peristaltic pumps (Masterflex L/S tubing pump; Cole-Palmer, Chicago, IL, 
USA), which, together with a fixed outflow, ensured a stable water layer of 2 
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cm above soil surface. After the first period of 2.5 months, patches of 
Sphagnum palustre (2.37±0.11 g DW; 67±1.3 capitula; mean ± SEM) and S. 
squarrosum (1.84±0.07 g DW; 84±1.4 capitula; mean ± SEM) were applied to 
each half of the aquaria. These two species are still abundant in natural, 
undisturbed parts of the peatland area where the soils were collected, and 
are typical fen species in the Netherlands. They differ, however, in their 
habitat preference, with S. squarrosum being more tolerant to nutrient-
rich and alkaline conditions than S. palustre (Clymo, 1973). The upper parts 
of the mosses were cut at equal lengths (4 cm) and placed upright to avoid 
submergence of the capitula (top 8-10 mm of the photosynthetically active 
tissue of the mosses). 
 
Chemical analyses 
Two soil moisture samplers of 10 cm length (Rhizon SMS-10; Eijkelkamp 
Agrisearch Equipment, Giesbeek, The Netherlands) were inserted into the 
sediments to allow collection of pore water using vacuum bottles. While 
peat was bare, both samples were pooled, whereas samples were analysed 
separately after application of the Sphagnum mosses. Surface water was 
sampled simultaneously with pore water.  
 
pH was measured with a standard Ag/AgCl electrode (Orion Research, 
Beverly, CA, USA) combined with a pH meter (Tim840 titration manager; 
Radiometer analytical, Lyon, France), after which alkalinity was determined 
by titrating down to pH 4.2 using 0.1 M HCl using an Auto burette (ABU901, 
Radiometer, Copenhagen, Denmark). Total inorganic carbon (TIC) was 
measured by injecting 0.2 mL of sample into an N2-flushed compartment 
with 1 mL phosphoric acid (0.4 M) in an Infra-red Gas Analyser (IRGA; ABB 
Analytical, Frankfurt, Germany), after which concentrations of HCO3

- and 
CO2 were calculated based on the pH equilibrium. Total organic carbon 
(TOC), dissolved organic carbon (DOC) and total nitrogen (TN) were 
measured in unfiltered water layer samples and filtered (Ø 0.45 µm) pore 
water samples, using a TOC-L CPH/CPN analyser (Shimadzu, Kyoto, Japan). 
Net mobilisation rates of nutrients (P, N and Fe) and TOC were calculated 
based on their concentrations in the water layer and the flow rate of 
treatment water. 
 
At the end of the experiment, homogenised soil samples were taken, 
volume weighed and dried (48h 60 °C) to determine bulk density. Organic 
matter content was determined through loss on ignition (3h, 550 °C). Dried 
soils were digested with 4 mL HNO3 (65%) and 1 mL H2O2 (30%) using a 
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microwave oven (1200 Mega, Milestone Inc., Sorisole, Italy). Plant available P 
was extracted according to Olsen et al. (1954), whereas a salt extraction was 
performed by incubating 17.5 g of homogenised fresh soil overnight with 
50 mL of 0.2 M NaCl. Furthermore, total phenol concentrations of soil pore 
water were determined colourimetrically on a spectrophotometer (750 nm; 
Lambda 25, UV/VIS Spectrometer, PerkinElmer Instruments), according to 
Box (1983) and Carter and Gregorich (2007).  
 
Soil extracts and water samples were analysed colourimetrically for PO4

3-, 
NH4

+ and NO3
-, on an Auto Analyser 3 system (Bran & Lubbe, Norderstedt, 

Germany) using ammonium molybdate (Henriksen, 1965), hydrazine 
sulphate (Kamphake et al., 1967) and salicylate (Grasshoff and Johannsen, 
1972) respectively. Concentrations of Ca, Fe, K, Mg and total-P in water 
samples and digestates were analysed by inductively coupled plasma 
spectrometry (ICP-OES iCAP 6000; Thermo Fischer Scientific, Waltham, 
MA, U.S.A.).  
 
Greenhouse gas flux measurements 
CO2 and CH4-fluxes were measured on bare peat (4 weeks after start of the 
treatments) and on Sphagnum-covered peat (15 weeks; i.e. 6 weeks after 
placing Sphagnum) under light and dark conditions using transparent and 
dark closed chambers (10x10x12 cm) respectively, connected to a 
Greenhouse Gas Analyser (GGA-24EP, Los Gatos Research, Mountain View, 
CA, USA). Dark measurements were carried out after the night-period to 
ensure dark-adaptation of plants. Measured fluxes were used to estimate 
GWPs, expressed (on a mass basis) in CO2-eq m-2 d-1, with CH4 
corresponding to 34 CO2-eq over a 100 year period including climate-
carbon feedbacks (IPCC, 2013). Estimates of year-round fluxes of GWP are 
based on an 8-month growing season to prevent overestimation during 
winter months.   
 
Methane Production Potential (MPP) was determined by incubating 3 g of 
homogenised soil samples (2-6 cm depth) in 60 mL serum bottles with 3 
mL of demineralised H2O. An anaerobic headspace was ensured by 5 cycles 
of evacuation and gassing with N2. For controls and acetate (5 mmol L-1 
final concentration) treatments the headspace consisted of N2, whereas 
the headspace of the hydrogen treatment consisted of 80% H2/ 20% CO2. 
Bottles were incubated on a horizontal shaker (100 rpm) at room 
temperature. CH4 concentrations in the headspace were measured 7 times 
during one week on a HP 5890 gas chromatograph (Hewlett Packard, 
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Wilmington, DE, USA) according to e.g. Ettwig et al. (2008). The linear part 
of the graph was used to calculate MPP.  
  
Plant parameters 
At the beginning and at the end of the experiment, the fresh weight (FW) 
and number of capitula of the mosses were determined. At the end, DW 
was determined (48 h, 60 °C), while initial moss DW was calculated using 
the DW/FW ratio determined by weighing and drying extra mosses (n=5 
per species) at the start of the experiment. At the end of the experiment, 
photosynthetic rates were determined by measuring CO2 consumption of 
capitula (0-3 cm) from both species and all aquaria in a closed glass 
chamber (100 mL) connected to a greenhouse gas analyser (GGA-24EP, Los 
Gatos Research, Mountain View, CA, USA) at a light intensity of 200 µmol  
m-2 s-1. Furthermore, health of photosystem II (FV/FM) was determined using 
pulse-amplified modulation (JUNIOR-PAM, Waltz, Effeltrich, Germany). 
During the experiment, the concentrations of unicellular algae in the water 
layer were determined three times using a PhytoPAM (Phytoplankton 
Analyser System, Waltz, Effeltrich, Germany).  
 
Statistical analyses  
Normality of residuals and homogeneity of variance were checked using 
Shapiro-Wilk’s Test of Normality and Levene’s Test of Equality of Error 
Variances, respectively. Non-normal and heteroscedastic data were log 
transformed before analyses to authorise use of parametric tests. All data 
were subsequently analysed by two-way ANOVAs at the 0.05 confidence 
limit followed by a Tukey post hoc test. For all analyses, P and F values are 
presented. All statistical tests were carried out using SPSS v21 (IBM 
Statistics, 2012). 
 
 

Results 
 
Soil characteristics 
Topsoils were characterised by a much higher P availability than subsoils, 
with significantly higher Olsen-P (P<0.001; F=127.870) and total P (TP; 
P<0.001; F=118.299) concentrations in soil and pore water extracts 
respectively (Table 1). Furthermore, topsoils had much higher salt-
extractable NH4

+ (P<0.001; F=19.533) and NO3
- (P<0.001; F=20.288) 

concentrations and contained more total N (TN; P<0.001; F=46.309) than 
subsoils (Table 1). Topsoils were also characterised by higher concentrations 
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of Ca (P<0.001; F=20.612, data not shown), Mg (P=0.004; F=9.914, data not 
shown) and HCO3

- (P<0.001; F=105.565; Table 1). While Fe concentrations did 
not differ between topsoils and subsoils, the much higher total-P content 
of topsoils resulted in much lower Fe: P ratios (4.5±0.4 mol mol-1) compared 
with subsoils (11.8±0.9 mol mol-1; data not shown; P<0.001; F=49.124). 
Furthermore, subsoils had a 30% lower bulk density (P<0.001; F=39.340), 
20% higher OM content (P=0.007; F=8.860) and 50% higher concentration 
of phenolic compounds (P=0.020; F=6.249) than topsoils (Table 1).  
 

Table 1. Sediment characteristics of topsoil and subsoil of a 
former agricultural peatland, after 15 weeks of rewetting. 
Olsen P, NH4

+ and NO3
- were derived from Olsen and salt 

extractions, respectively, and are presented as µmol L FW-1. 
Other nutrient concentrations and concentrations of phenolic 
compounds and bicarbonate (HCO3

-) were present in collected 
pore waters and presented per L pore water. Significant 
differences between topsoils and subsoils are indicated with 
asterisks, with * representing P≤0.05 and *** P≤0.001. 

 
Unit Topsoil Subsoil 

Bulk density *** kg DW  L FW⁻¹ 0.38±0.02 0.27±0.01 
Moisture Content *** % 66.5±1.1 76.3±0.8 
Organic Matter *** % 46.8±1.3 57.3±2.9 
Total Phenolic Compounds * mg L-1 3.26±0.36 4.91±0.51 
C: N *** g g-1 11.44±0.11 16.29±0.47 
Olsen P *** µmol L FW-1 434.1±70.0 144.5±7.4 
NH4

+ *** µmol L FW-1 1651±398 720±81 
NO3

- *** µmol L FW-1 841.1±475.0 5.6±1.9 
TP *** µmol L-1 268.4±39.8 7.0±0.9 
TN *** mmol L-1 4.43±0.31 1.95±0.15 
DOC *** mmol L-1 76.6±7.9 38.0±3.2 
HCO3

- *** µmol L-1 381.6±123.2 17.5±1.0 
 
Water and pore water quality 
The water layer above topsoils was characterised by a higher pH (P=0.008; 
F=8.496; Table 2) and alkalinity (P<0.001; F=29.608; Table 2) than the water 
layer of subsoils. Similar differences were observed in the soil pore water 
(data not shown). Rewetting with HCO3

--rich water increased both pH 
(P<0.001; F=231.050) and alkalinity (P<0.001; F=1956.640) in the water layer 
(Table 2) and pore water (data not shown), while use of P-rich water 
resulted in a higher PO4

3- availability in the water layer (P<0.001; F=11.234; 
Table 2). Furthermore, a combination of P and HCO3

- in the inlet water 
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resulted in an even higher pH than sole addition of HCO3
- (P<0.001; 

F=231.050; Table 2).  
 

Table 2. Chemical composition of the water layer overlying 
topsoils or subsoils, with or without addition of P and/or HCO3

-. 
Significant differences between topsoil and subsoil are 
indicated with asterisks, with * representing P≤0.05, ** P≤0.01 
and *** P≤0.001. Significant differences between water 
treatments are indicated with different letters (a, b, c).  

Water 
layer 

Soil Control +P +HCO3
-  +P/+HCO3

-  

pH Topsoil** 5.3±0.2 a 5.4±0.1 a 7.6±0.2 b 8.0±0.2 c 
Subsoil 4.6±0.1 a 4.6±0.0 a 7.6±0.1 b 8.2±0.2 c 

Alkalinity 
(meq L-1) 

Topsoil*** 0.25±0.04 a 0.26±0.07 a 2.92±0.03 b 2.97±0.06 b 
Subsoil 0.10±0.02 a 0.09±0.01 a 2.69±0.06 b 2.77±0.06 b 

PO4
3-  

(µmol L-1) 
Topsoil*** 6.86±0.95 a 14.57±4.77 b 10.23±2.70 b 11.72±1.20 b 
Subsoil 1.08±0.07 a 3.01±0.41 b 2.66±0.65 b 5.31±0.21 b 

Total P 
(µmol L-1) 

Topsoil*** 15.93±2.71 a 27.62±6.94 b 17.78±9.08 a 15.68±3.80 b 
Subsoil 1.03±0.26 a 7.47±0.56 b 2.80±0.19 a 8.05±0.94 b 

NH4
+ 

(µmol L-1) 
Topsoil** 5.87±0.81 7.39±1.84 10.96±2.59 8.57±2.13 
Subsoil 1.32±0.19 1.34±0.54 4.99±2.36 7.49±2.27 

Ca 
(µmol L-1) 

Topsoil 64±9 128±64 66±12 54±8 
Subsoil 71±11 64±6 79±14 57±10 

TOC  
(mmol L-1) 

Topsoil*** 3.7±1.1 3.9±1.0 2.5±1.2 3.0±1.1 
Subsoil 0.7±0.1 1.4±0.4 1.9±0.2 1.3±0.1 

TN  
(mmol L-1) 

Topsoil*** 0.29±0.09 0.29±0.07 0.17±0.09 0.22±0.08 

Subsoil 0.05±0.01 0.09±0.03 0.11±0.01 0.07±0.01 

 
The higher nutrient content of topsoils also resulted in a higher availability 
of P and N in the overlying water layers (Table 2). P and N were mobilised 
from topsoils to the water layer at rates of 413±81 and 152±21 µmol m-2 d-1 
respectively, whereas mobilisation from subsoils was limited to 27±7 µmol 
P and 34±5 µmol N m-2 d-1 (P< 0.001 for both; data not shown). The 
mobilisation of P concurred with the mobilisation of Fe, at rates of 915±202 
and 141±39 µmol m-2 d-1 from topsoils and subsoils respectively (P=0.003; 
data not shown). The water layer above topsoils contained significantly 
higher concentrations of algae during the experiment (P<0.001; F=45.842; 
Figure 1), whereas there was a trend (P=0.089; F=2.441; Figure 1) indicating a 
stimulating effect of P, HCO3

- or a combination of P and HCO3
- on algal 

growth in the water layer.  
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Figure 1. Average (unicellular) algal concentrations (±SEM), 
expressed as µg Chl L-1 for topsoils and subsoils treated with a 
water layer with or without addition of P and/or HCO3

-. The 
significant difference between topsoil and subsoils is 
indicated using an asterisk, with *** representing P≤0.001.  

 
Sphagnum growth 
Both Sphagnum species were similarly affected by soil type and water 
quality, although S. squarrosum generally showed a higher relative growth 
rate (RGR) (P<0.001; F=21.810; Figure 2) and a higher photosynthetic rate 
(P=0.001; F=13.787; Table A 1) than S. palustre. Both moss species had higher 
growth rates (P=0.007; F=8.041; Figure 2) on topsoils than on subsoils and a 
similar trend was observed for the photosynthetic rates of both species 
(P=0.073; F=3.368). Due to the higher availability of both N and P on topsoils, 
mosses grown on these soils also had higher N (P=0.027; F=5.179) and P 
(P<0.001; F=17.279) contents than mosses grown on subsoils (Table A 1). 
 
Both S. palustre and S. squarrosum species were negatively affected by 
addition of HCO3

-. RGR (P=0.001; F=6.732; Figure 2), number of capitula 
(P<0.001; F=42.084), moss length (P<0.001; F=174.041), photosynthesis 
(P<0.001; F=8.266) and PAM (P<0.001; F=16.560) were lower in mosses from 
+HCO3

- or +P / +HCO3
- treatments than in mosses from control or +P 

treatments (Table A 1). For Sphagnum grown without HCO3
-, the number of 

capitula increased by approximately 15-20% during the experiment, while 
mosses that grew under HCO3

--rich conditions had a 50-67 % lower 
number of capitula at the end of the experiment than at the beginning 
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(data not shown). Addition of HCO3
- resulted in a higher N-content 

(P<0.001; F=13.805) and a lower K-content (P<0.001; F=116.846) in the 
mosses, whereas addition of HCO3

- together with P resulted in a higher P- 
(P=0.001; F=6.402) and N-content (P<0.001; F=22.872) in the moss tissue 
(Table A 1). 
 

 
Figure 2. Relative Growth Rate (RGR; mean±SEM) of S. 
squarrosum and S. palustre growing on topsoils or subsoils 
treated with a water layer with or without addition of P 
and/or HCO3

-. Significant differences between topsoil and 
subsoils, and between Sphagnum species are indicated using 
asterisks, with ** representing P≤0.01 and *** P≤0.001. 
Significant differences between water treatments are 
indicated using different letters (a, b). 

 
C-dynamics 
After four weeks of rewetting, all bare sediments showed a net emission of 
both CH4 (Figure 3a) and CO2 (Figure 3b). While CO2 emissions were similar 
for topsoils and subsoils, emission of CH4 was more than 100 times higher 
for topsoils (P<0.001; F=32.191). This difference was still observed after 15 
weeks of rewetting (6 of which with Sphagnum cover; P<0.001; F=38.848; 
Figure 3c), with CH4 emissions for topsoils reaching average emissions of 
0.2 to 1.1 g C m-2 d-1, whereas subsoils showed much lower emissions, with 
rates of 1.5∙10-4 to 2.5∙10-3 g C m-2 d-1. After 15 weeks of rewetting (6 of which 
with Sphagnum cover), CO2 emissions increased more for topsoils than for 
subsoils (P<0.001; F=31.499; Figure 3d). While a few subsoils covered with S. 
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palustre showed net CO2-fixation, most subsoils and all topsoils showed a 
net release of CO2, even when Sphagnum species grew on top. 
 

 
Figure 3. Fluxes (± SEM) of CH4 (left) and CO2 (right) from bare 
soils (a & b) and soils covered by Sphagnum mosses (c & d).  
Soils are either topsoils or subsoils, treated with a water layer 
with or without addition of P and/or HCO3

-. Note different 
scales for the y-axes. Some treatments show high variation in 
CH4 diffusion, resulting in large SEMs. Significant differences 
between topsoil and subsoils are indicated using asterisks, 
with *** representing P≤0.001. Significant differences between 
water treatments are indicated using different letters (a, b). 

 
GWPs of bare soils did not differ significantly, but a trend (P=0.097; F=3.020) 
was observed indicating higher GWPs (5.73±1.91 CO2-eq m-2 d-1) for topsoils 
than subsoils (2.18±0.34 CO2-eq m-2 d-1; Figure 4a). After 15 weeks of 
treatment and introduction of Sphagnum, topsoils had a much higher 
GWP than subsoils, with average values of 26.94±11.62 and 53.76±9.40 CO2-
eq m-2 d-1 for topsoils covered with S. palustre (P=0.034; F=4.884) and S. 
squarrosum (P=0.001; F=13.578) respectively, compared to only -0.40±1.35 
and 16.30±2.66 CO2-eq m-2 d-1 for subsoils covered by the same species 
(Figure 4b).  
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Topsoils contained higher amounts of organic carbon, with significantly 
higher concentrations of TOC in the water layer above topsoils (P<0.001; 
F=17.619; Table 2) and of DOC in the pore water of topsoils (P<0.001; 
F=28.263; Table 1). Based on TOC measurements from the water layer, we 
could calculate that organic carbon fluxes from the sediments were 
around 1.01±0.16 and 0.41±0.05 g C m-2 d-1 for topsoils and subsoils 
respectively (P=0.002; F=12.033; data not shown). 
 

 
Figure 4. Global warming potential (GWP; mean ± SEM) of 
bare peat soils (a) and soils covered by S. palustre or S. 
squarrosum (b). Values for bare peat were measured after 6 
weeks of experimental treatments, whereas rates for 
Sphagnum covered soils were measured after 15 weeks of 
experimental treatments (6 weeks after introduction of 
Sphagnum).  Soils were either topsoils (5-25 cm depth) or 
subsoils (25-45 cm depth), treated with a water layer with or 
without addition of P and/or HCO3

-. GWP is expressed in CO2-
equivalents on a mass basis, with CH4 representing 34 CO2-
equivalents over a 100-year period (IPCC, 2013). Significant 
differences between topsoil and subsoil are indicated with 
asterisks, with * representing P≤0.05 and ** P≤0.01.  

 
Methane production potential (MPP) 
In line with the overall higher C-fluxes from intact sediments, MPP rates 
were up to 99% higher in topsoils than subsoils (P <0.001; F=31.646; Figure 
5a and 5b). Incubations of homogenised soils without substrate addition 
(Control headspace) showed a 10-fold increase in CH4 production rates 
when soils were treated with HCO3

- (P=0.033). While addition of acetate 
increased MPP (P=0.014; F=4.559) in all topsoil treatments, it had no 
stimulating effect on the MPP of subsoils. Furthermore, combined addition 
of H2 and CO2 did not stimulate the potential CH4 production for either soil 
depth.   
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Figure 5. Soil CH4 production rates of topsoils (a) and subsoils 
(b) treated with different water layer compositions (with or 
without added P and/or HCO3

-), after addition of different 
substrates: H2/CO2 (potential CH4 production), Acetate 
(potential acetoclastic/ fermentative CH4 production) or N2 
(headspace control). Note different scales of the y-axis. 
Significant differences between MPP substrates or different 
water treatments are indicated with asterisks, with * 
representing P≤0.05 and ** P≤0.01. 
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Discussion 
 
Challenges of rewetting former agricultural peatlands 
Peatlands used as arable lands or pastures for a long time have severely 
been altered through long-term drainage and fertilisation (Meyer and 
Turner, 1992). In order to halt the high C and nutrient losses associated with 
these changes, rewetting programs are being carried out or planned for a 
growing number of drained peatlands. Projects include both the 
restoration of natural wetlands (Tanneberger and Wichtmann, 2011; Zak 
and Gelbrecht, 2007) and the change to alternative, wet agricultural use of 
peatlands e.g. by Sphagnum farming (Gaudig et al., 2014; Joosten and 
Clarke, 2002; Verhoeven and Setter, 2010). The rewetting of these areas 
causes a fast shift from aerobic to anaerobic soil processes in which 
alternative terminal electron acceptors are used (Knorr and Blodau, 2009). 
Although CO2 and N2O emissions are generally lowered (Salm et al., 2009), 
CH4 production is strongly increased. While drained peatlands show CH4 
emission rates of -0.014 to 0.012 g C m-2 d-1 (Hatala et al., 2012; Maljanen et 
al., 2010; Mander et al., 2012; Salm et al., 2009), pristine peatlands produce 
0.0 to 0.2 g C m-2 d-1, with some ‘hotspots’ even emitting up to 1.5 g C m-2 d-1 
(Bartlett and Harriss, 1993; Drewer et al., 2010; Saarnio et al., 2007). So far, 
however, most studies have focused on oligotrophic bogs and pristine fens, 
reporting CH4 fluxes up to 0.07 g C m-2 d-1 (Beetz et al., 2013; Green et al., 
2014; Mander et al., 2010; Moore and Knowles, 1989; Wilson et al., 2013), while 
few have studied the effects of rewetting for eutrophic peatlands. The CH4 
fluxes we showed for rewetted, former agricultural soils, ranging from 0.05 
to 4.03 (median 0.16) g C m-2 d-1, are comparable to rates of 0.05 to 0.30 g C 
m-2 d-1 found in other fertilised peatlands (Hendriks et al., 2007; Schrier-Uijl 
et al., 2010; van de Riet et al., 2013).  
 
Since CH4 is a much more potent GHG than CO2, it will strongly influence 
the global warming potential (GWP) of rewetted areas. GWPs of drained 
and degraded peatlands range from 188 to 3,230 CO2-eq m-2 yr-1 (Beetz et 
al., 2013; Lamers et al., 2015; Salm et al., 2009; Teh et al., 2011), whereas 
pristine systems generally show lower GWPs of -196 to 685 CO2-eq m-2 yr-1 
(Byrne et al., 2004; Long et al., 2010; Olson et al., 2013). We here show high 
GWP rates of 760 to 2253 CO2-eq m-2 yr-1 (based on an 8-month growing 
season) after rewetting of a former agricultural peatland, due to high CH4 
emission. In addition, C losses through DOC production and mobilisation 
accounted for 35-55% of the total C loss in our system and showed high 
average rates of around 1 g C m-2 d-1 and. These rates are on par with the 
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daily CO2 fluxes from these soils, indicating a substantial, but often 
overlooked role of DOC loss in the total C emissions in these systems 
(Fenner et al., 2007; Freeman et al., 2001; Kalbitz et al., 2000). 
 
In addition to high C losses and a high GWP, we showed a strong increase 
in plant-available N and P after rewetting as a result of mobilisation from 
the nutrient loaded soils, which is in accordance with observations in 
similar rewetted soils (van de Riet et al., 2013; Zak and Gelbrecht, 2007). 
While N can easily be mobilised under aerobic conditions during 
agricultural use, P is usually immobilised in Fe-P complexes. In the absence 
of O2 after rewetting, however, Fe3+ is reduced and previously Fe-bound P is 
mobilised to the water layer (Smolders et al., 2006), especially when Fe: P 
ratios of the sediment are below 10 mol mol-1 (Geurts et al., 2008), as was 
indeed the case for the topsoils in our experiment. This mobilisation of P 
and N resulted in a higher occurrence of algae and may, in a field situation, 
also favour the growth of fast-growing vascular plants, such as Juncus spp. 
(Aggenbach et al., 2013; Berendse et al., 2001; Smolders et al., 2008). As 
expected, eutrophication-related problems were further stimulated when 
P-rich water was used for rewetting, whereas an alkalinity characteristic of 
minerotrophic surface water stimulated additional P release and 
simultaneously doubled CO2 emission rates. The latter effect may be 
caused by competition for anion binding sites (Roelofs, 1991; Smolders et al., 
2006) and enhanced decomposition rates (Lamers et al., 2015).  
 
Topsoil removal strongly reduces C and nutrient emissions after 
rewetting 
Topsoil removal resulted in 99% reduction in net CH4 emission rates. While 
topsoils showed very high potential CH4 production rates, with values up to 
325 µmol CH4 m-3 s-1 for fermentative CH4 production, these rates decreased 
to 0.03 and 4.10 µmol CH4 m-3 s-1 after topsoil removal and thus fall within 
the range of 0.01 to 10 µmol CH4 m-3 s-1 reported in literature (Segers, 1998). 
This strong reduction results from limited organic substrate (acetate) and P 
availability for methanogen communities due to the lower availability of 
easily degradable organic matter and nutrients in the subsoil (Tomassen et 
al., 2003b; Updegraff et al., 1995; Yavitt et al., 1997).  
 
In addition to the strong reduction in CH4 emission, GWPs and DOC fluxes 
were also reduced by 50-70% and 60% respectively. Furthermore, topsoil 
removal was shown to reduce the mobilisation of dissolved N and P by 80% 
and 93%, respectively. This will prevent algal blooms and dominance of 
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highly competitive vascular vegetation, which makes the environment 
more suitable for growth of peat-forming Sphagnum spp. (Emsens et al., 
2015).  
 
Water quality and Sphagnum growth: bicarbonate toxicity 
Although we show net effluxes of both CH4 and CO2 from soils with dense 
Sphagnum cover, these mosses are potentially strong peat-forming 
species that can sequester large amounts of C as recalcitrant organic 
matter. Based on the biomass increase in our experiment, the net primary 
production (NPP) of both Sphagnum species was around 90-500 g DW m-2 
yr-1. Although the NPP of other peat-forming species, such as Phragmites 
australis, may be higher, with rates around 300-1300 g DW m-2 yr-1 (Brix et 
al., 2001; Christensen et al., 2009), litter of these species also decomposes 
much faster and more completely, with an average mass loss of around 
60% yr-1 (Christensen et al., 2009; Kirschner et al., 2001). Sphagnum mosses, 
on the other hand, have mass loss rates that only range from 5-20% yr-1 
(Clymo, 1965; Coulson and Butterfield, 1978; Limpens and Berendse, 2003b; 
Verhoeven and Toth, 1995). Furthermore, they actively slow down 
decomposition processes by the production of acids. Under these 
circumstances, average C sequestration rates for Sphagnum range from 
28-240 g C m-2 yr-1 (Gerdol, 1995; Graf and Rochefort, 2009; Hajek, 2009; 
Samaritani et al., 2011), whereas those for Phragmites australis range from 
30-160 g C m-2 yr-1

 (assuming an average C-content of 40% for both species; 
Kirschner et al. (2001); Longhi et al. (2008)). In our study, C fixation rates of 
386-663 and 121-349 g C m-2 yr-1 were reached by S. squarrosum and S. 
palustre, respectively, based on the increase in DW biomass and assuming 
a growing season of 8 months. Despite these high C fixation rates, the 
acidification by Sphagnum spp. has been shown to initially result in a net 
C-efflux, due to the transformation of HCO3

- into CO2 (Harpenslager et al., 
2015).  
 
Both moss species grew better on topsoils than subsoils, but only when 
rewetted with water without HCO3

-. This was most likely due to the higher 
availability of nutrients on topsoils. S. squarrosum grew 2-5 times faster 
and fixed 2-3 times more C than S. palustre, especially on topsoils. The high 
nutrient availability may have favoured the growth of S. squarrosum 
(Clymo, 1973; Kooijman and Bakker, 1995), but this may also have been 
related to higher C availability (20 times higher HCO3

- concentrations) in 
topsoils. S. squarrosum is more resistant to higher pH than S. palustre 
(Clymo, 1973), and its high acidification potential (Giller and Wheeler, 1988; 
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Kooijman and Bakker, 1995) may counteract negative effects of HCO3
- by its 

conversion into CO2 (Harpenslager et al., 2015). This may also explain the 
higher CO2 fluxes observed for soils covered with S. squarrosum. After 3-4 
weeks, however, both S. squarrosum and S. palustre showed reduced 
growth and vitality upon increasing HCO3

- levels, resulting in dying, algae 
covered mosses In a field situation, the huge nutrient stocks will also 
stimulate development of dense stands of fast growing vascular 
vegetation, which will eventually out-compete Sphagnum mosses 
(Aggenbach et al., 2013; Berendse et al., 2001; Smolders et al., 2008) and 
thereby hamper C sequestration. This implies that Sphagnum growth will 
also benefit from topsoil removal. 
 
 

Conclusion 
 
Rewetting former agricultural peatlands halts land subsidence, but 
simultaneously results in strongly enhanced emissions of GHG and 
nutrients. Removal of the nutrient-rich topsoil before rewetting strongly 
improves the prospects of restoring the C balance in these soils by strongly 
reducing eutrophication (by 80-95%), DOC mobilisation (60%), CH4 
emission (99%) and GWP (50-70%). This not only results in lower C losses, 
but also prevents algal blooms and monocultures of fast-growing plants, 
improving the regrowth of peat forming Sphagnum vegetation and 
subsequent restoration of C sequestration. Although removal of the topsoil 
of an already subsiding system may appear undesirable, we here show that 
the remaining subsoil will provide more suitable conditions for peat 
regrowth than the nutrient rich topsoils. The removed topsoils should 
subsequently be used in drained, subsiding peatlands that are still being 
used for agriculture, since this may help to maintain traditional agriculture 
on these fields by increasing the surface level. This will also allow the 
establishment of higher water levels in restored peatlands without 
increasing flooding risks of the surrounding agricultural area. 
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Appendix 
 

Table A1. Growth characteristics and mineral contents (mean 
± SEM) of S. palustre (PAL) and S. squarrosum (SQU) grown on 
topsoils or subsoils, with a water layer with and without 
added P and/or HCO3

-. Significant differences between topsoil 
and subsoil are indicated with asterisks, with * representing 
P≤0.05, ** P≤0.01 and *** P≤0.001. Significant differences 
between water treatments are indicated with different letters 
(a, b, c). Differences between Sphagnum species are indicated 
in the first column by asterisks, similarly to soil effects. 

Char- 
act-

eristic 

Unit Soil Control +P +HCO₃⁻ +P/+HCO₃⁻ 

PAL SQU PAL SQU PAL SQU PAL SQU 

Photo-
syn-

thetic 
rate 

(SQU> 
PAL**) 

µmol 
O2 

gDW-

1 h-1 

Top 
soil 

86.9 
±12.8 

b 

91.7 

±27.0 
b 

52.3 
±5.6  

b 

99.6 

±22.9  
b 

39.8 
±9.6 

a 

83.4 

±23.1 
a 

33.8 

±3.9 
a 

48.6 

±13.2 
a 

Sub
soil 

40.6 

±12.4 
b 

69.8 

±7.0 
b 

54.3 

±8.4 
b 

82.2 

±16.6 
b 

42.3 

±15.3 
a 

31.6 

±9.1 
a 

26.5 

±20.7 
a 

53.7 

±21.8 
a 

Final 
No of 
Capit 

ula 
(SQU> 
PAL***) 

 Top 
soil 
*** 

81 

±20 
b 

104 

±9 
b 

77 
±13 
b 

108 
±14 
b 

22 
±2 
a 

35 
±4 
a 

20 
±4 
a 

45 
±22 

a 
Sub
soil 

71 
±9 
b 

89 
±6 
b 

76 

±10 
b 

94 
±9 
b 

22 
±4 
a 

50 
±13 
a 

27 
±8 
a 

39 
±13 
a 

Moss 
length 

mm Top 
soil 
*** 

74.8 
±5.7 

b 

77.2 
±4.4 

b 

74.0 
±3.4 

b 

72.8 
±3.5 

b 

39.7 
±2.9 

a 

33.7 
±1.1 
a 

36.6 
±1.2 

a 

34.9 
±3.9 

a 
Sub
soil 

70.4 
±3.0 

b 

68.9 
±4.0 

b 

71.2 
±3.6 

b 

69.5 
±3.1 

b 

35.7 
±1.2 

a 

36.0 
±3.6 

a 

31.1 
±1.7 

a 

32.6 
±7.7 

a 
pH 

vegeta
tion 

 Top 
soil 

5.7 
±0.6 

a 

5.3 
±0.1 

a 

5.1 
±0.1 

a 

5.2 
±0.1 

a 

6.2 
±0.2 

b 

6.2 
±0.3 

b 

6.9 
±0.5 

b 

6.6 
±0.2 

b 
Sub
soil 

4.6 
±0.1 

a 

5.0 
±0.3 

a 

4.8 
±0.2 

a 

4.7 
±0.2 

a 

6.3 
±0.6 

b 

6.8 
±0.6 

b 

7.1 
±0.9 

b 

7.2 
±1.1 
b 

N: P g g-1 Top 
soil 

4.55 
±1.81 

a 

1.68 
±0.18 

a 

1.19 
±0.11 

a 

1.34 
±0.17 

a 

4.24 
±1.63 

b 

6.23 
±0.83 

b 

8.47 
±1.10 

b 

8.12 
±0.84 

b 
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Sub
soil 

4.78 
±1.31 

a 

1.38 
±0.11 

a 

1.65 
±0.26 

a 

1.32 
±0.26 

a 

4.58 
±2.04 

b 

5.61 
±1.03 

b 

6.72 
±1.18 

b 

7.65 
±0.34 

b 
N: K g g-1 Top 

soil 
6.55 
±1.27 

5.95 
±0.78 

5.10 
±1.31 

5.27 
±0.89 

5.39 
±0.44 

4.48 
±0.36 

7.64 
±1.86 

5.56 
±0.46 

 
Sub
soil 
** 

10.00 
±2.99 

7.91 
±1.12 

8.30 
±0.96 

5.77 
±1.28 

6.93 
±0.58 

7.09 
±2.04 

7.50 
±1.18 

5.75 
±0.34 

K: P g g-1 Top 
soil 

2.66 
±1.07 

c 

3.53 
±0.23 

c 

4.54 
±1.46 

c 

3.89 
±0.20 

c 

2.42 
±1.09 

b 

0.76 
±0.12 

b 

0.88 
±0.11 

a 

0.69 
±0.03 

a 
Sub
soil 
** 

3.25 
±1.51 

c 

5.92 
±1.08 

c 

5.20 
±0.61 

c 

4.32 
±0.40 

c 

2.62 
±1.10 

b 

1.52  
±0.49 

b 

1.24 
±0.40 

a 

0.76 
±0.07 

a 
N µmol 

gDW-

1 

Top 
soil 
** 

1020 
±112 

a 

845 
±26 

a 

962 
±49 
a,b 

969 
±57 
a,b 

1099 
±77 

b 

1177 
±47 

b 

1230 
±89 

c 

1340 
±115 

c 
Sub
soil 

1157 
±149 

a 

777 
±54 

a 

942 

±77 
a,b 

780 
±48 
a,b 

1098 
±123 

b 

922 
±132 

b 

998 
±188 

c 

1109 
±85 

c 
P µmol 

gDW-

1 

Top 
soil*

** 

78.0 
±13.9 

a 

68.5 
±11.4 

a 

100.7 
±21.5 
a,b 

90.8 
±15.7 
a,b 

94.3 
±9.3 
a,b 

120.2 
±9.8 
a,b 

83.6 
±15.2 

b 

109.6 
±7.6 

b 
Sub
soil 

79.5 
±30.4 

a 

49.8 
±13.0 

a 

55.0 
±11.5 
a,b 

73.4 
±20.0 

a,b 

80.0 
±13.5 
a,b 

61.1 
±11.9 
a,b 

77.9 
±26.7 

b 

86.9 
±2.62 

b 
K µmol 

gDW-

1 

Top 
soil 

144.0 
±61.0 

b 

188.5 
±25.9 

b 

294.3 
±18.3 

b 

273.4 
±35.8 

b 

166.0 
±63.4 

a 

71.4 
±9.4 

a 

54.3 
±6.2 

a 

60.7 
±6.7 

a 
Sub
soil 

99.0 
±15.6 

b 

204.7 
±15.3 

b 

220.7 
±35.6 

b 

237.3 
±44.8 

b 

172.0 
±70.0 

a 

63.2 
±9.0 

a 

53.9 
±3.9 

a 

52.5 
±5.3 

a 
PAM  Top 

soil 
0.54 

±0.04 
b 

0.63 
±0.01 

b 

0.565 
±0.02 

b 

0.648 
±0.02 

b 

0.626 
±0.05 

a 

0.503 
±0.06 

a 

0.493 
±0.07 

a 

0.467 
±0.06

a 
Sub
soil 

0.61 
±0.03 

b 

0.63 
±0.03 

b 

0.609
±0.03 

b 

0.644 
±0.02 

b 

0.554
±0.05 

a 

0.414 
±0.08 

a 

0.529
±0.03 

a 

0.397  
±0.11 

a 
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Abstract 
 
The widespread wetland species Phragmites australis (Cav.) Trin. ex Steud. 
has the ability to transport gases through its stems via a pressurized flow. 
This results in a high oxygen (O2) transport to the rhizosphere, suppressing 
methane (CH4) production and stimulating CH4 oxidation. Simultaneously 
CH4 is transported in the opposite direction to the atmosphere, bypassing 
the oxic surface layer. This raises the question how this plant-mediated gas 
transport in Phragmites affects the net CH4 emission. 
A field experiment was set-up in a Phragmites-dominated fen in Germany, 
to determine the contribution of all three gas transport pathways (plant-
mediated, diffusive and ebullition) during the growth stage of Phragmites 
from intact vegetation (control), from clipped stems (CR) to exclude the 
pressurized flow, and from clipped and sealed stems (CSR) to exclude any 
plant-transport. Clipping resulted in a 60% reduced diffusive + plant-
mediated flux (control: 517, CR: 217, CSR: 279 mg m-2 day-1). Simultaneously, 
ebullition strongly increased by a factor of 7 to 13 (control: 10, CR: 71, CSR: 
126 mg m-2 day-1). This increase of ebullition did, however, not compensate 
for the exclusion of pressurized flow. Total CH4 emission from the control 
was 2.3 and 1.3 times higher than from CR and CSR respectively, 
demonstrating the significant role of pressurized gas transport in 
Phragmites-stands. 
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Introduction 
 
Methane (CH4) produced in soils is to a great extent oxidized to CO2 before 
it reaches the atmosphere (Lai, 2009; Le Mer and Roger, 2001). The 
proportion of CH4 oxidation depends on water table height (Brix et al., 2001; 
Lai, 2009; Le Mer and Roger, 2001) and the presence or absence of vascular 
wetland plants (Grünfeld and Brix, 1999; Hendriks et al., 2010). Both factors 
influence the concentration of oxygen (O2) in the soil (Armstrong and 
Armstrong 1990; Brix et al., 1992) and the pathways by which CH4 is 
transported from the soil to the atmosphere (Hendriks et al., 2010; Le Mer 
and Roger, 2001). There are three gas transport pathways: diffusion and 
ebullition from the soil, and plant-mediated transport via aerenchyma of 
roots and stems of vascular plants.  
 
Diffusion is a relatively slow process, whereby a large part of the produced 
CH4 is oxidized when crossing the oxic upper layer of the water column or 
soil (Lai, 2009). Ebullition occurs when gas builds up in a submerged soil 
and bubbles are formed. When bubbles are erupted episodically, the 
bubbles can rapidly pass through the water-saturated soil and water 
column above. Because this transport is fast, only a small part of the CH4 
will be oxidized. In general, ebullition is affected by temperature, air 
pressure and water table height (influencing the pressure in the water 
column); however, it shows a high spatial and temporal variation and is 
hard to predict (Aben et al., 2017; Fechner-Levi and Hemond, 1996; Hendriks 
et al., 2010; Kellner et al., 2006; Lai, 2009). The contribution of ebullition to 
the overall CH4 flux ranges from a few percent (Green and Baird, 2013) to 
more than 50% (Christensen et al., 2003). 
 
CH4 transport mediated by wetland plants occurs through aerenchyma, 
which has the physiological function to transport O2 into the roots. Often, 
more O2 is transported to the roots than is consumed, leading to O2 
leakage into the rhizosphere (Colmer, 2003). Besides O2 transport into the 
soil, other gases (e.g. CO2 and CH4) can simultaneously be transported from 
the soil to the atmosphere (Chanton et al., 2002; Lambers et al., 2008). This 
gas transport via aerenchyma tissue can occur via a diffusion gradient or 
by a pressure gradient that is built up by the plants (Armstrong and 
Armstrong 1991; Brix et al., 2001). Plants that transport gases via diffusion 
are, among others, Carex rostrata, Oryza sativa, Scirpus Lacustris and 
Peltandra virginica (Chanton et al., 2002; van der Nat et al., 1998), whereas 
gas transport via convective through-flow due to pressure gradient is 
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found in Typha latifolia, Typha angustifolia, Nymphaea odorata, Nuphar 
luteum, Nelumbo nucifera, Nymphoides peltata and Phragmites australis 

(Brix et al., 1992; Chanton et al., 2002).  

Figure 1. Schematic overview of the humidity induced 
convection inside Phragmites plants. N2 and O2 are 
transported through stomata of the leaf sheath, following the 
diffusion gradient. A higher pressure inside the stem is 
created in living plants (DP), which creates an airflow towards 
the rhizome and goes back to the atmosphere via old or 
broken stems (red arrows). O2 is transported to the soil and 
CH4 that diffuses into the rhizome will be transported to the 
atmosphere. On the places where O2 and CH4 are present 
together, CH4 oxidation occurs. 

 
Gas transport in P. australis (common reed) is highly effective. It builds up a 
humidity-induced pressure gradient within the leaf sheaths (the part of the 
leaf that encircles the stem) that leads to an airflow from the leaf sheaths 
towards the rhizomes, which is vented via old and broken stems (Afreen et 



CONTRIBUTION OF PLANT-INDUCED PRESSURIZED FLOW TO CH4 EMISSION 

133 

7 

al., 2007; Armstrong and Armstrong, 1990; Armstrong and Armstrong, 1991; 
Armstrong et al., 1996). This transport mechanism is more than five times 
faster than diffusion (Brix et al., 2001) and is regulated by the pores 
(stomata) in the leaf sheaths. These stomata do not transport gas caused 
by pressure differences, but allow gas transport by diffusion. Due to higher 
humidity in the internal culm of Phragmites, O2 and N2 concentrations 
inside the plant are diluted. Therefore, O2 and N2 are transported along the 
concentration gradient from the atmosphere into the sheaths, increasing 
the internal pressure (see Fig. 1). Since this process depends on stomatal 
conductance, humidity induced convective flow starts after sunrise when 
the stomata open, reaches an optimum around noon when photosynthetic 
rates are highest and then decreases till sunset (Brix et al., 2001). Therefore, 
this diurnal cycle is also observed in CH4 fluxes from Phragmites wetlands 
during the growing season (Grünfeld and Brix, 1999; Kim et al., 1998; van 
den Berg et al., 2016; van der Nat et al., 1998). On the one hand, Phragmites 
transports O2 into the soil, which leads to higher oxidation rates of CH4 and 
can also be expected to reduce methanogenesis. On the other hand, 
transport of CH4 from the soil to the atmosphere through the plant is 
facilitated, bypassing the oxic soil and water layer. Grünfeld and Brix (1999) 
showed a 34% decrease in CH4 emission after addition of Phragmites to a 
submerged organic soil. In contrast, Hendriks et al. (2010) found that 
vascular plant presence (among others Phragmites and Thypha latifolia) 
leads to higher methane emissions, but depends on the water table height. 
 
Since the findings in literature are ambiguous, the following questions 
remain: 1) how important is plant-mediated gas transport in Phragmites 
compared to the other CH4 transport mechanisms (diffusion and ebullition 
from the soil); 2) how does Phragmites influence diffusive and ebullition 
fluxes; and 3) does the presence of Phragmites stands lead to an overall 
increase or decrease of CH4 emission? To study this, a field experiment 
within a measuring period of three weeks during the growing season was 
set-up in a large reed area of a minerotrophic peatland. To quantify the 
importance of plant-mediated CH4 transport, we compared fluxes 
measured with chambers from control Phragmites plots with plots where 
Phragmites stems were clipped to exclude pressurized gas transport 
through the plant. To exclude any gas transport through plants, we also 
measured CH4 fluxes from plots where Phragmites stems were clipped 
and sealed. Ebullition from the soil was determined as well, to assess the 
relative contribution of all gas transport pathways of CH4 from a reed fen. 
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In addition to the experiment, we were interested to see if the chamber 
fluxes from the control plots were representative for the total system. 
Therefore, we made a comparison between CH4 fluxes measured with the 
chamber method and with the eddy-covariance method. 
 
 

Materials and methods 
 
Study site 
The study was conducted in the Federseemoor (48.092°N, 9.636°E), a 
peatland of 30 km2 located in the region Upper Swabia in southwest 
Germany. This peatland has developed via natural terrestrialization from a 
proglacial lake after the last ice age. As a result, the surface area of the lake 
declined from 30 km2 to 12 km2. Between 1787 and 1808, the lake was 
further reduced to a size of 1.4 km2 by drainage activities. The newly gained 
land of 11 km2 was used as pasture but turned out to be unprofitable due to 
the recurring high water table. Nowadays it is a nature conservation area, 
mainly consisting of fen (see van den Berg et al. (2016) for a vegetation 
map). The lake Federsee is completely surrounded by reed vegetation (P. 
australis), with a total area of 2.2 km2 and a density of around 70 living 
shoots and 75 dead stems per m2. During the measurement period (7-10 
June) the Phragmites plants were 1.2 m high. This is half their maximum 
height, which is reached at the end of July. The high density of Phragmites 
and lack of other species in the reed belt result from high nutrient 
concentrations due to wastewater input to the lake since 1951. After 1982, 
the input of untreated sewage water was stopped, which reduced the 
nutrient concentrations. Only since 2006 has there been a significant 
improvement in water quality, and after 2008 the lake water became clear 
again. The field experiment was installed in the middle of the reed area at 
around 70 m distance from an eddy covariance (EC) tower, which has been 
running since March 2013 (van den Berg et al., 2016). In a radius of at least 
200 m around the EC tower, the vegetation is dominated by Phragmites 
(see van den Berg et al., 2016), meaning only reed dominated the measured 
EC footprint. 
 
Field experiment 
Nine plots of 2 m x 2 m were prepared for three treatments with three 
replicates: 1) clipped reed (CR), to exclude the pressurized flow in the plants; 
2) clipped and sealed reed (CSR), to exclude any exchange via plant stems; 
and 3) control where reed was not manipulated. In the CR and CSR 
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treatments, living and dead reed stems were clipped to about 10 cm above 
the water table. In the CSR treatment the clipped reed stems was sealed 
with an acrylic sealant. Since rhizomes connect plants over longer 
distances, plots were isolated by cutting rhizomes from the reed plants 
around each plot to a depth of 50 cm, to avoid gas exchange with the 
surrounding area. The period between preparation of the plots and 
measurements was minimized (1 to 2 days) to reduce possible side effects, 
such as change in substrate availability for methanogens. One day before 
the first measurement, the water table rose about 20 cm in the whole field, 
flooding the prepared sealed stems of one plot already prepared for the 
CSR treatment. Nevertheless, since no gas exchange is expected from the 
sealed stems, this plot was still included in the experiment. CH4 and CO2 
diffusive fluxes from the soil and plant-mediated fluxes were measured 
with transparent flow through chambers. Pore water was extracted to 
analyze the effect of the reduced/excluded gas exchange by the plants on 
soil chemistry. In each plot ebullition was measured as well (see below). 
 
Diffusive and plant mediated CH4 flux 
On 7, 9 and 10 June 2016 between 07:00 and 18:00, the gas fluxes of each 
treatment were alternately measured. Per day, only one of the triplicates 
per treatment was measured. CH4 fluxes were measured in the middle of 
the plots with transparent chambers with a diameter of 50 cm. One 
chamber was 2 meters high and was on the control plots. Two chambers 
were 1 meter high and used on the CR and CSR plots. The 1-meter 
chambers were equipped with a small fan of 8 cm x 8 cm that had a flow 
capacity of 850 l/min.; two fans were installed in the 2-meter chamber. 
Each day one replicate of every treatment was measured, to be able to 
capture the diurnal cycle for each plot and to minimize disturbance by 
translocating the chambers. The chambers were connected with 8 m 
tubing to a multiport inlet unit attached to a fast greenhouse gas analyzer 
(GGA) with off-axis integrated cavity output spectroscopy (GGA-24EP, Los 
Gatos Research, USA) measuring the concentration of CH4 and CO2 every 
second. Every 5 minutes the multiport switched between the three 
chambers, allowing air from each chamber to be alternately pumped 
through the GGA with a pumping rate of 300 ml min-1 and resulting in four 
flux measurements per plot per hour (~35 measurements per plot per day). 
The withdrawn air from the chamber was replaced with ambient air 
through an opening in the chamber. After 1-2 hours of continuous 
measurements, the chambers were ventilated by lifting the chambers to 
fully replace inside air with ambient air. After 15 minutes, the chamber was 
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put back and measurements continued. Since it takes a long time before 
the chamber CH4 gets to equilibrium with the water column, 1 to 2 hours of 
increasing CH4 concentration in the chamber will have little effect on the 
measurement accuracy of the CH4 flux (in contrary to the CO2 flux) 
(Bastviken et al., 2010). Nevertheless, we used only data from the first 30 
minutes after ventilating to calculate the diffusive flux (five measurements 
per plot per day), since this is the period where temperature and humidity 
inside the chamber resemble outside conditions most closely. Only for the 
comparison between eddy covariance fluxes and chamber fluxes on the 
control plots we did use data from the whole measurement period. 
 
The concentration for every measurement point was corrected for the 
change in concentration caused by the inflow of ambient air with known 
CO2 and CH4 concentrations (measured by the EC station) and outflow of 
chamber air (both with a flow rate of the pump speed of the Los Gatos). 
The slope of the corrected chamber concentrations over a 4 minute period 
within the 5 minute measurement was used to calculate the flux and was 
checked for non-linear fluctuations due to e.g. ebullition. Fluxes 
corresponding to an average chamber concentration of > 100 ppm CH4 
were discarded, because of the GGA’s detection limit. In total 11% of the 
fluxes were discarded. 
 
Ebullition 
In each plot ebullition was measured by catching bubbles from a fixed 
surface with an ebullition trap (Aben et al., 2017), composed of a 20 cm 
diameter funnel, to which a glass bottle of 300 ml was attached. The 
bottles were filled with water from the site and the ebullition trap was 
installed under the water table on 8 June and carefully anchored between 
reed stems (no open endings of stems were below the trap) on the soil 
surface around 0.55 m below the water surface. Bubbles were captured in 
the glass bottle for 18 days, after which the bottles were removed and gas 
samples were taken in the field. The total volume of ebullition gas was 
determined and the concentration of CH4, CO2 and N2O were measured by 
gas chromatography (7890B GC, Agilent Technologies, USA) in the lab. 
 
Environmental variables 
In each chamber, temperature and radiation were measured with a 
temperature/light sensor (HOBO Pendant data logger, Onset Computer 
Corporation, USA) logging at an interval of 30 seconds. Every minute soil 
temperature was measured in each plot in the upper 0 to 0.05 m with a 



CONTRIBUTION OF PLANT-INDUCED PRESSURIZED FLOW TO CH4 EMISSION 

137 

7 

Soil Water Content Reflectometer (CS655, Campbell Scientific Inc., USA) 
around 0.56 m below the water table. Air temperature, air relative humidity 
(HMP155, Vaisala Inc., Finland) and incoming and outgoing shortwave and 
longwave radiation (CNR4, Kipp & Zonen Inc., The Netherlands) were 
measured at a height of 6 m close to or at the EC station. Groundwater 
table was continuously measured with a water level pressure sensor (Mini-
Diver datalogger, Eijkelkamp Agrisearch Equipment Inc., The Netherlands) 
placed at 1.45 m depth in a 2-meter long filter pipe that was placed 1.60 m 
into the soil. Data were recorded at a 30 minute interval. 
 
Pore water sampling and analysis 
To see if the treatments had any effect on the methane production, pore 
water samples were analyzed. At two locations in each plot, pore water was 
extracted anaerobically with ceramic cups (Eijkelkamp Agrisearch 
Equipment Inc., The Netherlands). Pore water from 10, 20, 30 and 50 cm 
depth was collected by vacuum suction in syringes and transported to the 
lab. In the lab, pore water was diluted with a ratio of 1:3. Dissolved organic 
carbon (DOC) concentration was measured with a Dimatoc 100 DOC/TN-
analyzer (Dimatec, Germany). A second pore water sample was taken in 
vacuumed 13 ml exetainers with 3 g of NaCl. The concentration of CH4 in 
the headspace of these exetainers, representing the CH4 concentration in 
pore water, was determined on a HP gas chromatograph (Hewlett 
Packard, USA). A third pore water sample was fixed with 0.2% 2.2-bipyridin 
in 10% CH3COOH buffer in the field to determine Fe(II) measuring 
photometrical absorption at 546 nm in the lab. 
 
Eddy covariance 
The EC tower was located at a distance of around 70 m from the prepared 
plots. The tower was 6 meters high and consisted of a LI-7700 open path 
CH4 gas analyser (LI-COR Inc., USA), a LI-7200 enclosed path CO2/H2O gas 
analyser (LI-COR Inc., USA) and a WindMaster Pro sonic anemometer (GILL 
Instruments Limited Inc., UK). Molar mixing ratio/mass density of the gases 
and wind speed in three directions were measured at a frequency of 10 Hz. 
Fluxes were calculated for an averaging interval of 15 minutes with the 
software EddyPro version 6.1.0. For more detailed information about the set 
up and calculations of the fluxes, see van den Berg et al. (2016). 
 
d13C measurements 
CH4 oxidation and transport lead to isotopic fractionation of d13C of CH4

 

(Chanton, 2005). The difference between d13C of the CH4 present in the soil 
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and the CH4 emitted to the atmosphere may therefore reveal the 
importance of both methane oxidation and the different emission 
pathways. 
 
The d13C of CH4 tends to be much lower than the natural abundance in 
organic compounds, because methanotrophic prokaryotes prefer the 
lighter 12CH4 to 13CH4 thereby increasing the d13C of CH4. Diffusion rates for 
12CH4 are higher than for 13CH4

14 decreasing the d13C of the emitted CH4
23. 

Although 13C enrichment (compared to produced CH4) has been found in 
internal spaces of plants due to CH4 oxidation14, the fractionation at the 
plant-atmosphere surface reduces the d13C by about 12-18‰ due to the 
faster transport rate of 12CH4, which makes that emitted CH4 can have a 
lower fraction of d13C than the produced CH4. Differences in d13C between 
sediment and overall emission are larger for plants with diffusive internal 
gas transport than for plants with convective gas transport (Chanton, 2005). 
 
Since fractionation of CH4 emitted through ebullition in shallow waters is 
negligible, these gas bubbles can be used to know the isotopic 
composition of CH4 produced in sediment (Chanton, 2005). We therefore 
compared the d13CH4 signature of ebullition gas with the signatures of CH4 
from the chambers. Gas samples from the chamber were taken when the 
CH4 concentration was at least 10 times the ambient concentration, from 
each plot in the afternoon. The d13CH4 signature was measured with an 
isotope-ratio mass spectrometer Delta plus XP (Thermo Finnigan, 
Germany). 
 
Statistics 
Chamber fluxes were measured at different times of the day, which means 
that environmental variables like temperature and radiation were varying. 
To be able to compare the different treatments without the variation 
resulting from environmental conditions, an analysis of covariance 
(ANCOVA) was conducted with the environmental variables as covariables. 
For the analysis, the data of the different measurement days were pooled 
together per treatment. The residuals of the model were normally 
distributed. With the parameters of the ANCOVA model, average fluxes 
were calculated with average environmental variables for the period 
ebullition was measured (8-27 June), to be able to compare the chamber 
fluxes with ebullition. 
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To test if the means of the ebullition measurements or pore water 
concentrations were different between the treatments, an analysis of 
variance (ANOVA) test was performed with Fishers’s Least Significant 
Difference (LSD) post hoc test to find the specific differences between the 
treatments. 
 
 

Results 
 
Environmental conditions 
May and the first week of June were very wet with extreme rain events (up 
to 45 mm day). This caused the water table to rise to 55 cm above the 
surface, while normal fluctuations of the water table are between -2 to 40 
cm with an average of 8 cm above surface. During the measurement days 
rainfall was little to zero (see Table 1). Only on 9 June the weather was more 
cloudy with some rain in the morning. Ambient daily average temperature 
was close to the monthly average of 18.1 °C.  
 

Table 1. Average of environmental variables during the 
measurement period 07:00-18:00 of each measurement date. 

Date Ambien
t temp. 
°C 

Soil temp.  
5 cm depth 
°C 

Water table  
cm above 
surface 

Rainfall 
mm day-1 

Incoming 
radiation 
W m-2 

07-06-2016 22.3 13.4 53.8 0 648 
09-06-2016 15.6 13.7 56.0 2.8 345 
10-06-2016 18.6 13.8 56.7 0 606 

 
Pore water 
Most roots are concentrated at 30 cm depth (personal observation). From 
this depth and lower, Fe is reduced to Fe(II) and CH4 production is 
enhanced and/or CH4 oxidation reduced, given the increase in CH4 
concentration at this depth (see Fig. 2). Concentrations of elements in pore 
water show small (not significant) differences in CH4 and Fe(II) 
concentration between the treatments. A significant increase is found in 
DOC concentrations for the CSR treatment compared to the control (p < 
0.05) at 30 cm depth. 
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Figure 2. Average dissolved CH4 (left), ferrous iron (Fe(II)) 
(middle) and dissolved organic carbon (DOC) (right) in pore 
water at 10 – 50 cm depth for the treatments clipped reed 
(CR), clipped and sealed reed (CSR) and the control. Error bars 
denote the standard error from 6 measurements. 

 
Comparison eddy covariance vs chamber fluxes 
During the experiment, the CH4 fluxes measured by the EC and the chamber 
method on the control plots show a similar data range and show the same 
diurnal pattern (Fig. 3). The later increase in CH4 flux in both EC and chamber 
data on 9 June compared to the other days is most probably due to the low 
radiation by cloud cover and rain in the morning. From 9 June, there are no 
EC data available between 7:00 and 11:00 due to a rain event, which 
disturbed the functioning of the open-path CH4 sensor. Chamber fluxes data 
that did not match the EC flux pattern well appeared to originate from the 
first measurement after ventilating the chamber (see Fig. 3). Therefore, all 
first measurements after ventilating were discarded in further analyses. 

 
Figure 3. Fluxes measured with chambers on three control 
plots (i.e. plots with unmodified reed stands), one plot 
measured per day, and with the eddy covariance (EC) method 
over the same days. The red circles indicate chamber data 
that deviate from EC data pattern and correspond with the 1st 
measurement after ventilating. 
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These results show that side effects of the chamber like temperature 
increase or high relative humidity did not affect the CH4 flux (and thus gas 
transport through the plant) much, which makes the comparison between 
the control and other treatments reliable. 
 
Diffusive and plant-mediated fluxes 
All treatments show a diurnal cycle that correlates well with the inside air 
temperature of the chamber. However, the stems of the CSR plot 
measured on 7 June were flooded. This clearly affected the CH4 flux and 
the relation with chamber air temperature (Fig. 4), compared to the other 
measurements in the CSR treatment. Flooding of the sealed stems 
resulted in a further decrease of the gas flux. Due to the different 
conditions, these data were excluded from further data analysis. The 
ANCOVA analysis gives a significant result for the interaction chamber 
temperature * treatment (p < 0.05, F = 84.2), which means  that 
temperature has a significantly different effect on CH4 flux between the 
treatments. This interaction is used in the model, with the results given in 
Table 2. The regression models for each treatment (the results of the 
ANCOVA analysis) are plotted together with the measured fluxes in Fig. 4. 
 

 
Figure 4. CH4 flux in relation to chamber temperature. A: the 
treatment clipped and sealed reed (CSR), in black the 
measurements in the plot  with the stems below water (7 
June) and in grey the plots  with stems above water (9 June, 
10 June). B: all treatments (clipped reed (CR), clipped and 
sealed reed (CSR) and control) excluding the measurements 
from CSR with stems below water. The linear regression 
models are all significant (p < 0.001). 
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Table 2. Descriptive statistics and slopes (beta) with 
significant levels for the different treatments in the ANCOVA 
model. The interaction is (Chamber temperature – 5) * 
Treatment. N is amount of data points. 

 
All regression lines in the model are forced through an intercept of 5 °C, 
assuming that there is no significant microbial activity below this 
temperature (Boon and Mitchell, 1995). This was done by subtracting 5 
degrees from the measured temperature and excluding an intercept in the 
model. With this model, including the three regressions, the F value is 84.2 
(p < 0.001) and the effect size (h2) 0.869. The control treatment showed the 
highest flux and CR treatment the lowest (Table 2). The slope of the control 
treatment is about twice as high as that of the other treatments (p < 0.001), 
but the slopes of CR and CSR are not significantly different from each other 
(p = 0.359). 
 
Ebullition 
Total volumes of trapped ebullition gas from the soil differed between the 
treatments and control: CR and CSR have a 2 to 3 times higher release of 
ebullition gas than the control (76 ml m-2 day-1). The difference between 
CSR and control is significant (p < 0.05). For the CH4 volume both 
treatments are significantly different from the control (p < 0.05), but not 
significantly from each other. In both CR and CSR treatments, CH4 is clearly 
dominating ebullition: the percentage of CH4 in the ebullition gas was 
around 4 to 5 times higher in the CR (51%) and CSR (71%) treatments 
compared to the control (13%). Zero (CR and CSR plots) or very low 
amounts (0.6 ml m-2 day-1) (control plots) of N2O were found in the ebullition 
traps. Besides CH4 and CO2, ebullition gas could consist of nitrogen gas and 
water vapor, which were not measured.  
 
Relative contribution different flux pathways  
To compare the ebullition flux with the diffusive/plant mediated flux, we 
calculated the average daily chamber flux based on the relation of CH4 flux 
with temperature from the ANCOVA model (Table 2). The fluxes were 
calculated for a temperature of 14.7 °C, which is the daily average ambient 
temperature from 8 to 27 June (the period in which ebullition gas was 

Treatment N Mean SD Beta 
Interaction 

Sig Beta 

CR 17 300.5 289.6 14.7 0.000 
CSR 9 370.7 649.4 19.0 0.000 
Control 15 792.2 508.7 35.1 0.000 



CONTRIBUTION OF PLANT-INDUCED PRESSURIZED FLOW TO CH4 EMISSION 

143 

7 

captured), and resulted in an average flux of 517 (control), 217 (CR) and 279 
mg m-2 day-1 (CSR). The fraction of ebullition from the total flux is 13 to 16 
times higher in the CR and CSR treatments than in the control (Fig. 5). 

 
Figure 5. Total CH4 flux, consisting of ebullition and diffusive 
flux corresponding to a temperature of 14.7 °C (average 
ambient temperature between 7-27 June) for the treatments 
clipped reed (CR), clipped and sealed reed (CSR), and control. 
The contribution of the diffusive flux to the total flux is given 
in percentages. 

 
d13C change from soil CH4 to emitted CH4 
In all treatments the CH4 sampled in the chamber show lower d13C than 
CH4 from ebullition (Table 3). The largest depletion was found for CR, 
followed by CSR and control. 
 

Table 3. d13C measured in ebullition and chamber flux. The 
difference is a measure of the fractionation due to oxidation 
or gas transport pathways. 
Treatment Chamber flux Ebullition 

d13C change 
d13C st.error d13C st.error 

CR -62.21 1.44 -50.93 1.59 -11.28 
CSR -63.05 1.53 -55.95 0.87 -7.10 
Control -60.35 1.29 -55.44 1.46 -4.91 
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Discussion 
 
The total CH4 flux (chamber + ebullition) decreased by 45% and 23% when 
we clipped the reed (CR) and clipped and sealed the reed (CSR), 
respectively, compared to intact reed (control) (see Fig. 5). The contribution 
of ebullition to the total flux increased much by clipping: 2% in the control 
plots compared to 24% in CR and 37% in CSR (see Fig. 5). van der Nat et al. 
(1998) found a lower CH4 flux from water saturated bare soil compared to 
Phragmites-vegetated soil, with a difference of 75%. They also found that in 
bare soil (compared to Phragmites vegetated soil) ebullition was the main 
gas transport pathway, while in a Phragmites-vegetated soil more than 
98% of the CH4 was transported through the reed. Our findings, however, 
contradict the findings of Grünfeld and Brix (1999). They showed in an 
experiment a 34% lower CH4 emission with Phragmites in a submerged 
organic soil compared to the same soil without Phragmites and argued 
that methanogenesis is reduced and CH4 oxidation increased because of 
the transport of oxygen by Phragmites into the rhizosphere. In the soil 
without reed, the gas transport would be dominated by ebullition. The 
reason for the different findings of Grünfeld and Brix (1999) compared to 
our data, could be due to differences in experimental set up. Their 
experiment was conducted with single Phragmites seedlings (6 months 
old) and CH4 flux was measured 9 weeks after planting. This means that 
there was no rhizome network present as in a developed reed bed. 
Because CH4 is taken up by the rhizomes and transported upwards, the 
amount of CH4 transport in Phragmites seedlings would be lower than at 
our site. Seemingly, the oxygen transport to the soil was not much limited 
by the undeveloped rhizome network of the seedlings.  In our study CR 
and CSR reduced or excluded plant-mediated gas transport, but fluxes are 
not directly comparable to those from bare soil.  
 
In CR, roots and clipped stems still allowed gas transport via diffusion, but 
not via pressurized flow as in the control plots. The clipped stems act as 
chimneys that connect deeper soil layers to the atmosphere. In line with 
this, Greenup et al. (2000) found that CH4 flux from Sphagnum vegetation 
increased after inserting glass tubes into the soil. CR only showed slightly 
lower chamber flux than CSR (217 vs 279 mg m-2 day-1) (see Fig.5), indicating 
that sealing the stems hardly affected the chamber CH4 flux (disregarding 
ebullition). Only the CSR plots with stems below water (see Materials and 
methods) showed a clear reduced CH4 flux compared to plots with stems 
above water. This suggests that our sealing method was not fully effective. 
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Possibly gas could still escape from, for example, cracks in the stem. 
Despite this chimney function, we found that diffusive fluxes from clipped 
reed were two times lower compared to the control (see Fig. 4). We found 
that despite the higher ebullition from CR and CSR treatment, the increase 
does not compensate for the excluded pathway via the pressurized air 
flow. This could indicate a significant role of pressurized flow in intact reed 
beds. 
 
The total CH4 flux could be overestimated in our data, and should therefore 
be interpreted with care. Ebullition could exist of episodical outbursts 
and/or a steady flow (small bubbles continuously released from the soil) 
(Aben et al, 2017). Steady ebullition cannot be separated from diffusion in 
chamber flux measurements since the flow is constant, but is at the same 
time captured in bubble traps. So it could be that we double counted for 
this steady ebullition. It is hard to say if steady ebullition occurred or how 
much it contributes to the total flux. There is little scientific literature 
available that describes the prediction or characteristics of this type of gas 
flow. The conclusions about the increase in ebullition by clipping would, 
however, not change. And since ebullition is higher in the CR and CSR 
treatment, the double counting would be higher in the treatments as well, 
meaning that the difference in the total CH4 flux of the control vs 
treatments would only increase. 
 
Another effect that we cannot quantify is the change in root exudates by 
cutting the reed. Root exudates are a substrate for methanogens and are 
expected to decrease by clipping due to the exclusion of photosynthesis. 
The change in photosynthates can occur within several hours, although a 
peak response of CH4 emission can be expected after several days (King 
and Reeburgh, 2002; Ström et al., 2003). The possible decrease in 
photosynthates did not noticeably increase DOC or CH4 concentrations in 
the pore water (see Fig. 2) and we therefore expect it had little influence on 
the fluxes. 
  
The d13C signature change we found shows the difference in the gas 
transport mechanism between clipped and unclipped Phragmites (see 
Table 3). Without considering d13C signature change due to gas transport, 
emitted CH4 is expected to be enriched with 13C compared to produced 
CH4, since part of the CH4 is oxidized. This would result in a positive d13C 
signature change, that we expected to be highest in unclipped 
Phragmites. We found the opposite: the d13C depletion was larger in the CR 
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and CSR treatments (-11‰ and -7‰ respectively) than in the control (-5‰). 
This change in d13C signature in CR and CSR is in the same range as in CH4 
emission from plants with diffusive gas transport (Chanton et al., 2002). 
That clipped vegetation can be considered as plants with diffusive gas 
transport, is in line with the findings of Greenup et al. (2000). They did not 
find a significant difference between CH4 flux from clipped stems of E. 
vaginatum above the water table and from unclipped vegetation. Gas 
transport in E. vaginatum is known to be due to diffusion. The lower 
fractionation of CSR compared to CR treatment can be explained by the 
fact that gas transport through the stems is partly limited due to the 
sealing in the CSR treatment. Chanton (2005) compared d13C change from 
soil to atmosphere from different wetland plants and found, on average, a 
smaller change for plants with convective transport than for those with 
diffusive transport. That corresponds to our results. Assuming gas transport 
in clipped reed to be diffusive, we can summarize that pressurized CH4 
transport in intact reed leads to a CH4 emission two times higher than 
clipped reed with diffusive transport through stems. 
 
Our chamber measurements from the control plots show diurnal patterns 
very similar to the EC measurements, with low fluxes in the morning and 
simultaneous increases when light intensity and temperature increased. 
Such a similarity in fluxes is not often found in comparisons between the 
two methods (Godwin et al., 2013; Hendriks et al., 2010; Krauss et al., 2016; 
Schrier-Uijl et al., 2010; Sun et al., 2013). Our results can be explained by the 
very homogeneous EC footprint of our site in regard to vegetation and 
landscape development (see Study site). Thereby, ebullition contributes for 
a small amount to the total flux, this leads to a more constant flux without 
abrupt and random emission peaks of CH4. The highest discrepancy 
between chamber and EC fluxes were found within 10 minutes after 
ventilating. Lifting the chambers and placing them back has likely caused 
disturbances. Apparently, it takes several minutes before CH4 production 
and emission are in equilibrium again. In a lab experiment Christiansen et 
al. (2011) found indeed a 35% reduction in the first flux after placing the 
chamber compared to a reference flux. The fact that not all first 
measurements after ventilating resulted in a discrepancy, can most 
probably be explained by the differences in time between ventilating and 
the measurement (between 1-15 minutes). Overall, comparing CH4 fluxes 
measured with the EC and the chamber method, we show similar results 
with respect to magnitude and diurnal patterns. We conclude that the 
chamber method yields representative CH4 fluxes for the studied 
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ecosystem when fluxes within the first 10 minutes after ventilating are 
eliminated. 
 
In summary, pressurized flow in Phragmites does seem to increase the 
total CH4 emission, even though ebullition is much reduced. It means that 
the effect of CH4 bypassing the oxic water layer due to plant transport is 
much larger than the effect of O2 transport by the plants on CH4 oxidation 
and production in the rhizosphere. This research was only covering a 
period within the growing stage of Phragmites with a high water table, 
giving a first indication of the contribution of the different flux pathways. To 
know the overall effect of the pressurized flow in Phragmites on CH4 
emission, this experiment should be repeated to cover the whole growing 
season and variations in water table. Overall, this research emphasizes that 
plants with pressurized gas transport mechanism can be an important 
contributor to CH4 emission from wetlands. 
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Rationale and research themes 
 
The carbon (C) and nitrogen (N) cycle are strongly linked in plant primary 
production, as N limits or co-limits C sequestration by photosynthesis in 
many ecosystem types. For this thesis, I studied symbiotic interactions that 
may strengthen this link for two different ecosystems. Both ecosystem 
types studied here, peatlands and neotropical savannas, share a strong 
limitation of primary production by N. As a result, a strong evolutionary 
selection for, and importance of cooperation between species for N 
acquisition may be expected here. For peatlands, symbiotic diazotrophic 
(i.e. N2 fixing) microorganisms associated with Sphagnum mosses were 
indeed suggested to provide additional N to their hosts, thereby enhancing 
ecosystem N and C sequestration (Basilier et al., 1978; Berg et al., 2013; Vile 
et al., 2014).  However, the relative contribution of this symbiosis to the 
host’s N budget and its regulation by environmental drivers remain 
unclear. For neotropical savannas, the epiphyte Tillandsia that may be 
growing very abundantly in trees, especially Southern live oaks, can be 
expected to contribute to the trees’ N input, increasing their productivity. 
However, this has never been studied to best of our knowledge. 
 
Understanding the functioning and interconnectedness of both cycles is 
even more important since the global C and N cycle have severely been 
altered by land use change, fossil fuel burning and industrial N fixation 
(Galloway et al., 2004; Gruber et al., 2004; Vitousek et al., 1997). In peatlands, 
increased total N deposition has detrimental effects, not only on species 
composition, but also on C sequestration (Berendse et al., 1993; Bobbink et 
al., 2010; Bragazza et al., 2006; Lamers et al., 2000; Limpens et al., 2003; 
Tomassen et al., 2003a). However, little is known about the effects of N 
deposition on the functioning of N- and C-related keystone symbioses in 
these systems, and about potential differential effects of NO3

- versus NH4
+. 

Besides high anthropogenic N input, large-scale drainage has severely 
impacted peatlands worldwide, leading to increased emissions of CO2 and 
strong land subsidence (Joosten, 2009; Leifeld et al., 2011). This strongly calls 
for restoration and mitigation strategies. for which profound knowledge 
about the roles of plants, microorganisms, and their keystone symbioses is 
vital. This is also important with respect to the mitigation of undesired side 
effects such as high methane (CH4) emission from rewetted peatlands.  
 
My thesis therefore addresses two main themes. Theme 1 covers drivers of 
symbiotic N2 fixation with respect to N cycling in both ecosystem types. 
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Theme 2 relates to the C cycle in peatlands and includes measures to 
restore these ecosystems with respect to biodiversity, and C and N cycling. 
Both themes become tightly interlinked when increased N acquisition by 
N2 fixation leads to increased plant productivity and ecosystem C 
sequestration, and also when increased C sequestration affects long-term 
N storage in soils including peat soils. At the same time, however, 
increased N concentrations may also stimulate decomposition rates, 
leading to lower net C sequestration. To gain new insights into the 
functioning of both ecosystems, we focused on the interactions between 
plants and their microbiome with respect to growth rates, N2 fixation, CO2 
and CH4 production related to decomposition, and methane oxidation, in 
relation to greenhouse gas (GHG) emission from pristine and restored 
systems. 
 
 

Drivers of symbiotic N2 fixation in N limited 
systems 
 
In N limited or co-limited systems such as peatlands and savannas, 
symbioses between plants and microorganisms with respect to N 
acquisition can be expected to increase the fitness and abundance of 
individual species, and simultaneously increase the N pool of the 
ecosystem by adding new sources of N (Bate, 1981; Hemond, 1983; Rousk et 
al., 2016; Vile et al., 2014). As mosses and rootless epiphytes lack direct 
access to the soil, these can be expected to be severely N-limited, strongly 
selecting for additional ways to acquire N. We therefore selected the 
solitary growing epiphyte Tillandsia usneoides (from here on called 
Tillandsia), a number of feather and Sphagnum moss species, and the 
lichen Cladonia portentosa, and compared their N2 fixation rates, 
representing the presence and activity of associated N2 fixing 
microorganisms.  
 
We found substantial differences in N2 fixation rates among different types 
of symbioses, ranging from only 1 to as high as 1033 nmol N2 gDW-1 d-1. We 
expected the microbial community of Tillandsia, a bromeliad epiphytic 
plant that entirely depends on atmospheric sources for its nutrient supply, 
to contain symbiotic diazotrophs providing in the plant’s need for N. 
Although the occurrence of N2 fixation in the symbiotic community of 
Tillandsia had been shown before, and diazotrophic microorganisms had 
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been isolated and characterized (Brighigna et al., 1992), their quantitative 
role in N supply and ecosystem functioning remained unclear. In this 
thesis, we show very low rates of N2 fixation associated with Tillandsia 
(Chapter 2), which led to the rejection of our hypothesis. Other sources of N 
input, including atmospheric NH4, appeared to be far more important for 
the N acquisition of this epiphyte. 
 
When we combine the data obtained with those from literature about 
other plant-diazotroph interactions, the range of N2 fixation spans over 6 
orders of magnitude (Fig. 1A). Of all known plant-diazotroph interactions, 
the Azolla-Anabaena/Nostoc symbiosis shows the highest N2 fixation rates, 
even doubling the rates of the well-known legume-Rhizobia symbiosis 
(Hall et al., 1995). Thus, as a reference we included high N2 fixation rates of 
0.4 mg N gDW-1 h-1 found by Brouwer et al. (2017) in Azolla filiculoides (from 
here on called Azolla). This aquatic floating fern is known to be inhabited 
by cyanobacteria including Anabaena azollae that exchange fixed 
atmospheric N for C sources with their host (Peters and Meeks, 1989). 
Azolla reaches high growth rates of around 0.12 g gDW-1 d-1 in fresh waters 
with high P concentrations, supported by high N2 fixation rates (Cheng et 
al., 2010; Temmink et al., 2018; van Kempen et al., 2016; Wagner, 1997).  
 
Whereas Azolla, on the one end, thrives in aquatic environments that are 
nutrient (P) rich, for Tillandsia, on the other end, the availability of water 
fully depends on atmospheric deposition and air humidity. Although the 
availability of water may be important and also represents access to 
dissolved nutrients for both plants that lack direct access to the soil 
(Cornelissen et al., 2007), humidity or water table were not found to drive 
N2 fixation in Tillandsia or Sphagnum for the ranges tested (Chapter 2 and 
4). In between these ‘extremes’ of high and low N2 fixation rates of 
symbionts (expressed per g dry weight (DW) of host), we find bryophytes 
including peat mosses (Sphagnum spp.) and feather mosses (e.g. 
Pleurozium schreberi and Hylocomium splendens) of different humid 
habitats, but also the lichen Cladonia portentosa (Chapter 4 and 5) (Fig. 1). 
Species were ordered based on their habitats, with more 
mesotrophic/eutrophic species on the left side and more ombrotrophic 
(rainwater-fed and nutrient poor) species on the right side of the figure.  
 
 
 
 



SYNTHESIS 

153 

8 

 
Figure 1. A. Overview of N2 fixation rates of symbioses studied 
in this thesis and Azolla. All plants and the lichen share the 
lack of rooting in the soil and are therefore strongly limited by 
N. The average N2 fixation rate for Azolla was based on 
literature values (Brouwer et al., 2017). As in Chapter 4, 
Sphagnum was divided over 3 habitat-categories: 
mesotrophic fen (MF), tree-covered bog (CB) and 
ombrotrophic open bog (OB). Sphagnum species from Chapter 
3 were assigned to MF and Sphagnum species from Chapter 5 
to CB. Average values of N2 fixation rates (N≥4) with the SEM 
are displayed. B. Indication of typical relative growth rates 
(RGR) of the species, based on our own data (Chapter 3 and 4) 
and literature (Campioli et al., 2009; Temmink et al., 2018; van 
der Heijden et al., 2000; van Kempen et al., 2016; Zotz and 
Asshoff, 2010). 

Azo
lla

Sphag
num

 M
F

Sphag
num

 C
B

fea
ther 

moss
es

Lich
en

Sphag
num

 O
B

Tilla
ndsia

0.1

1

10

100

1000

10000

R
G

R
 (m

g 
gD

W
-1

 d
-1

)

0.01
0.1

1
10

100
1000

10000
100000
1.0×106

N
2 

fix
at

io
n 

ra
te

 
(n

m
ol

 N
2 

gD
W

-1
 d

-1
)

A 

B 



CHAPTER 8 

154 

8 

As a key driver of N2 fixation in Sphagnum, we identified the availability of 
P, being the second limiting nutrient (Chapter 3 and 4). The P 
concentrations in their environments (e.g. Azolla: >10 μmol P l-1 and 
Tillandsia: 0.6 μmol P l-1; Schlesinger and Marks (1977); Temmink et al. 
(2018)) may therefore also explain the displayed range in N2 fixation rates 
among species in Fig. 1A. Symbionts of plants in mesotrophic to eutrophic, 
higher P environments, such as fen Sphagnum spp. and Azolla, indeed 
show higher N2 fixation rates compared to plants in low P environments, 
such as open bog Sphagnum and epiphytes. In high-P environments, the 
stoichiometric mismatch between N and P therefore seems to heavily 
select for high N fixation rates (see also Chapter 3), even if absolute N 
concentrations are much higher. Intermediately placed we find the 
ombrotrophic lichen Cladonia sp., whose cyanobacteria associate with 
fungi that facilitate increased access to P, and feather mosses in boreal 
forests and Sphagnum spp. in tree-covered bogs. The latter might profit 
from P in tree throughfall that is acquired from canopy P deposition and 
leaching of P from its branches and leaves (Newman, 1995) (see also 
Chapter 4).  

 
The range in N2 fixation rates is also related to the growth rates of the host 
plant species, with the fast growing Azolla on the left and the slow growing 
Tillandsia on the right (fig 1B). This seems to underline the link between N2 
fixation, and C sequestration and turnover among species. Within 
Sphagnum species we found no direct relation between growth rates and 
N2 fixation (Chapter 3 and 4). At the same time, however, we found a strong 
positive correlation between N2 fixation rates and decomposability of 
Sphagnum, linking N and C cycling. This can most probably be explained 
by increased labile C and/or nutrients, including P, K and other 
micronutrients, or decreased recalcitrant C and/or microbe-inhibiting 
substances (Chapter 3 and 4) (Fig. 2). In our lab experiment, we found 
increased N2 fixation rates in Sphagnum as an effect of HCO3

- addition, 
stimulating decomposition rates in the peat soil. As we did not find this 
effect in the absence of peat (data not shown), a direct pH effect can be 
ruled out here. In contrast, a low pH, like in the Sphagnum open bog (pH 
around 4) has a negative effect on mineralization. For Sphagnum, high 
growth rates are traded of with high decomposability. This suggests that 
N2 fixation increases turnover rates by lowering C: N ratio of Sphagnum 
tissue, thereby increasing Sphagnum and ecosystem productivity, but not 
necessarily increasing net C sequestration as this also depends on actual 
decomposition rates. 
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Surprisingly, a high atmospheric N deposition rate (32 kg ha-1 y-1) in either 
form (NO3

- or NH4
+) was not found to affect N2 fixation capacity of the 

Sphagnum symbiosis in a bog (Chapter 5). This probably resulted from 
Sphagnums trait to be able to rapidly absorb and incorporate N from pore 
water (Fritz et al., 2014), still leaving the microbial habitat relatively N 
limited.  In wetter systems where N in pore-water may build up and lead to 
N saturation of Sphagnum (Temmink et al., 2017), N2 fixation rates may, in 
contrast, well be decreased by increased N deposition. We hypothesize 
that both external N input and N2 fixation in the various plant species drive 
productivity and carbon turnover. C sequestration is determined by the 
balance between growth and decomposition, with specific plant traits 
defining conditions and rates for these processes (Fig 2). In Sphagnum, CO2 
and CH4, released by decomposition processes, are efficiently recycled and 
used as a C source for growth (Raghoebarsing et al., 2005; Smolders et al., 
2001). This could explain the high C sequestration rates in Sphagnum 
peatlands. 

 
Figure 2. Turnover of C in plant through growth and 
decomposition processes, driven by N2 fixation and/or external 
N input. N2 fixation is stimulated by labile C from decomposed 
plant material and, depending on plant species, possibly also 
by direct supply of carbohydrates form the plant. 

 
The large differences in N2 fixation rates associated with different plant 
species may not only be related to direct effects of habitats and traits of 
host species, but also to differences in the composition of their microbial 
communities and to the nature of the symbiosis with their host. For 
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example, Azolla has a strong mutualistic interaction with its cyanobacteria, 
where both partners benefit from the symbiosis and co-evolved 
(Papaefthimiou et al., 2008). For feather mosses, cyanobacteria may 
represent a larger part of the total N2 fixing community (Warshan et al., 
2016). In several Sphagnum spp., (alpha)proteobacteria, rather than 
cyanobacteria, were found to be dominant N2 fixers (based on NifH gene 
sequencing) (Bragina et al., 2012; Kox et al., 2016; Leppänen et al., 2015). 
However, the relative abundance of cyanobacteria in the total diazotroph 
community of Sphagnum fallax has been shown to be large (around 40%) 
(Carrell et al., 2019) and to change as an effect of environmental factors 
such as temperature or nutrient input (Carrell et al., 2019; Kox et al., 2016). In 
the research presented in this thesis, we found that differential effects of 
abiotic factors on both symbiotic partners (Chapter 3) may drive N2 fixation 
rates, which may also reflect a change in microbial community under 
increased nutrient availability. Whether higher nutrient availability leads to 
a lower diversity of the diazotrophic community by selection of fast-
growing species, remains to be tested.   
 
In conclusion, we hypothesize that the patterns shown in Fig. 1A and Fig. 2 
are a result of differences in microbial communities driven by abiotic 
factors such as the availability of nutrients, by species-specific traits 
including the decomposability of plant tissue, and by the nature of their 
symbiotic relationship. The combination of our field and lab results strongly 
indicate that N2 fixation rates depend on the relative lack of N (relative to P 
availability) and on availability of labile C and/or other micronutrients. In N 
limited systems, N2 fixation may speed up C turnover and lead to increased 
productivity of the ecosystem.  
 
 

Contribution of N2 fixation to the N budget of 
host and ecosystem 
 
Increased N2 fixation rates result in increased input of N in the system. In 
peatlands, Sphagnum is very efficient in resorbing this N (Chapter 3). For 
the fen and bog system we studied, we found N inputs from N2 fixation to 
be around 20% (6 kg ha-1 y-1; Chapter 3 and 1.8 kg ha-1 y-1; Chapter 5) of the 
background N deposition. This underlines the importance of the symbiosis 
between plant and microbiome, although our studies could not reveal 
direct transfer of N from diazotrophs to Sphagnum. Instead, we 
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hypothesize that N from N2 fixation is used for build up of microbial cells, 
which after microbial die-off is indirectly transferred to Sphagnum 
(Chapter 3). In strong contrast to legumes and free-living cyanobacteria 
that release 50-66% of fixed N to the soil Sphagnum efficiently retains the 
microbially fixed N (Rousk et al., 2016). In pristine peatlands this means a 
relevant additional N input to the keystone species, increasing their 
productivity. 
 
In Tillandsia in its arid environment, however, N2 fixation rates are very low, 
contributing to only 0.28% of the total N input. Given the low N:P ratio of 6, 
indicating strong N limitation (Chapter 2), probably other nutrients, 
including micronutrients like molybdenum and iron that are necessary for 
the nitrogenase system (Rees et al., 2005), are limiting N2 fixation in 
Tillandsia. Based on N isotopic composition of the different N sources, we 
hypothesize the plant and its microbiome to be totally dependent on using 
N from dry or wet atmospheric deposition (Chapter 2). This additional N 
source of up to 24% of total aboveground N input is transferred to the tree 
as a slow-release organic N source by Tillandsia dislodging. This relative N 
input is much higher than the contribution of 8% of N by epiphytes in 
humid tropical forests (Nadkarni and Matelson, 1992; Tanner, 1980). Here, 
we conclude that there is a mutualistic interaction between Tillandsia and 
its host tree, which is the first time this has been reported, to the best of 
our knowledge. 
 
Sphagnum is extremely efficient in filtering N from rainwater and surface 
water. Even at high N deposition loads, excess N is still absorbed to a large 
extent and stored in amino acids, especially with NH4

+ deposition (Chapter 
5). N deposition as NO3

- also leaches to deeper soil layers, where it becomes 
available for rooting plants and increases N mineralization. This additional 
N in Sphagnum and peat soil may increase vascular plant growth (Aerts et 
al., 1992; Berendse et al., 1993; Lamers et al., 2000). Little N ends up in 
Sphagnum pore water and thus in the hyaline cells, where Sphagnum 
symbionts reside, which is probably the reason why microbial N2 fixation 
still continues at equal rates at N deposition loads that can still be largely 
taken up by Sphagnum. In Chapter 3 this led to our hypothesis that N from 
N2 fixation is not directly exchanged for carbohydrates with Sphagnum but 
used for build up of microbial cells. In anthropogenically N-enriched 
systems this results in continuing high N input from N2 fixation on top of 
the high background N loads, boosting ecosystem change. When P 
availability is simultaneously high, this increases N loads from N2 fixation 



CHAPTER 8 

158 

8 

even further. This means that in eutrophic peatland systems, such as 
Ilperveld in the Netherlands (Box 1; studied in the lab in Chapter 3), N2 
fixation is not downregulated as a result of high N deposition. Based on the 
relatively high availability of P, diazotrophs rather continue to fix N at a 
high rate. This underlines the importance of including symbioses to 
understand ecosystem functioning, instead of only focusing on the host 
species. 

 
 
 
 
Peatlands are very important ecosystems with respect to the services 
they provide including biodiversity, C sequestration, climate regulation 
and water retention (Erwin, 2009). They are highly threatened, with 
approximately 15% of peatlands being drained for agriculture, peat 
extraction, forestry or urbanization (Joosten, 2009). This large-scale 
drainage of peatlands leads to strong land subsidence and concomitant 
emissions of greenhouse gasses because of the oxidation of peat. 
Especially in the Netherlands this is a large problem, since most of its 
peat soils are already below sea level, and without pump stations, dikes 
and dunes a large part of the country would be flooded at high tide 
(Hoeksema, 2007). This calls for alternative, more sustainable land use 
options for the future use of peatlands (Joosten et al., 2012). Rewetting of 
formerly agriculturally used peatlands is an effective way to reduce CO2 
emissions and counteract land subsidence (Knox et al., 2015; Strack and 
Zuback, 2013) and possibly improve biodiversity. However, rewetting of 
drained peatlands can also lead to increased CH4 emissions (Berryman et 
al., 2009; Vanselow-Algan et al., 2015), as a result of increased CH4 
production and decreased CH4 oxidation (Lai, 2009). In the project 
‘(p)raise the peat!’ we studied the effect of rewetting of formerly 
agricultural peat meadows on the C balance. 
 
The project was conducted in nature reserve Ilperveld in the 
Netherlands, where a peat meadow formerly used for agriculture was 
rewetted by hydrological isolation and increasing the water table, after 
removing the topsoil. Additionally, restoration of the site was facilitated 
by the application of Sphagnum fragments to initiate peat formation 
and to increase biodiversity. A nearby reference site was selected, which 
was still drained (with the water table around 50 cm below soil surface)  
 

Box	1	(P)raise	the	peat!		
pilot	project	Ilperveld	Omhoog	met	het	veen	
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and extensively grazed by cows. Over 2 years (2015 and 2016), every 2 
months CO2 and CH4 fluxes were measured with closed chambers (10 x 
10 x 12 cm) connected to a GHG Analyzer (GGA-24EP, Los Gatos research, 
USA). Each field expedition consisted of several light measurements with 
a transparent chamber and several dark measurements with 10-min 
dark-adapted conditions. Light and dark CH4 fluxes were averaged to 
obtain the CH4 flux per day. Light CO2 measurements represent the net 
ecosystem exchange of CO2 (NEE) and dark CO2 measurements 
ecosystem respiration (ER), which were used to calculate gross primary 
production (GPP). The measurements were divided over 2 days at 3 
replicate locations at both sites (the drained meadow and the rewetted 
peatland; Fig 3).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. A) Transparent greenhouse gas (GHG) chamber in rewetted 
peatland. B) GHG analyzer connected in closed loop with chamber in 
drained meadow. 
 
The average ER and CH4 emission per field expedition for drained peat 
meadow and rewetted peatland are shown in Fig. 3. Overall, the 
rewetted peatland showed decreased ER compared to the drained peat 
meadow (F=106.03; P<0.001) and also a decrease in CH4 emissions 
(F=5.815; P<0.05). In order to make a year balance of NEE, GPP was 
interpolated with a light-response curve and ER with the Lloyd-Taylor 
function (Lloyd and Taylor, 1994), based on air temperature. These 
functions were fitted with measured data and interpolations were made 
for the days in between the field expeditions. For CH4 the year balance 
was based on the average flux per field expedition. Both sites were 
managed by mowing (additionally the drained meadow is grazed) at 
least once every year. Based on a Dutch grazed and cut grassland, we 
assume that around 230 g C m-2 y-1 is removed by mowing and grazing  

B A 
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 and eventually converted to CO2 (Soussana et al., 2007). The biomass we 
removed in the rewetted peatland was dried and weighed, being 222 g 
DW m-2 y-1 and based on 45% C corresponded to 100 g C m-2 y-1 CO2 
emissions. These C losses are included in the total NEE.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) ER and (b) CH4 emissions from the rewetted 
peatland (grey bars) and the drained meadow (black bars). 
For ER the average dark flux per field expedition is shown 
and for CH4 the average of dark and light fluxes per field 
expedition is shown. 

 
We calculated an NEE of -355 g C m-2 y-1 in the rewetted peatland 
compared to +403 g C m-2 y-1 in the drained meadow (with negative 
values 

 

b. 

a. 
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values representing C sequestration), corresponding to a global 
warming potential (GWP) of -1301 and +1477 g CO2 m-2 y-1 respectively. 
Photosynthetic C sequestration did not differ much between sites, being 
-1187 g C m-2 y-1 and -1544 g C m-2 y-1 respectively for rewetted peatland 
and peat meadow. Therefore, the decrease in NEE after rewetting can be 
explained by restricted ER due to the anaerobic soil conditions that 
decrease peat oxidation (Blodau, 2002). This means a reduction in CO2 
flux of around 758 g C m-2 y-1 can be achieved by rewetting and applying 
Sphagnum on formerly agriculturally used peat soils, converting a C 
source into a C sink.  
 
Besides, CH4 emissions were low in both the rewetted peatland and the 
drained meadow (Fig 4.: note the difference in units on the y-axis 
between Fig. 4 A and B). On a total yearly basis, the CH4 emissions 
slightly decreased with 2 g CH4 m-2 y-1 by rewetting and restoration 
measures. Since CH4 is a 34 times stronger GHG than CO2 (Stocker et al., 
2013), this results in a small decrease in global warming potential (GWP) 
of 71 g CO2-equivalents m-2 y-1. So, contrary to the expectations, CH4 
emissions remain low in the years after rewetting and application of 
Sphagnum. Factors that control CH4 emissions are organic substrate 
supply, temperature, soil chemistry, vegetation composition and 
especially water table (Abdalla et al., 2016; Lai, 2009). Since the water 
table here, around 5 cm under surface level, implies conditions for high 
methane production (Couwenberg et al., 2011), the very low levels of CH4 
emissions in our rewetted fen might be explained by other factors. We 
hypothesize it to be a result of the soil and water quality, as 
concentrations of sulfur in pore water were found to be quite high (>300 
μmol L-1), which could indicate sulfate reduction which can inhibit 
methanogenesis by competition of sulfate reducing bacteria with 
methanogens for organic substrate (Dowrick et al., 2006; Lamers et al., 
2015). In addition, the developing peat moss layer may have stimulated 
CH4 oxidation by methanotrophs associated with Sphagnum (Kip et al., 
2010; Kox et al., 2019; Putkinen et al., 2014; Raghoebarsing et al., 2005).  
 
In conclusion, rewetting of formerly agriculturally used peat meadows 
may result in a total decrease in GWP of 2849 CO2-eq m-2 y-1 and the 
conversion of a C source into a C sink. CH4 emissions have an 
insignificant contribution to the total GHG balance at the Ilperveld site, 
which could be due to one or a combination of the previously 
mentioned processes. We expect the C sequestration at the restored site  
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Carbon cycling and restoration of peatlands 
 
In the drained peat meadow in Ilperveld, used for agriculture (Box 1), we 
measured C losses to the atmosphere of around +403 g C m-2 y-1, which are 
well in the range of fluxes found for drained peatlands in Europe of +80 to 
+880 g C m-2 y-1 (Lamers 2015). Rewetting resulted in a substantial decrease 
of net ecosystem exchange of around 758 g C m-2 y-1 (see Box 1) leading to 
high C sequestration rates in the rewetted peatland of around -355 g C m-2 
y-1. Similarly high NEE values of -104 and -311 g C m-2 y-1 were also found in 
different rewetted temperate fens with Phragmites vegetation (Hendriks 
et al., 2007; Peacock et al., 2019). However, fens are generally found to emit 
high levels of CH4, compared to ombrotrophic bogs (Abdalla et al., 2016; 
Brown, 1998; Moore and Knowles, 1990) due to higher substrate availability, 
soil chemistry (more alkaline conditions), vegetation composition and 
water table (Lai, 2009). 
 
On the short term in the lab we indeed found strong CH4 emissions, 
probably due to the availability of easily degradable organic matter and 
nutrients in the topsoil stimulating methanogenesis (Chapter 6). These 
strong initial CH4 emissions and also nutrient emissions could be reduced 
by 80-90% and 99% respectively by removing the topsoil. In our field study 
(Box 1), where topsoil was removed, we found low CH4 emissions, despite 
the high water table and eutrophic conditions. This was hypothesized to be 

to further increase over time with the development of the peat forming 
vegetation. However, run-off of dissolved organic C to adjacent ditches 
may have subsequently lead to CO2 or CH4emissions (Schrier-Uijl et al., 
2011), which was not included in this study. Water bodies such as ditches 
can contribute significantly to the GHG balance due to release of CH4 in 
rewetted peatlands (Schrier-Uijl et al., 2011; Strack and Zuback, 2013), but 
also in drained peat meadows. In both cases, DOC supply from the field 
to the adjacent ditches in combination with the high water table in the 
ditches can lead to increased CO2 or CH4 emissions (Evans et al., 2016), 
where CH4 is emitted not only as a diffusive flux but also as ebullition 
bubbles from these water bodies (Aben et al., 2017; Wik et al., 2016). 
Whether this is the case here, and how this affects the C balance of this 
restored peatland and of the drained peat meadow merits further 
research. 
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mainly due to soil chemistry (high availability of sulphate) and vegetation 
composition (presence of peat mosses) but was probably also affected by 
the removal of the top-layer. However, due to CH4 being a shorter-lived 
GHG than CO2, increased CH4 emissions from rewetted peatlands do not 
undermine the effect of the reduction of CO2 emission on the global 
warming potential (GWP) on the long term (Günther et al., 2020). 
 
Vegetation composition was shown to be a strong predictor of CH4 
emissions from peatlands (Couwenberg and Fritz, 2012), with vascular 
plants facilitating the highest CH4 emissions (Joabsson et al., 1999). 
Therefore, when the aim of restoration efforts is to decrease the GWP, it is 
important to carefully select which keystone species should be introduced 
after rewetting of peat soils. The best results restoring the C sink function 
of peatlands may be obtained with Sphagnum vegetation (Lazcano 2018, 
Rochefort 2013), like introduced in Ilperveld (Box 1). A characteristic vascular 
plant species to introduce for the restoration of mesotrophic fen systems is 
common reed, Phragmites australis (from here on called Phragmites). This 
species is a natural early colonizer in the succession of European peatlands, 
and has the benefit of easy establishment and high growth rates (NPP of 
300-1000 g m-2 y-1; Brix et al. (2001); Christensen et al. (2009)), compared to 
Sphagnum spp. (NPP of 100-600 g m-2 y-1; Clymo and Hayward (1982); 
Gerdol (1995); Gunnarsson (2005); Laine et al. (2011)). However, Sphagnum 
spp. generally have higher net C sequestration rates and peat forming 
capacity due to the low decomposability of their litter: mass loss of 5-20%  
y-1, compared to 60% y-1 for Phragmites (Christensen et al., 2009; Clymo, 
1965; Kirschner et al., 2001; Limpens and Berendse, 2003b; Verhoeven and 
Toth, 1995).  
 
In our field experiment (Box 1), the application Sphagnum might have 
contributed to the low CH4 emissions as a result of the introduction of 
methanotrophs associated with Sphagnum (Kip et al., 2010; Kox et al., 2019). 
Methanotrophy is also stimulated in the rhizosphere of Phragmites, where 
oxygen leaches to the soil (radial oxygen loss) as an effect of pressurized 
convective flow in living Phragmites stems (Afreen et al., 2007; Armstrong 
and Armstrong, 1990, 1991). However, at the same time this pressurized 
convective flow, which is 5 times faster than diffusion (Brix et al., 2001) leads 
to facilitated release of CH4 to the atmosphere (Chanton et al., 2002; 
Lambers et al., 2008). In Chapter 7 we found the latter process to be more 
important in explaining total CH4 emissions from Phragmites fens. To get 



CHAPTER 8 

164 

8 

the full picture of restoration opportunities and challenges, symbiosis-
related drivers of the C and N cycle should therefore be also considered.  
 
 

Lessons learned from peatland restoration  
 
When aiming at reducing GHG emissions, increasing C sequestration and 
halting land subsidence, the introduction of Sphagnum seems to be very 
promising. However, whereas Phragmites as a keystone species has a 
broad range in habitat suitability, establishing a Sphagnum based 
vegetation requires that surface water quality is not too alkaline (<3 mmol 
L-1 HCO3

-; Chapter 3) and sufficiently available for dry periods. In sites with 
strongly buffered surface water, like Ilperveld, rewetting with rainwater, 
which should be saved in a reservoir for dry periods, is preferred because it 
results in lower mineralization rates and improves Sphagnum 
establishment and growth (Chapter 3). After a new acrotelm, a top layer of 
living peat, has established, Sphagnum can maintain itself above the 
influence of bicarbonate-rich water.  
 
The establishment of Sphagnum on rewetted peat soils that were formerly 
used for agriculture can also be challenging because the soil is 
compressed and highly decomposed (organic matter 50% instead of 98%; 
Chapter 6; Temmink et al. (2017), and additionally loaded with nutrients 
(especially P). In Chapter 6 we showed that it is important to remove the P-
rich topsoil before rewetting to reduce eutrophication of surface water and 
prevent high initial CH4 emission. High P concentrations were found to also 
increase N2 fixation rates, which may facilitate the change from a 
Sphagnum-dominated to a more vascular plant dominated system. 
Whether this high nutrient availability also stimulates methane oxidation 
co-occurring with N2 fixation (Larmola et al., 2014), merits further study. The 
P-rich, decomposed topsoil that is removed prior to rewetting can be used 
to raise adjacent agricultural fields to balance out groundwater levels 
between nature and agricultural fields (Van Diggelen et al., in press).  
 
As an alternative to the creation of nature (rewilding), drained agricultural 
peat meadows can also be rewetted and still be used for harvesting of 
crops for economic reasons (Joosten et al., 2014; Wichtmann et al., 2016). 
This cultivation of wetland crops such as Sphagnum, Phragmites or Typha, 
called paludiculture, can provide biomass for various applications, like fuel, 
fodder, organic substrate for horticulture or raw material for roofs or 
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insolation. The implementation of such agricultural systems results in an 
alternative, sustainable utilization of peatlands, reducing land subsidence 
and GHG emissions, and improving water quality (Gaudig et al., 2014; 
Geurts et al., 2019; Joosten et al., 2014; Vroom et al., 2018). Large-scale 
application of this more sustainable land use practice, compared to 
traditional drainage-based peatland use, requires more research, not only 
with respect to economic aspects but also with respect to the ecosystem 
services of the different crops and their associated microbiomes 
 
 
Conclusions 
 
Answers to the research questions from the introduction as discussed in 
this synthesis, are summarized in Table 1. A general conclusion is found 
below.  
 
Symbiotic interactions, including mutualisms, are important in explaining 
the functioning of N-limited ecosystems, as they affect N availability, 
productivity, turnover rates, and C and N dynamics. These symbioses not 
only include diazotroph - host plant interactions, but also plant-plant 
interactions. The studied symbioses were found to contribute around 20% 
of the total N input to their hosts. In Sphagnum, N2 fixation was found to be 
driven by P concentration and decomposability of tissue and not to be 
down-regulated by N deposition. The strong link between N and C cycling 
driven by symbiotic interactions also has important implications for 
ecosystem restoration.   
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Table 1. Answers to the research questions. 
 Questions Answers 

1. 
N

2 f
ix

at
io

n
 a

n
d

 N
 c

yc
lin

g
 

What is the nature and 
importance of the 
symbioses between several 
different N-limited plant 
species and their N2 fixing 
microbial community? 

Interactions between Sphagnum and 
associated diazotrophs seem commensalistic 
and symbiotic partners can have different 
optimal abiotic niches. In both studied N-
limited ecosystems symbioses are very 
important for N input: Tillandsia provides 5-
24% of trees N and N input to Sphagnum is 
increased by around 20%, increasing 
productivity. 

What drives N2 fixation 
rates of diazotrophs in/on 
Sphagnum and other 
endophytic plant species? 
 

N2 fixation in peatlands depends on both 
environmental drivers as well as species-
specific traits: availability of P and decay rate 
of Sphagnum (leading to higher nutrient 
availability) are key drivers. Also for other N-
limited plant species we expect nutrient 
concentrations, especially P, to be driving N2 
fixation. 

What is the effect of N 
deposition on N2 fixation 
rates of Sphagnum 
associated 
microorganisms?  

N2 fixation rates of moss symbionts are not 
downregulated by increased N deposition 
(between 8 and 32 kg N ha-1 y-1). Therefore, 
high loads of N deposition on peatlands can 
even add to the N input of N2 fixation (1.8-6 kg 
ha-1 y-1 in our studies).  

What is the differential 
effect of NH4 and NO3 
deposition on the 
functioning of a bog 
ecosystem? 

In peat bogs, N deposition as NH4 leads to an 
N stress response in Sphagnum species, 
whereas deposition as NO3 leads to increased 
peat mineralization linked to denitrification. 
These differential N effects should be taken 
into account when assessing the effects of 
increased N loads on the functioning of bog 
ecosystems 

What is the most 
important input of N to 
Tillandsia? 

Tillandsia obtains its N completely from 
reactive N sources in the air and rainwater, 
and not from a symbiosis with N2 fixing 
microbes. 
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2.
 C

ar
b

on
 c

yc
lin

g
 in

 p
ea

tl
an

d
s 

What is the effect of 
rewetting of peat soils and 
application of Sphagnum 
on greenhouse gas 
emissions? 

Rewetting and restoring peatlands increased 
the C sequestration function, halting land 
subsidence and also decreased the GWP. 

How can we effectively 
restore peatlands on 
formerly agriculturally used 
peat meadows?  

Topsoil removal strongly reduces initial stage 
CH4 emissions and eutrophication problems. 
Besides, sufficient rain water should be 
stored and used to promote Sphagnum 
growth.  

What is the effect of dense 
Phragmites vegetation on 
CH4 emissions in fens? 

Phragmites vegetation in fens increase CH4 
emissions by facilitating CH4 transportation 
from the soil to the atmosphere. Even though 
increased oxidation of CH4 can be expected 
by radial oxygen loss, facilitation of transport 
of CH4 to the atmosphere by pressurized 
convective flow seems to have a larger effect 
on total CH4 emissions.   
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Peatlands are important ecosystems because of the services they provide us 
including biodiversity, climate regulation, water retention and carbon 
sequestration. The latter is important in light of the climate change we face 
these days due to increasing concentrations of greenhouse gases, like carbon-
dioxide and methane in the atmosphere. Since peatlands are wet, 
decomposition of plant material is slower than production, leading to the 
build up of carbon stocks in peat. In combination with methane production 
and oxidation by microorganisms, this determines the carbon cycle in these 
ecosystems. Peatlands are highly threatened by humans with globally around 
15% being drained for agricultural use or peat extraction, which leads to high 
carbon losses as greenhouse gasses and severe land subsidence. Therefore, 
restoration of peatlands by rewetting is important. Although rewetting can 
turn drained peatlands into net carbon sinks again, it can also convert them 
into net methane sources, a stronger greenhouse gas than carbon dioxide. 
Besides, eutrophic conditions due to agricultural practices compromise the 
restoration of peatlands and pollution, like nitrogen deposition, poses a threat 
to restored and remaining peatlands. In this thesis, I studied the effect of 
different forms of nitrogen deposition on remaining peatlands and 
investigated greenhouse gas emissions from restored peatlands, looking into 
the effect of restoration measures and different peat-forming species and 
associated micro-organisms.  
 
Symbioses are close associations between different species that are 
widespread in the biological world. Symbiotic interactions improve the fitness 
and functioning of at least one partner and have mutual benefits (mutualism), 
no effect (commensalism) or do harm (parasitism) to the other. In pristine 
ecosystems like peatlands, the keystone peat-forming species Sphagnum 
moss has a symbiotic interaction with its microbial community that consists 
of, among others, nitrogen fixing (diazotrophic) and methane oxidizing 
microorganisms. This microbial community is present on Sphagnum, but also 
inside its hyaline (empty) cells that form tube-like structures inside 
Sphagnum. In the process of nitrogen fixation diazotrophs use nitrogen 
available from the atmosphere to build-up their tissue, potentially making it 
available to the mosses, increasing their production. In this way these 
symbioses form a link between the carbon and nitrogen cycle, affecting the 
nitrogen and subsequently carbon input to the ecosystems. However, we 
know little about what drives these diazotrophs and what their relative 
contribution is to the nitrogen input of the system. In this thesis I looked into 
the importance of the symbiosis between Sphagnum and its nitrogen-fixing 
microorganisms and into what drives the process of nitrogen fixation. To get a 
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better understanding of the role of N fixation in N cycling and on the 
regulating factors, I compared N2 fixation among different Sphagnum species 
in different environments and also between different plant species and in 
different ecosystems.  
 
Next to Sphagnum in ombrotrophic bogs and mesotrophic fens, I studied 
Spanish moss, Tillandsia, an epiphytic plant, abundant in subtropical 
American savannahs, hanging from Southern live oaks. Sphagnum as well as 
Tillandsia lack access to soil and therefore share strongly nitrogen-limited 
conditions, leading to our assumption that Tillandsia also relies on nitrogen 
fixation by its symbionts as an additional nitrogen input. However, this was 
found not to be the case. Conditions on the epiphyte might have been to dry 
(oxygen-rich) for diazotrophs or other nutrients might have been limiting 
nitrogen fixation. I did found, however, that Tillandsia, functioning as an 
atmospheric nitrogen filter, efficiently assimilates nitrogen from wet and dry 
deposition, releasing it after dislodging to the forest floor as a slow-release 
input to its host, the oak tree. In this way, the epiphyte provides its mutualistic 
partner with 5-24% of the tree’s total aboveground nitrogen input. This is an 
ecologically relevant portion and quite comparable to the nitrogen input 
provided by nitrogen fixing symbionts in Sphagnum species in an 
ombrotrophic bog. 
 
The association between Sphagnum and its nitrogen-fixing microorganisms 
seemed not to be exclusively mutualistic. Even though in my experiments 
diazotrophs increase nitrogen inputs to the ecosystem by around 20%, 
increasing its productivity, I surprisingly found that these symbiotic partners 
have different optimal abiotic niches with respect to environmental conditions 
and resources. In more buffered conditions, unfavorable for Sphagnum, 
diazotrophs showed higher nitrogen fixation rates. This, we hypothesized to be 
an effect of increased decomposition and availability of labile carbon and 
nutrients, increasing turnover rates and productivity. Besides, in experiments 
and in the field I found nitrogen fixation to be stimulated by increased 
availability of phosphorus and by decomposition of Sphagnum tissue. Next to 
these and other environmental drivers, nitrogen fixation in Sphagnum is also 
driven by species-specific resistance to decomposition and thus carbon 
turnover, since production and decomposition are strongly intertwined in 
Sphagnum. I hypothesize this link with plant production, driven by nutrient 
availability, especially phosphorus, to also explain the variance in nitrogen 
fixation rates we found in an array of different plant species that share 
nitrogen-limited conditions and lack of access to soil. 
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Surprisingly, in my experiments nitrogen fixation was not downregulated by 
increased inputs of nitrogen. Since Sphagnum functions as an extremely 
efficient nitrogen filter, even high nitrogen concentrations in atmospheric 
deposition are absorbed, resulting in diazotrophs in Sphagnum hyaline cells 
to experience nitrogen limitation. This stimulates micro-organisms to fix more 
nitrogen, despite nitrogen fixation being an energy-costly process and high 
external nitrogen input into the system. Therefore, in eutrophic conditions, 
relative availability of phosphorus seemed to determine nitrogen fixation, 
leading to high nitrogen fixation rates even in nitrogen-rich conditions. On the 
ecosystem level, this leads to accumulative loads of nitrogen in Sphagnum by 
a combination of nitrogen fixation and nitrogen deposition. I also found 
different forms of nitrogen deposition to have differential effects on 
Sphagnum in an ombrotrophic bog. Especially ammonium deposition 
increased the nitrogen concentration stored in nitrogen-rich amino-acids in 
Sphagnum tissue, indicating nitrogen stress, whereas nitrate deposition 
affected soil processes more, like increased peat mineralization and 
denitrification. These differential effects of different forms of nitrogen 
deposition and the accumulative effect of nitrogen in keystone species should 
be taken into account when assessing the effects of increased N loads on 
ecosystem functioning. 
 
Thus, nitrogen deposition changes the functioning of peatlands by hampering 
Sphagnum growth due to nitrogen accumulation and by favoring vascular 
plant growth, outcompeting peat mosses. Besides, peatlands are threatened 
by large-scale drainage for agricultural use and peat extraction. Formerly 
agriculturally used peat soils can be restored to peatlands by rewetting and 
application of peat forming species. I found application of Sphagnum with 
associated symbionts to increase the carbon sequestration function (halting 
land subsidence) and also decreasing the global warming potential of a Dutch 
peat meadow. Topsoil removal as an additional restoration measure is highly 
recommended, since it strongly reduces initial methane emissions and 
eutrophication problems. The removed top soils can be reused in adjacent 
subsiding agricultural areas, optimizing the overall carbon balance and allow 
higher water levels in rewetted peatlands. Besides, sufficient rain water should 
be stored and used to promote Sphagnum growth. However more difficult to 
successfully establish, Sphagnum is preferred over reed, Phragmites, as a 
keystone symbiosis because of its potential decreasing effect on the global 
warming potential by symbiotic methane oxidation. Reed in fens, on the other 
hand, increase methane emissions by facilitating transportation of methane 

from the soil to the atmosphere (‘chimney effect’). Even though increased 
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oxidation of methane can be expected in reed-stands by radial oxygen loss, 
facilitation of transport of methane to the atmosphere by pressurized 
convective flow seems to have a larger effect on total methane emissions. 
 
In conclusion, it is important to take the symbiotic microbial community of 
plant species into account when assessing ecosystem functioning. I have 
shown here the strong link between carbon and nitrogen dynamics by 
symbiotic nitrogen fixation, affecting nitrogen availability, productivity and 
turnover rates in different nitrogen limited ecosystems. The studied symbioses 
were found to contribute around 20% of the total nitrogen input to their hosts, 
including not only diazotroph - host plant interactions but also plant - plant 
mutualisms. In Sphagnum, nitrogen fixation was found to be driven by 
phosphorus concentration and decomposability of tissue and not to be down-
regulated by nitrogen deposition. The strong link between nitrogen and 
carbon cycling driven by symbiotic interactions also has important 
implications for ecosystem restoration. In peatlands, microorganisms 
associated with keystone peat-forming species can determine carbon 
exchange rates, affecting important environmental drivers like the global 
warming potential. 
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Venen zijn belangrijke ecosystemen, omdat ze ons voorzien van 
zogenaamde ecosysteemdiensten, zoals biodiversiteit, klimaatregulatie, 
waterberging en koolstofopslag. Die laatste is belangrijk in het licht van de 
uitdaging waar klimaat verandering ons vandaag de dag voor stelt, als 
gevolg van toenemende concentraties broeikasgassen in de atmosfeer, 
zoals koolstofdioxide en methaan. Omdat venen nat zijn, gaat de afbraak 
van plantenmateriaal in een veen langzamer dan de productie. Hierdoor 
kunnen koolstofvoorraden opbouwen in het veen. In combinatie met 
methaan-productie en -oxidatie door micro-organismen, bepaalt dit de 
koolstofcyclus van deze ecosystemen. Venen worden ernstig bedreigd 
door de mens: wereldwijd is zo’n 15% drooggelegd om te gebruiken voor 
landbouw of turfwinning. Dit leidt tot grote koolstof verliezen als 
broeikasgassen en tot serieuze bodemdaling. Daarom is het herstellen van 
venen door ze te vernatten zo belangrijk. Hoewel door vernatten 
drooggelegde venen weer netto koolstof kunnen gaan vastleggen, kan het 
er ook voor zorgen dat ze netto methaan, wat een sterker broeikasgas is 
dan koolstofdioxide, gaan uitstoten. Daarnaast wordt het herstel van venen 
belemmerd door eutrofe omstandigheden als gevolg van het toepassen 
van landbouw, alsook door vervuiling zoals stikstofdepositie, wat ook de 
nog onaangetaste venen bedreigd. In dit proefschrift, heb ik de effecten 
van verschillende vormen van stikstofdepositie op venen bestudeerd en 
onderzocht ik de uitstoot van broeikasgassen door herstelde venen, 
waarbij ik me richtte op het effect van herstelmaatregelen en verschillende 
veenvormende plantensoorten en daarmee geassocieerde micro-
organismen.  
 
Symbioses zijn sterke samenwerkingsverbanden tussen verschillende 
soorten, die algemeen voorkomen in de biologie. Symbiotische interacties 
verbeteren de fitness en het functioneren van ten minste één van de twee 
partners en kan een wederzijds voordeel hebben (mutualisme), geen effect 
(commensalisme) of een nadelig effect (parasitisme) op de ander. Voor 
hoogvenen zijn veenmossen, Sphagnum, de sleutelsoort die aan de basis 
staat van het ecosysteem. Sphagnum heeft een symbiotische relatie met 
zijn microbiële gemeenschap, die op en in het mos leeft: vooral in de 
tunnels, gevormd door lege (hyaline) cellen in het weefsel vinden de 
microben een veilige leefomgeving. Deze microbiële gemeenschap 
bestaat onder meer uit stikstof-fixerende (diazotrofe) en methaan-
oxiderende microben, die door middel van de stikstoffixatiereactie stikstof 
beschikbaar kunnen maken uit de atmosfeer als bouwsteen voor hun 
eigen weefsel. Dit stikstof wordt potentieel ook beschikbaar voor de 
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mossen, wat hun productiviteit kan bevorderen. Op deze manier vormen 
deze symbioses een link tussen de koolstof en de stikstof cyclus, waarbij ze 
de stikstof input in het ecosysteem vergroten en vervolgens de koolstof 
input. Echter, we weten maar weinig van wat deze diazotrofe microben 
stuurt en wat hun relatieve betekenis is voor de stikstofinput in het 
systeem. In dit proefschrift heb ik me verdiept in het belang van de 
symbiose tussen Sphagnum en zijn stikstof-fixerende microbiële 
gemeenschap en in de factoren die stikstoffixatie aandrijven. Om beter 
inzicht te krijgen in de rol van stikstoffixatie in de stikstofcyclus en in 
regulerende factoren, heb ik stikstoffixatie in verschillende Sphagnum 
soorten in verschillende milieus vergeleken en ook tussen verschillende 
planten soorten en ecosystemen. 
 
Behalve Sphagnum in hoogvenen en laagvenen, heb ik Spaans mos, of 
Tillandsia, bestudeerd: een epifytische plant die heel algemeen voorkomt 
in eiken in subtropische Savannah ’s in Amerika. Sphagnum, evenals 
Tillandsia, hebben geen toegang tot bodem en zijn daardoor sterk 
gelimiteerd in stikstof. Dit leidde tot de aanname dat Tillandsia ook van 
stikstoffixatie afhankelijk zou zijn voor zijn stikstof opname, maar dat bleek 
niet zo te zijn. De omstandigheden op de epifyt zijn wellicht te droog 
(zuurstofrijk) voor diazotrofen of andere voedingsstoffen zouden 
beperkend kunnen zijn voor stikstoffixatie. Ik heb wel vastgesteld dat 
Tillandsia werkt als een filter voor atmosferische stikstof, die efficiënt 
stikstof uit regen en droge depositie vastlegt. Deze stikstof komt beetje bij 
beetje beschikbaar voor de eikenboom-gastheer nadat Tillandsia 
losgeraakt is en op de grond is gevallen. Op deze manier voorziet de epifyt 
zijn mutualistische partner van 5-24% van de booms totale bovengrondse 
stikstof input. Dit is een ecologisch relevante hoeveelheid, die heel 
vergelijkbaar blijkt met de stikstof input door stikstof-fixerende 
symbionten in Sphagnum soorten in hoogveen. 
 
De associatie tussen Sphagnum en zijn stikstof-fixerende micro-
organismen blijkt niet exclusief mutualistisch. Hoewel in mijn 
experimenten diazotrofen de stikstof input naar het ecosysteem 
vergrootten met zo’n 20%, waarbij ze de productiviteit verhogen, stelde ik 
tegen mijn verwachtingen in vast dat deze symbiotische partners andere 
optimale abiotische niches hebben wat betreft milieuomstandigheden en 
voedingsbronnen. In meer gebufferde omstandigheden, die ongunstig zijn 
voor Sphagnum, lieten diazotrofen een hogere stikstoffixatie snelheid zien. 
Hiervan veronderstelden we dat het een effect is van verhoogde afbraak en 
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beschikbaarheid van labiel koolstof en nutriënten, wat de 
omzettingssnelheden en productiviteit van de microorganismen vergroot. 
Daarnaast stelde ik in mijn experimenten en in het veld vast dat 
stikstoffixatie gestimuleerd wordt door beschikbaarheid van fosfor en door 
afbraak van Sphagnum. Behalve deze en andere sturende 
omgevingsvariabelen, wordt stikstoffixatie ook gereguleerd door soort-
specifieke weerstand tegen afbraak en tevens door koolstof omzetting 
omdat productie en afbraak sterk samenhangen in Sphagnum. Aan de 
hand hiervan en van de variatie in stikstoffixatie die ik vond in een reeks 
van verschillende plantensoorten uit een stikstof-gelimiteerde omgeving, 
zonder toegang tot de bodem, formuleer ik de hypothese dat er een sterke 
link bestaat tussen stikstoffixatie en plant productie, die gereguleerd wordt 
door o.a. de beschikbaarheid van voedingsstoffen, met name fosfor. 
 
Onverwacht bleek stikstoffixatie niet te worden geremd door verhoogde 
stikstof input in mijn experimenten. Omdat Sphagnum functioneert als 
een extreem efficiënte stikstof-filter, kan het zelfs hoge concentraties 
stikstof in atmosferische depositie opnemen, wat ertoe kan leiden dat 
diazotrofen in Sphagnums hyaline cellen toch stikstoflimitatie ervaren. Dit 
stimuleert de microorganismen om meer stikstof te fixeren, ook al is 
stikstoffixatie een energievretend proces en komt er veel extra stikstof in 
het systeem. Daarom is de relatieve beschikbaarheid van fosfor bepalend 
voor stikstoffixatie (ook bij hoge externe stikstof input), wat kan leiden tot 
hoge stikstoffixatie snelheden, zelfs in eutrofe, stikstofrijke condities. Op 
ecosysteemniveau leidt dit tot ophoping van stikstof in de Sphagnumlaag 
door de combinatie van stikstoffixatie en stikstofdepositie. Ik ontdekte ook 
dat verschillende vormen van stikstofdepositie andere effecten hebben op 
Sphagnum in hoogveen. Vooral ammoniumdepositie verhoogde de 
stikstof opslag in stikstofrijke aminozuren in Sphagnum, wat duidt op 
stikstofstress, terwijl nitraatdepositie bodemprocessen meer beïnvloedde, 
zoals verhoogde afbraak van veen en denitrificatie. De verschillen in 
effecten van deze vormen van stikstofdepositie en het ophopingseffect van 
stikstof in de sleutelsoort Sphagnum moeten in acht worden genomen bij 
het beoordelen van de effecten van stikstofdepositie op het functioneren 
van het ecosysteem.  
 
Dus stikstofdepositie verandert het functioneren van venen doordat 
Sphagnums groei belemmerd wordt door stikstofophoping en doordat 
Sphagnum weggeconcurreerd wordt door vaatplanten die van de extra 
stikstof kunnen profiteren. Daarnaast worden venen op grote schaal 
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bedreigd door drooglegging voor de landbouw en turfwinning. 
Veenbodems die in het verleden voor landbouw gebruikt zijn, kunnen 
weer hersteld worden tot veensystemen door ze te vernatten en 
veenvormende soorten toe te voegen. Ik stelde vast dat het opbrengen van 
Sphagnum, met geassocieerde symbionten, de koolstofopslag van een 
Nederlandse veenweide verhoogde (tevens de bodemdaling stopte) en 
ook het aardopwarmingsvermogen verminderde. Het verwijderen van de 
toplaag van de bodem als een aanvullende herstelmaatregel wordt sterk 
aanbevolen, aangezien het de initiële methaanuitstoot en problemen met 
nutriëntenrijkdom aanzienlijk vermindert. De verwijderde bodem kan 
hergebruikt worden op aanliggende verzakkende landbouwgronden om 
de algehele koolstofbalans te optimaliseren en om hogere waterstanden in 
het gebied te kunnen toestaan. Verder moet er genoeg regenwater 
opgeslagen worden dat gebruikt kan worden om waterniveaus hoog te 
houden in droge perioden. Hoewel het moeilijker is om Sphagnum 
duurzaam te vestigen, wordt bij voorkeur het aanbrengen van Sphagnum 
verkozen boven riet, Phragmites, als sleutel-symbiose in verband met de 
potentiele vermindering van het aardopwarmingsvermogen door 
symbiotische methaanoxidatie in Sphagnum. Riet in laagvenen, aan de 
andere kant verhoogt juist de methaan uitstoot doordat het transport van 
methaan van de bodem naar de atmosfeer vergemakkelijkt (‘het 
schoorsteeneffect’). Ook al kan een verhoogde oxidatie van methaan 
verwacht worden in rietstanden door radiaal zuurstofverlies bij de wortels, 
het vergemakkelijken van methaantransport naar de atmosfeer door 
convectiestroming onder druk blijkt een groter effect te hebben op totale 
methaan emissies. 
 
Concluderend is het belangrijk om de symbiotische microbiële 
gemeenschap van plantensoorten in acht te nemen in de beoordeling van 
het functioneren van ecosystemen. Ik heb hier de sterke relatie tussen de 
koolstof en stikstof cyclus aangetoond door symbiotische stikstoffixatie, die 
de stikstofbeschikbaarheid, productie en omzettingssnelheid in 
verschillende stikstof gelimiteerde ecosystemen beïnvloedt. De 
bestudeerde symbioses bleken zo’n 20% van de totale stikstof input bij te 
dragen aan hun host planten, inclusief niet alleen diazotroof - 
plantgastheer interacties maar ook plant - plant mutualismen. 
Stikstoffixatie in Sphagnum wordt gestuurd door fosfor concentraties en 
afbreekbaarheid van het mosweefsel en wordt niet geremd door 
stikstofdepositie. De sterke link tussen de stikstof en koolstof cyclus, 
gereguleerd door symbiotische interacties heeft ook belangrijke 
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implicaties voor ecosysteemherstel. In venen kunnen micro-organismen 
geassocieerd met veenvormende sleutelsoorten de koolstofuitwisseling 
bepalen tussen bodem en atmosfeer, wat belangrijke omgevingsfactoren 
beïnvloedt zoals het aardopwarmingsvermogen. 
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