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“I’m only happy 
when it rains”...!? 
(Garbage, 1995) 
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1.1	 Northern peatlands
The high latitudes of our planet are characterized by extreme climatic 
conditions. Short growing seasons and freezing winters prevent many 
organisms to thrive in the boreal climate. Only few organisms survive 
in such harsh conditions, and if they do, they grow slowly. The boreal 
zone is vegetated by extensive coniferous forests, which cover about 
70% of the boreal landscape (Hansen et al., 2013). At some positions in 
the landscape, where water input by rain and lateral inflow exceed water 
losses through evapotranspiration and drainage, it is too wet for trees to 
survive. These are the sites where we encounter peatlands.

Peat soils are soils formed by the accumulation of material that remains 
after the partial decay of organic matter. Due to the wet, cold, and 
anaerobic conditions, the plant material is not easily decomposed 
(Davidson & Janssens, 2006; Ise et al., 2008; Knorr et al., 2005). As a 
result, the dead plant material accumulates and forms a peat soil. Peatlands 
are ecosystems with a peat soil, generally defined as soils with an organic 
layer thickness larger than 30 cm and an organic matter content of at 
least 30% ( Joosten & Clarke, 2002). Peatlands occur in various climatic 
conditions all around the world, ranging from the tropics to the arctic 
and cover around 4 million km2, representing 2.6% of the earth’s total 
land surface (Fig. 1.1). The largest part (82%) of the total peatland area 
is found in temperate and boreal climates in the northern hemisphere. 
These peatlands, located at latitudes above 45°N, are referred to as 
northern peatlands (Fig. 1.2a).

The formation of northern peatlands started after the last glaciation (about 
7,500 – 10,000 years ago) through infilling of lakes or paludification (peat 
accumulation on wet mineral soils) (Rydin & Jeglum, 2013). With the 
continuation of peat accumulation, the distance from the peat surface 
to mineral rich soil or water increases and the deeper peat material 
becomes more and more compacted, reducing the permeability to water 
flow (hydraulic conductivity) (Päivänen, 1973). As a result, the rooting 
zone becomes increasingly isolated from a mineral source, so that the 
influence of rainwater increases and the water quality becomes nutrient 
poor and acid (ombrotrophic). Due to the relatively high aeration and low 
degree of decomposition, most biogeochemical processes and water flow 
in northern peatlands takes place in the unsaturated zone (referred to as 

Peat & 
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acrotelm sensu Ingram (1978)), generally representing the top 8 – 70 cm 
of northern peatlands (Ivanov et al., 1981).

The dominant species that are successful to endure the waterlogged, 
nutrient poor and acid environment of northern peatlands are peatmosses, 
bryophytes of the genus Sphagnum, which constitute a major vegetation 
component of these ecosystems (Fig. 1.2b, Moore et al., 2002). The 
litter of these mosses is very resistant to decomposition compared to 
vascular plants (Aerts et al., 1999; van Breemen, 1995; Verhoeven & 
Toth, 1995), and its chemical composition is not conducive to microbial 
decomposition (Mellegård et al., 2009; Rudolph & Samland, 1985). 
Therefore, the accumulated partially decomposed material in northern 
peatlands predominantly originates from peatmosses. While the apical 
part (top 1 – 5 cm; Fig. 1.2c), referred to as capitulum, is alive and grows, 
the degree of decomposition and compaction of the dead moss parts 
increases with depth.

Peatmoss

Figure 1.1. Distribution of peatlands around the world (Lappalainen, 1996). Used with 
permission of the International Peatland Society.
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1.2	 Northern peatlands and climate change
In regions with high peatland cover, peat has played an important role in human society for 
a long time. Peat has, for example, been used as fuel for at least 2000 years. Already in the 
first century (47 AD), the Roman naturalist and military officer Gaius Plinius Secundus 
described in his Naturalis Historia a Germanic marsh-dwelling society that “burned 
earth as fuel to warm their food and so their own bodies, frozen by the north wind”, which 
he encountered during a naval expedition along the northern coast of The Netherlands 
and Germany (Hoffmann, 2014; Rackham et al., 1949). Since the 13th century, peat 
was excavated at progressively larger scales in areas where the stock of harvestable wood 
was depleted (de Zeeuw, 1978; Leenders, 1989). In the 20th century, about 95% of the 
total original peatland area was excavated for fuel supply in The Netherlands (de Zeeuw, 
1978). Nowadays, still 5 – 7% of the primary energy consumption of Finland and Ireland 
is provided by peat (Gadonneix et al., 2013). 

More recently, peat has been used, due to its aeration, water retention, cation exchange 
capacity, and pH characteristics, as planting medium in horticulture, further reducing 
the peatland volume by about 30 – 40 million m3 yr -1 ( Joosten & Clarke, 2002; Rydin 
& Jeglum, 2013). Due to the extreme conditions in peatlands, peatland flora and fauna 
species are strongly specialized and restricted to peatlands (Holmes et al., 1993; Spitzer 
& Danks, 2005; Weking et al., 2013). Moreover, the inaccessibility of peatlands makes 
them an essential last refuge for fauna ( Joosten & Clarke, 2002). Peatlands are therefore 
important from floristic and faunal perspective.

In addition to its economic value as fuel, planting medium and supporting floral and 
faunal diversity, northern peatlands provide an ecosystem service that – especially in 
the last decades – received considerable international attention from the perspective of 
global climate change (IPCC, 2013). Organic material consists for an important part 
of carbon. This implies that, by piling up dead, decaying, peatmoss over thousands of 
years, peatlands accumulated enormous amounts of carbon. Even though northern 
peatlands cover only 2.6% of the total land surface area ( Joosten & Clarke, 2002), they 
represent an important component of the global climate as they store between 270 and 
370 Tg of carbon, corresponding to about 20% of all terrestrial soil carbon worldwide or 
50% of current total atmospheric carbon content (Gorham, 1991; Kleinen et al., 2012; 
Turunen et al., 2002; Yu, 2011). If all this carbon would end up as carbon dioxide (CO2) 
in the atmosphere, the current atmospheric CO2 concentration of around 400 ppm 
(micromoles CO2 per mole air) would be doubled (NOAA, 2015). An increase in CO2 
concentration may have severe consequences for the global climate system and human 
society (IPCC, 2013). CO2 is a greenhouse gas, absorbing energy and partially radiating 
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it back towards the earth surface, thereby increasing the temperature of the globe and its 
atmosphere. Besides storing CO2, northern peatlands emit the greenhouse gas methane 
(CH4) (Moore & Dalva, 1993; Roulet et al., 1992) and contribute to 3 – 5% of CH4 
emissions worldwide (Frolking et al., 2006).

Figure 1.2. (a) A Swedish example of an ombrotrophic northern peatland (Kulflyten, 59°N 15°E) 
with hummocky microtopography (b) A closer look at the peatland vegetation, dominated by 
various colourful peatmoss (Sphagnum) species. (c) Single Sphagnum shoot, with a green living 
capitulum (0 – 5 cm) and a larger degree of composition deeper in the peat profile; ruler units are 
in cm.

a

b c
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1.2.1	 Climate change
An increasing number of scientific studies shows that only a slight increase in averaged 
global temperature due to increased atmospheric CO2 concentrations may have dramatic 
consequences for society and the environment we live in (IPCC, 2013). Historically, 
consequences of climate change were primarily associated with changes in temperature. 
Especially for the northern hemisphere at high latitudes, temperatures are expected to 
increase by about 2 – 6°C in the period from 1986 – 2005 to 2081 – 2100) (IPCC, 2013). 
However, changes in temperature also have consequences for the hydrological cycle. 
Water losses by evapotranspiration are expected to increase as a direct effect of increased 
temperature. Moreover, the hydrological cycle could be intensified and the probability 
of extreme events will increase (IPCC, 2013; O’Gorman & Schneider, 2009). In general, 
an intensification of the water balance is expected to result in dry areas becoming drier, 
while wet areas are likely to become wetter (IPCC, 2013). Peatlands are by definition 
distributed in wet areas, and based on the projections, climate change increases total 
rainfall in the boreal zone by 10 – 30%. However, rain is also projected to occur in less 
frequent, but more intense rain events (Allen & Ingram, 2002; O’Gorman & Schneider, 
2009), so that the drought frequency may increase in a future climate.

1.2.2	 Potential climate change impact on northern peatlands
Due to the projected future shift in the temporal distribution of rainfall, accompanied 
by increased evapotranspiration, it is possible that droughts become more common 
in peatlands. Droughts may have devastating effects on peatmoss growth and can 
substantially reduce atmospheric carbon sequestration by northern peatlands (Alm et 
al., 1999; Bragazza, 2008; Fenner & Freeman, 2011). Measurements indicate that, in the 
present day climate, peatlands sequester carbon with rates of about 21 – 70 gC m-2 yr-1 
(Dinsmore et al., 2010; Koehler et al., 2011; Nilsson et al., 2008; Olefeldt et al., 2012; 
Roulet et al., 2007). As a consequence of shifts in climate, northern peatlands may 
switch from a carbon sink to a carbon source, and start emitting substantial amounts 
of CO2. In this positive feedback, climate change increases the drought frequency, 
which in turn leads to deeper groundwater tables, resulting in lower water content in the 
living moss layer (Fig. 1.3). In turn, the decreased water content will reduce peatmoss 
photosynthesis and its carbon uptake, resulting in a net increased emission of carbon 
into the atmosphere. Due to the reduced carbon uptake, peatlands may become net 
carbon emitters, enhancing the greenhouse effect and thereby increasing the likelihood 
of (extreme) droughts. Whether or not this undesirable scenario will become a reality 
depends on how climate change affects positive and negative feedbacks controlling the 
balance between carbon sequestration and emissions rates in northern peatlands. As 
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indicated in Fig. 1.3, fine scale ecohydrological processes such as peat volume change 
and moss rain retention can alter the water content in the moss layer, hence net carbon 
uptake of northern peatlands. The functioning and relative importance of rain water 
retention and peat volume change for peatmoss water availability and carbon uptake are 
the main topics covered in this thesis.

Figure 1.3. Conceptual overview of positive (+) and negative (-) feedbacks between climate, 
peatmoss water balance and photosynthetic carbon uptake by peatmosses in northern peatlands 
due to a climate change induced increase in drought occurrence. The fine scale ecohydrological 
processes that can affect net peatland carbon emission through moss water content, and which are 
of main interest in this thesis, are indicated by grey boxes.

1.3	 Linking peatland ecology and -hydrology
For other ecosystems it has been shown that the temporal distribution of rainfall may 
be more important for ecosystem functioning and carbon cycling than rain quantity per 
se (Heisler & Weltzin, 2006; Knapp et al., 2002; Vervoort & van der Zee, 2008; Xu et 
al., 2013). It is unknown, however, how climate induced changes in temporal rainfall 
patterns affect peatmoss water supply and associated photosynthetic carbon uptake. Are 
peatmosses able to cope with a more intermittent rain water supply? 

1.3.1	 Water and peatmoss photosynthesis
In ombrotrophic (i.e. rainwater-dependent) peatlands, the fixation of atmospheric CO2 is 
largely mediated by Sphagnum (Moore et al., 2002). Just like any other plant, peatmosses 
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(Sphagnum) need an adequate water supply to grow. Unlike vascular plants, however, 
peatmosses lack roots, xylem vessels, and stomata (Proctor, 2000), and are therefore 
incapable of actively taking up water from their direct environment. As a consequence, 
the photosynthesis of these plants and associated carbon uptake is crucially dependent 
on the water present in the living layer (top 5 – 10 cm) of the moss carpet (Hájek & 
Beckett, 2008; Schipperges & Rydin, 1998), referred to as the capitulum layer. 

Besides this direct effect of water content on peatmoss photosynthesis, the water content 
of this interface between soil and atmosphere regulates numerous other peatland – 
climate interactions. Examples of processes in which peatmoss water content plays 
an important role include plant species competition (Limpens et al., 2014b), thermal 
regimes (Kujala et al., 2008), partitioning of latent and sensible heat fluxes (Seneviratne 
et al., 2010; Teuling et al., 2009), litter decomposition (Belyea, 1996), and plant 
transpiration (Feddes et al., 2001; Metselaar & de Jong van Lier, 2007).

Understanding the water balance of peatmosses and its role in the above processes is 
therefore crucial to predict whether northern peatlands will remain a persistent, long-
term carbon sink in the future. This thesis focuses on consequences of climate change 
on peatmoss photosynthesis, and its feedback to the global climate. The water balance 
of the capitulum layer is mainly regulated by water inputs through rainfall and capillary 
rise, and water losses through moss evaporation and drainage to the groundwater table 
(Fig. 1.3). 

1.3.1.1	 Capillary rise and rainwater

Capillary rise is the process of water transport from the groundwater to the capitulum 
layer (Fig. 1.4) in the pore space between (partially decomposed) Sphagnum stems and 
branches. The efficiency of capillary transport may strongly depend on morphological 
traits of peatmosses, which differ per peatmoss species (Rydin & McDonald, 1985b). 
The various peatmoss species inhabiting northern peatlands are generally distributed 
along a microtopographical gradient (Figure 1.2a,b). Drier and elevated locations are 
represented by hummocks, and wet depressions by hollows, with lawns being in between. 
Hummocks Sphagna have a denser growth form and smaller capitula than hollow species 
(Rydin, 1995). As a result of the smaller pore spaces, hummock peatmosses possess a 
more efficient capillary water supply and larger capacity to retain rainwater (Hayward 
& Clymo, 1982). This provides hummock species with a competitive advantage in dry 
conditions and during droughts. 

The capillary supply from groundwater to living moss layer depends on the depth of 
the groundwater table. While capillary water supply may be adequate for shallow water 
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tables, the capillary transport capacity decreases strongly and non-linearly with deeper 
water tables (McCarter & Price, 2014). In late summer, when water tables are deep, 
rainwater intercepted by the living moss layer may be an important water supply allowing 
Sphagnum to sustain photosynthesis and carbon uptake (Adkinson & Humphreys, 
2011; Robroek et al., 2009). 

1.3.1.2	 Peat volume change

In situations with a decreasing groundwater table, peat soils show an astonishing 
mechanism which may increase water availability for Sphagnum. Due to the open 
pore structure and compressible nature of the fibrous peat material (Price et al., 2005; 
Waddington et al., 2010), peat material expands in wet periods and compresses during 
dry spells (Almendinger et al., 1986; Baden & Eggelsmann, 1964; Fritz et al., 2008; 
Price, 2003; Price & Schlotzhauer, 1999; Roulet, 1991; Schothorst, 1977; Uhden, 1967; 
Whittington et al., 2007). This process, referred to as peat volume change, may adjust 
water availability in the living moss layer and sustain photosynthesis during droughts. 
The contribution of peat volume change to maintain peatmoss photosynthesis during 

Water storage 

living moss layer 

Atmosphere 

Groundwater table (2,3,4,5) 

R (2,3,4) E (2,5) ∆PV (4,5) 

C (2,3,5) 

Groundwater 
reservoir 

Hydrophysical 
characteristics 
- Water retention 
- Hydraulic 

conductivity 
- Compressibility 

Photosynthesis (2,3) 

Decomposition (2,3) 

Water cycle (2,3,4,5) Carbon cycle (2,3) 

P D 

Q 

Figure 1.4. Conceptual overview of most important peatmoss water balance components regulating 
water availability for peatmoss and carbon balance components in the living moss layer. R = rain, 
E = Moss evaporation, C = capillary flux, Q = lateral groundwater flow, ΔPV = peat volume 
change, P = photosynthesis, D = decomposition. Numbers between brackets represent chapters in 
which the subject is covered.
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droughts is, however, unknown. Moreover, it is unclear whether peat volume change 
varies among vegetation types, how spatially variable it is, and what its major controls are.

In natural peatlands, the driving factor of peat volume change is primary compression 
(Kennedy & Price, 2005). Primary consolidation of the peat matrix originates from 
changes in effective stress, which is largely modified by groundwater table fluctuations 
during the growing season (Kennedy & Price, 2004; Terzaghi, 1943). Upon drying, 
overlying weight of material above the surface of a peat cross-section exerts pressure 
on the contact points between the separate peat fibers in the peat matrix (skeleton). 
As a consequence the effective stress increases, causing the peat matrix to compress, 
and thereby stabilizing the distance between the groundwater table and peat surface. 
Peat volume change thus is a fundamental process by which peatmosses may maintain 
high water availability during dry spells so that atmospheric carbon uptake through 
photosynthesis is prolonged. 

1.3.2	 Simulating the peatmoss water balance
To predict how climate change may impact the overall functioning of northern peatlands, 
peatmoss water stress, and photosynthetic carbon uptake, dynamic simulation models 
are an indispensable tool. Based on such model simulations scientists can provide 
governmental institutions with information required to make informed decisions on 
policies regarding climate change. Many of such numerical models are available, varying 
in spatiotemporal scale, aim and processes included (Baird et al., 2012; Frolking et al., 
2010; Granberg et al., 1999; Heijmans et al., 2008; Moore & Waddington, 2015; Price & 
Whittington, 2010; Schouwenaars & Gosen, 2007; St-Hilaire et al., 2010; Stocker et al., 
2014; Wu & Blodau, 2013; Yurova et al., 2007).

Frequently, models simulating peatland hydrology assume that the water content of 
the living moss layer is a direct function of the groundwater table (e.g. Granberg et al. 
(1999) and Yurova et al. (2007)). In these models, rainwater is assumed to bypass the 
living moss layer and to be directly transported to the groundwater. In reality, however, 
a single rainfall event may be fully retained in the living moss layer (Fig. 1.4; Strack & 
Price, 2009). Additionally, many models do not include peat volume change (but see 
Kennedy & Price (2004)), which as described in the previous section may reduce 
summer drought stress.

Including peatmoss rainfall retention and peat volume change in the model structure 
may modify peatmoss water balance dynamics in peatland models, but the relative 
effect of these processes on peatmoss water availability is unknown. To predict and 
quantify feedback strengths between northern peatlands and global climate, northern 
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peatlands and their dominant ecohydrological processes need to be part of larger scale 
climate models (Frolking et al., 2013). The available calculation time in these so called 
regional or global circulation models to solve land-surface processes is highly restricted. 
It is therefore essential to test whether more hydrologically complex water balance 
models significantly improve model performance (i.e. reduces prediction error). Any 
additional process requires instrumental and labour costs for independent parameter 
measurements. These parameters do not necessarily represent ‘effective’ parameters for 
field conditions and may therefore increase prediction uncertainty, so that the addition 
of extra processes should be carefully considered (Beven, 2012; Oreskes et al., 1994). 
At present, little research has been done to determine which degree of hydrological 
complexity is required to adequately predict how climate change may affect peatmoss 
water content and associated carbon uptake, and how such changes may feed back to the 
global climate. 

1.4	 Thesis aim and outline
The above shows that there are important interactions between water availability and 
peatmoss photosynthesis in northern peatlands. An analysis of these interactions could 
lead to a well-founded basis to understand how future climate change could affect the 
water balance of, and associated carbon sequestration, in peatlands.

Research aim

This thesis aims to improve the fundamental scientific understanding and simulation of 
fine scale ecohydrological processes in northern peatlands, and their effect on peatmoss 
photosynthesis. Although peatmosses are not the only vegetation in northern peatlands, 
they are the species group responsible for most of the net CO2 uptake in ombrotrophic 
systems (Moore et al., 2002; Street et al., 2013) and generally form the major constituent 
of peat in northern peatlands (Dorrepaal et al., 2005; Thormann et al., 1999; Verhoeven 
& Toth, 1995). This thesis therefore focusses on peatmosses, and aims to answer the 
research questions listed in Table 1.1.

Outline

In Chapter 2, we explore the effect of the temporal variability of rainfall on peatmoss 
water availability, photosynthetic activity and carbon uptake. We hypothesize that rain 
is only of advantage if groundwater levels are deep, because only then peatmosses are 
dependent on rainwater supply for their photosynthesis. This hypothesis is tested with 
three contrasting peatmoss species under controlled conditions in a growth chamber 
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experiment. Although experiments under controlled conditions are essential to reveal 
important driving mechanisms, they only represent a simplified version of the real 
world and could therefore potentially give rise to biased results (Englund & Cooper, 
2003; Limpens et al., 2012). The results of Chapter 2 are therefore confronted with 
measurements under field conditions in Chapter 3. Using 11 years of half-hourly data 
on carbon exchange, water table, and meteorological variables of Degerö Stormyr, a 
northern peatland in the north of Sweden, the response of net carbon uptake to individual 
rain events was analysed. Also the effects of pre-rain groundwater table, drought length, 
and changes in other environmental factors such as light availability and vapour pressure 
deficit are tested.

Chapter 4 describes an explorative field study aiming to determine the spatial scale of 
peat volume change patterns and the major drivers that cause spatial variability of peat 
volume change. Digital terrain models are constructed applying digital photogrammetry 
to top-view digital images taken along a transect in a northern peatland at multiple 
points in time. Subtracting the digital terrain model from one point in time from another 
other provides a high-resolution (0.5 ∙ 0.5 m) map of spatial peat volume change. Point 
measurements on vegetation composition, peat depth, saturated hydraulic conductivity 
and positional factors are included to relate spatial variation of peat volume change to 
potential drivers. The results of this study are key in understanding ecohydrological self-
regulation of peatlands, and provide a basis for the spatial representativeness of peatland 
models including, and point measurements of, peat volume change.

Chapter 5 shows the results of a modelling study, aimed to 1) determine the relative 
importance of peat volume change and rain water retention and 2) test the consequences 
of increasing hydrological complexity on peatmoss drought stress predictions by 
simulations models. A reference reservoir model assuming a direct relation between 
groundwater table and moss water content is combined with a module describing (1) 
moss water storage (i.e. rainwater retention by the living peatmoss layer), (2) peat 
volume change, and (3) the combination of both processes. Field data are collected, and 
are used as model input and to validate the predictive quality of the different models. 
Future climate scenarios are employed to determine how adding ecohydrological 
processes affects peatmoss drought stress predictions. 

This thesis concludes with a synthesis of the results in Chapter 6. On the basis of 
the findings described in Chapter 2 – 5, recommendations are provided for future 
ecohydrological field- and modelling studies in northern peatlands.
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Table 1.1. Overview of research questions, associated hypotheses, and chapters.

Research question Hypothesis Chapter

How does temporal variability in 
rainfall affect photosynthesis and 
carbon uptake of peatmoss?

At shallow water tables the water content 
in the living moss layer is high enough to 
maintain photosynthesis. At deep water 
tables, more frequent rain will result in 
higher photosynthetic carbon uptake.

2

How do rain events and their 
characteristics affect net carbon 
uptake in northern peatlands?

In addition to the hypothesis for the 
previous question, it was expected 
that longer pre-rain droughts result in 
larger release of CO2 after rain in field 
conditions.

2,3

How spatially variable is peat 
volume change, and which 
processes are related to this spatial 
variability?

Spatial variations in peat volume change 
are mainly driven by spatial variability in 
groundwater dynamics and vegetation 
composition.

4

Does including peat volume 
change and/or moss water 
storage dynamics in simulation 
models affect peatmoss drought 
projections in a future climate?

Compared to a model excluding peat 
volume change or moss water storage 
dynamics, peatmoss water stress is 
significantly lower in models including at 
least one of these hydrological processes.

5
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Abstract
Northern peatlands represent a large global carbon store that potentially can be 
destabilised by summer water table drawdown. Precipitation can moderate negative 
impacts of water table drawdown by rewetting peatmoss (Sphagnum spp.), the 
ecosystems’ key species. Yet, the frequency for such rewetting to be effective remains 
unknown. We experimentally assessed the importance of precipitation frequency for 
Sphagnum water supply and carbon uptake during a stepwise decrease in water tables in 
a growth chamber. 

CO2 exchange and the water balance were measured for intact cores of three peatmoss 
species (Sphagnum majus, S. balticum and S. fuscum) representative of three hydrologically 
distinct peatland microhabitats (hollow, lawn, hummock) and expected to differ in their 
water table-precipitation relationships.

Precipitation contributed significantly to peatmoss water supply at deep water tables, 
demonstrating the importance of precipitation during drought. The ability to exploit 
transient resources was species-specific; S. fuscum carbon uptake increased linearly with 
precipitation frequency at deep water tables, whereas carbon uptake by S. balticum and 
S. majus was depressed at intermediate precipitation frequencies. 

Our results highlight an important role for precipitation on carbon uptake by peatmosses. 
Yet, the potential to moderate drought impact is species-specific and dependents on the 
temporal distribution of precipitation.

Keywords: Climate change, desiccation tolerance, photosynthesis, rain variability, 
mires, moisture stress, Sphagnum physiology, water balance
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Can frequent precipitation 
 moderate the impact of drought on peatmoss carbon uptake in northern peatlands?

2

2.1	 Introduction
Although northern peatlands cover only about 3% of the earth’s land surface, they 
accumulated an equivalent of 20% of total terrestrial soil carbon throughout the 
Holocene (Kleinen et al., 2012; Turunen et al., 2002; Yu, 2011), acting as a significant 
sink for atmospheric CO2 ( Jobbágy & Jackson, 2000; Nilsson et al., 2008; Roulet et al., 
2007). Whether these ecosystems will continue to function as carbon sink in a warmer 
future climate is currently uncertain, calling for a mechanistic understanding of feedbacks 
between atmosphere and ecosystems. Climate projections for the northern hemisphere 
indicate a shift towards higher temperatures (IPCC, 2007), and less frequent, but more 
intense precipitation events (Allen & Ingram, 2002; O’Gorman & Schneider, 2009), 
that will likely lead to deeper water tables and drier surface conditions in peatlands. How 
these deeper water tables will affect carbon exchange and how this will interact with 
the changes in temporal distribution of precipitation remains to be explored (Fenner & 
Freeman, 2011; Heijmans et al., 2013; Robroek et al., 2009).

Changes in the temporal distribution of precipitation are of crucial importance for carbon 
cycling and may even have more impact on ecosystem functioning than precipitation 
quantity per se (Heisler & Weltzin, 2006; Knapp et al., 2002; Vervoort & van der Zee, 
2008; Xu et al., 2013). The above may be particularly important for northern peatlands, 
where a significant part of ecosystem carbon uptake takes place by peatmosses (genus 
Sphagnum) (Frolking et al., 2002; Kuiper et al., 2013; Riutta et al., 2007; Street et al., 
2013). Peatmosses lack stomata, water conducting tissue and roots, making their 
photosynthesis and associated carbon uptake highly dependent on the water present in 
the living layer (top 5 – 10 cm) of the moss carpet (Robroek et al., 2009; Schipperges 
& Rydin, 1998). In case of shallow water tables, water supply to the living moss layer is 
dominated by capillary rise (i.e. water transport from the water table to the peat surface) 
(Ketcheson & Price, 2013), and carbon uptake is not limited by water deficiency. At 
deeper water tables, however, capillary rise strongly decreases (McCarter & Price, 
2014), resulting in lower water availability and associated reduced carbon uptake by the 
mosses (e.g. Alm et al., 1999; Aurela et al., 2007; Ciais et al., 2005). In conditions with 
a deep water table, precipitation water intercepted by the living moss layer can be used 
for Sphagnum photosynthesis (Adkinson & Humphreys, 2011; Robroek et al., 2009). 
However, as water retention of Sphagnum plants is limited (Ketcheson & Price, 2013), 
the effect of precipitation may be strongly modified by the frequency of precipitation and 
the speed at which mosses can use this transient resource for photosynthesis (Campbell 
& Grime, 1989). Yet, these frequency dependent effects have received limited attention 
in northern peatlands, with previous studies focussing on total precipitation amount, 
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rather than on the temporal distribution of precipitation (Adkinson & Humphreys, 
2011; Keuper et al., 2012; Robroek et al., 2009; Sonesson et al., 2002).

We experimentally assessed the importance of the temporal distribution of precipitation 
for water content, photosynthesis and carbon uptake of peatmoss during a stepwise 
decrease in water tables, using three species representative of northern peatlands. We 
hypothesized that (1) carbon uptake would decrease with deeper water tables, but that 
precipitation moderates this effect. More specifically, we expected (2) carbon uptake to 
be larger for small but frequent events than for large infrequent events. We further (3) 
expected the effect of precipitation frequency on carbon uptake to be species-specific.

2.2	 Material and Methods

2.2.1	 Plant material
We selected three species representative for the three most common microhabitats 
(hollow, lawn, hummock) in peatlands (Table 2.1). Sphagnum majus is characteristic 
for (semi)continuously inundated microhabitats (hollows), S. fuscum for elevated 
microhabitats further from the water table (hummocks), while S. balticum occupies 
intermediate positions (lawn). 

Moss cores were collected in September 2011 at Kulflyten, a 1 km2 ombrotrophic mire 
in southern Sweden (59°54’N 15°50’E; 130 m a.s.l.; see (Sjörs, 1948) for a detailed 
site description). We collected 25 cores per species from monospecific patches (> 95% 
cover; < 2% vascular plant cover) spread over five different locations in the mire. The 
cores were obtained by gently pressing PVC cylinders (inner diameter 15 cm, height 
10 cm) into the moss carpet while cutting around them with a finely serrated knife to 
prevent sample compression along the cylinder wall. Vascular plant shoots, if present, 
were removed by clipping. 

After transport to The Netherlands, cores were allowed to acclimate for a 84-day period, 
after which treatments were randomly assigned to the cores (from now on referred to 
as mesocosms). The acclimation period consisted of 44 days outside under a roof (60% 
shading, temperature of 12.2 ± 3.4 [SD] °C) and 40 days in the growth chamber at 
experimental climate settings (18.5 °C on average, see section growth chamber climate 
settings) and at a water table of 4 cm below the moss surface.

2.2.2	 Growth chamber experiment
We assessed the importance of precipitation frequency for water supply and carbon 
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uptake of peatmoss in a growth chamber experiment with two factors: water table (four 
treatment levels) and precipitation frequency (five treatment levels) for three Sphagnum 
species, with five replicates for each precipitation frequency – water table treatment 
combination. 

Table 2.1. Water table treatment levels and water contents per species.

Wet Moist Dry Rewetted
Wet field 

conditions
Optimal field 

conditions
Drought, no 
capillary rise

Wet field 
conditions

Water table below moss surface (cm)

S. fuscum 25 34 54 25

S. balticum 9.4 15 31 11.1

S. majus 2.5 6.5 15 2.5

Duration (days) 15 14 17 17

Volumetric water content (m3 m-3)

S. fuscum 0.40a 0.35b 0.27c 0.35b

S. balticum 0.76a 0.65b 0.44c 0.65b

S. majus 0.95a 0.93a 0.73b 0.94a

The duration of each water table treatment is given in the row ‘duration’. Volumetric water contents 
(m3 H2O per m3 Sphagnum) per water table treatment are averaged over time and precipitation frequency 
treatments. Small letters indicate, per row, which water table treatments have statistically similar water 
contents.

2.2.2.1	 Water tables 

Water tables were lowered in three steps through time (wet, moist, dry), simulating the 
seasonal drop in water tables during summer (Table 2.1; Fig. 2.1). At the end of the 
experiment, water tables were raised back from dry conditions to wet pre-drought levels 
(rewetted), enabling assessment of the recovery of carbon uptake after summer drought 
(Fig. 2.1). The three consecutive water tables reflect natural conditions for each species 
during wet field conditions (wet), optimal field conditions (moist) and summer-drought 
(dry) conditions (Table 2.1). The exact water table treatment settings were species-
specific and were based on the vertical zonation of the three peatmosses along the water 
table under field conditions as reported in literature (Andrus et al., 1983; Lafleur et al., 
2005; Nilsson et al., 2008; Rydin, 1986).

The water table treatments were imposed by changing suction at a given time. To this 
end the mesocosms were placed in water retention cylinders (Fig. 2.2), an adaptation 
of the generally accepted sandbox method (e.g. Klute, 1986). Water tables were kept 
constant using a Mariotte bottle to correct for evaporation, and an overflow level to 
drain percolated precipitation (Fig. 2.2, for more details see Appendix 2.1). Accordingly, 
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precipitation did not result in a rise of the groundwater level.

Our physical approach allows direct translation of the relation between water content in 
the living moss layer and water table to field conditions, provided atmospheric conditions 
are similar. Potential differences in suction and water content of the top moss layer may 
arise from differences in capillary rise between a natural field column and the moss-sand 
column we used. Within the suction range applied, the sand was well able to sustain water 
transport to the moss columns, as evidenced by the saturated conditions of the fine sand 
layer. (For more information and soil physical detail see Appendix 2.1). Furthermore, as 
the sand remained saturated throughout the experiment, precipitation only reduced the 
upward capillary flux and increased drainage in the Sphagnum mesocosms.

Water tables were maintained for a measurement period of about 15 days (see Table 2.1 
for details) with 6-7 days of equilibration between consecutive water tables (Fig. 2.1). 
This approach allowed the pore water pressure and associated mesocosm water content 
to equilibrate with the altered water table and evaporation. No substantial changes 
in water content were observed after these equilibration periods, indicating that 
equilibrium between water content and water table was reached.
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Figure 2.1. Water table treatment (a) and precipitation frequency treatment (b) application 
through time. The shaded grey areas represent the stabilization periods throughout which water 
table and water content were allowed to equilibrate. In the bottom panel, the vertical lines indicate 
dates of precipitation application, the length of the lines represent the precipitation amount. The 
black triangles indicate the timing of NEE measurements, 5 – 30 minutes before rain application.

(b)

(a)
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2.2.2.2	 Precipitation frequency

Precipitation frequency treatments (1/2 d, 1/4 d, 1/6 d, 1/8 d, no precipitation; 
Table 2.2) remained constant throughout the whole experimental period (Fig. 2.1). For 
each precipitation frequency treatment the total precipitation amount and precipitation 
intensity were kept constant while precipitation duration was varied. This was done to 
avoid effects of total precipitation amount and  intensity on carbon uptake. Duration 
and intensity of the precipitation events were representative of natural conditions 
and were calculated from intensity-duration-frequency diagrams (Dahlström (2006), 
Appendix 2.1). The average precipitation amount was set to compensate daily potential 
evaporative water losses in the growth chamber (2 mm d-1). Precipitation was applied 
using a peristaltic pumping system (Masterflex Console Drive 7520-47, Cole Parmer, 

Figure 2.2. Overview of the experimental setup. Numbers represent components of the water 
retention cylinders and letters are water balance components. Mesocosms were placed in water 
retention cylinders on fine sand. A drainage pipe in the coarse sand communicates via tube (5) with 
the groundwater reservoir (6). By lowering the position of this reservoir the depth of the water table 
increases. Evaporation from the moss surface is compensated for by the Mariotte bottle (8). Gas 
exchange was measured by placing the cuvette tightly on the mesocosm. Internal mixing of air was 
established with a fan (10). Interaction with the outer atmosphere was prevented with the rubber 
rim (12).
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Schiedam, The Netherlands) with 24 drip points. The pump was calibrated before 
precipitation application, to allow regulating the precipitation intensity with high 
precision (1.18 ± 0.01 (SE) mm min-1). Natural precipitation water quality was simulated 
using a commonly used diluted seawater solution (Garrels & Christ, 1965). 

2.2.3	 Growth chamber climate settings
The day/night temperature in the growth chamber was 20/17.5 °C (10/14 h) and 
corresponds to average 1961 1990 July conditions at the collection site (Kulflyten). Day 
temperature reflects the average temperature at noon, whereas the night temperature 
corresponds to the average temperature between 18:00 and 6:00 (local time, Västerås 
meteorological station, 59°60’N 16°46’E, Swedish Meteorological and Hydrological 
Institute (SMHI)). The relative humidity was 70% RH and the CO2 concentration 
400 ppm CO2. At the moss surface, the photosynthetic photon flux density (PPFD) was 
246 ± 20 (SD) μmol m-2 s-1, net radiation at daytime was 101 ± 4 (SD) W m-2 and the 
wind speed was ≤ 0.1 m s-1.

2.2.4	 Measurements

2.2.4.1	 Water balance 

To determine the importance of precipitation as water source for moss evaporation, the 
water balance of all mesocosms was quantified over all water table treatments (Eq. 2.1). 

R + C – D + ΔS = Ea + ε	 (2.1) 

For each precipitation treatment, the amount of precipitation (R) added during the 
measurement period was known. The capillary supply (C ) and drainage (D) were 
obtained by weighing the capillary- and drainage reservoir at the start and end of a 
7 day period (Fig. 2.2). The change in water content in the mesocosms (ΔS ) was 
quantified as the change in volumetric water content (m3 m-3) over the measurement 
period measured with moisture sensors, multiplied by the mesocosm volume. Changes 
in volumetric water content in the top 1 – 5 cm of the moss layer were assessed with 
EC5-H2O moisture sensors (Decagon Devices, Pullman, USA) installed at 3 cm depth 
in one randomly selected mesocosm per species – precipitation treatment combination 
(n = 15). The moisture sensors measured the dielectric constant (Hillel, 2004) with a 
five-minute frequency. Dielectric constants were converted to volumetric water contents 
using species-specific calibration functions (Appendix 2.2).

As the evaporative loss from the moss surface (Ea) is the only unknown in Eq. 2.1, it 
can be derived from the water balance, together with water balance errors ɛ as Ea and 
ɛ cannot be distinguished. Negative values for evaporation and capillary fluxes (3% 



31

Can frequent precipitation 
 moderate the impact of drought on peatmoss carbon uptake in northern peatlands?

2
of data) were excluded prior to statistical analysis to reduce error variation: treatment 
patterns remained unaffected. Technical problems in the first week prevented assessment 
of the water balance for the wet treatment. The water balance components in Eq. 2.1 
were used to obtain a measure for the fraction of evaporation originating from retained 
precipitation ( fp; Eq. 2.2), which we used as a measure for precipitation dependence of 
Sphagnum.

𝑓𝑓! = 1 −
𝐶𝐶
𝐸𝐸!
                                                                                                                                                                                                                                                                    (2.2) 	 (2.2)

An fp ratio of one represents 100% dependence on precipitation as source of water 
(C = 0 mm d-1), whereas a value of zero represents 100% dependence on capillary water 
supply. 

2.2.4.2	 Gas flux measurements

Carbon uptake was assessed by measuring the net CO2 flux per mesocosm (net ecosystem 
exchange; NEE) from each species at each precipitation treatment and each water table 
depth. We expressed carbon uptake relative to the atmosphere, with negative values 
indicating net carbon sequestration by the mesocosms, and positive values net emission 
of carbon from the mesocosms (c.f. Chapin III et al., 2006). To assess the potential effects 
of precipitation frequency on NEE, we measured NEE in driest conditions, i.e. just 
before application of precipitation. For the rewetted water table treatment, we measured 
NEE 7 – 11 days after rewetting. Closed flux chambers (diameter 15 cm, height 24.3 cm, 
fitted with a circulating fan at 20 cm from the moss surface) were placed tightly over the 
mesocosms to measure CO2 fluxes using a photoacoustic multi gas analyzer (Bruel and 
Kjær, type Innova 1302, Denmark), connected to a multipoint sampler (CBISS MK2, 
4-channel, CBISS Ltd. England).

Table 2.2. Precipitation characteristics for all precipitation frequency treatment levels. 

Precipitation frequency 
treatment

Precipitation 
amount 

(mm)

Precipitation 
duration
(minutes)

Dry spell 
length

(d)

1/(2 d) 4.1 3.47 2

1/(4 d) 8.2 6.92 4

1/(6 d) 12.3 10.38 6

1/(8 d) 16.6 13.83 8

No precipitation None - -

All precipitation frequency treatments have the same precipitation intensity (1.18 mm min -1) and 
average daily water supply. Dry spell length is the inverse of precipitation frequency.
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Tubes were flushed at 15 mL s-1 to enable independent sampling and chamber 
measurements comprised three successive sampling points with a 2 minute interval. 
Accuracy of gas exchange measurements was further increased by compensating for 
water vapour interference. Partial pressures of CO2 and H2O entering the cuvettes were 
set to ambient CO2 by adding CO2 free air, and to ambient H2O by dehumidifying air to 
a pre-set dew point. NEE was calculated from the linear change in CO2 concentration in 
the chamber headspace with time.

2.2.4.3	 Chlorophyll fluorescence

To directly explore the photosynthetic response of moss as a function of water content, 
the efficiency of photosystem II (PSII) was estimated by measuring chlorophyll 
fluorescence with a portable chlorophyll fluorometer (Mini-PAM, WALZ, Effeltrich, 
Germany). Chlorophyll fluorescence was measured at least once per water table 
treatment, on the mesocosms with moisture sensors and under steady state conditions 
(i.e. before, or more than 1d after precipitation application).

First the dark-adapted minimal fluorescence yield (F0) was determined by illumination 
with a far-red light. To this end, a PVC lid with 11 covered holes was placed on the 
samples for a 15-minute period of dark adaptation. One by one the cover of each hole 
was removed, after which the fibre-optic probe was immediately inserted approximately 
level at 0.5 – 2 cm above the moss surface. The maximum chlorophyll fluorescence 
(FM) was then obtained by emitting an 800 ms, high intensity saturation pulse. This 
procedure was repeated at the different water table treatments to obtain a broad range of 
water contents. To be able to compare measurements at different points in time, the lid 
was positioned at the same location every time. The maximum quantum yield of PSII 
photochemistry, FV /FM , can be calculated as (FM - F0)/ FM and is a measure for the 
efficiency of PSII (Maxwell & Johnson, 2000).

To determine if water content affects the efficiency of PSII, a generalized logistic function 
(Eq. 2.3) was fitted using an adaptive non-linear least squares algorithm (nls package, 
R v2.13.0, R Core team) for each species. 

𝐹𝐹! 𝐹𝐹! = 𝐹𝐹!!" +
𝐹𝐹!"# − 𝐹𝐹!"#

1 + 𝑒𝑒!! !"#!!"#!"##!"
                                                                                                                                                          (2.3)                               	 (2.3)

Here, parameter VWCPSII50 represents the volumetric water content (VWC; m3 H2O 
per m3 Sphagnum) at which PSII efficiency is 50% and switches from active to inactive, 
while the parameter β represents the steepness of this switch. 
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2.2.4.4	   Chlorophyll a + b content

To determine if treatment effects on carbon uptake could be attributed to damaged 
chloroplasts and decreased photosynthetic capacity, the chlorophyll content was 
analysed destructively at the end of the experiment. From each mesocosm, the 
capitulum (top 1 cm) of five random Sphagnum shoots were collected, snap-frozen in 
liquid nitrogen, and stored at  70 °C. Next, the samples were freeze-dried and ground, 
after which chlorophyll a and b were extracted with a 96% ethanol solvent and their 
contents determined spectrophotometrically using specific absorption coefficients and 
equations as described by Lichtenthaler (1987). 

2.2.5	 Data analysis
All data were tested for normality (Shapiro-Wilk) and equality of variances (Levene’s 
test). As water table treatment levels were species-specific, treatment effects were tested 
for each species separately. Treatment effects on precipitation dependence ( fp ) and 
NEE were tested with full factorial linear mixed models with precipitation frequency 
as fixed factor, water table treatment as within-subjects factor and mesocosm as 
random effect using SPSS (v19.0.0.1; SPSS/IBM Inc., Somers, NY). Likelihood ratio 
tests were performed to select the most parsimonious covariance structure from a set 
of covariance structures that account for correlation and heterogeneous variances. If 
significant interactions (P < 0.05) between precipitation frequency and water table were 
present, the effect of precipitation frequency on fp and NEE was tested with separate 
one-way ANOVA’s for each water table treatment. Multiple comparisons were carried 
out per species and water table treatment to determine which precipitation frequency 
treatments differed significantly from each other. P-values were corrected for multiple 
comparisons using the Benjamini-Hochberg method (Waite & Campbell, 2006). In the 
analysis of both fp and NEE, the first order autoregressive covariance structure was the 
most parsimonious for all species and was adopted in all linear mixed models accordingly. 

Recovery of NEE after drought was quantified by comparing NEE at the wet and rewetted 
water table treatment (Table 2.1). To test if more frequent precipitation enhanced 
recovery of NEE, repeated-measures ANOVA was set up per species. Precipitation 
was included as between-subjects factor, water table treatment (wet versus rewetted) as 
within-subjects factor and NEE as dependent variable. Separate paired sample t tests 
were performed per precipitation frequency to check if the effect of water table on NEE 
interacted with precipitation frequency.

To also check if water availability affected NEE and to determine how this response 
was reflected in PSII efficiency, regression analyses were performed with NEE or PSII 
as dependent variable and water content as independent variable. Sphagnum carbon 



Chapter 2

34

uptake is known to decrease with reduced water availability, but also decreases in 
the near saturation range due to the diffusional limitation of water to CO2 transport 
(Schipperges & Rydin, 1998; Williams & Flanagan, 1996). Hence, the response of 
carbon uptake to water availability was expected to be unimodal but not necessarily 
symmetric. Accordingly, first to third order polynomials were fitted and the most 
parsimonious variant was selected with likelihood ratio tests. Differences in mean total 
capitulum chlorophyll content between precipitation frequency treatments at the end of 
the experiment were determined with a one way ANOVA for each species. 

2.3	 Results

2.3.1	 Precipitation dependence
The water table treatments successfully imposed differences in water contents of 
the living moss layer representative for field conditions (Table 2.1) for all species. 
Precipitation tended to increase water contents in the top layer, particularly at deep 
water tables (data not shown). This effect could not be further quantified, however, due 
to the limited number of moisture sensors (one per precipitation treatment per species). 
Precipitation dependence ( fp ) increased significantly with increased water table depth, 
irrespective of species (Fig. 2.3, Table 2.3). Precipitation dependence was significantly 
higher in dry conditions (deep water table treatment; Table 2.1) than in moist conditions 
(intermediate water table treatment) for all species (Benjamini-Hochberg (BH) 
corrected multiple comparisons, P < 0.05). Overall, rainwater dependence for all species 
increased by 37% between moist and dry conditions. During moist conditions 8 – 34% 
of evaporation originated from precipitation, whereas under dry conditions this shifted 
to 53 – 67%, with S. majus showing the lowest precipitation dependence and S. balticum 
the highest precipitation dependence. For S. fuscum, the imposed water tables resulted 
in intermediate values (23% under moist conditions and 53% under dry conditions). 
Precipitation frequency had a limited influence on precipitation dependence. Only 
for S. balticum, precipitation dependence was significantly higher at intermediate 
precipitation frequencies (BH multiple comparison, P < 0.05).

2.3.2	 Carbon uptake 
Net ecosystem exchange (NEE) was significantly affected by both water table and 
precipitation frequency for all species (Table 2.4, Fig. 2.4). In general, precipitation 
compensated adverse effects of deep water tables (dry conditions) on carbon uptake and 
interacted with precipitation frequency (Fig. 2.4). For all species, frequent precipitation 
seemed to moderate drought impact on carbon uptake. However, the exact effect of 
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precipitation frequency on carbon uptake was species specific and depended on water 
table. For S. fuscum, precipitation frequency did not affect carbon uptake under wet 

Table 2.3. Significance of precipitation frequency (FREQ) and water table (WT) effects on 
precipitation dependence (fp) per species. 

Effect
S. fuscum S. balticum S. majus

F df P F df P F df P

Intercept 317 1, 13.5 <0.001 95.5 1, 15.9 <0.001 309 1, 12.8 <0.001

FREQ 2.72 3, 13.4   0.086 33.6 3, 15.5   0.037 2.13 3, 12.6   0.148

WT 62.7 1, 16.2 <0.001 24.2 1, 15.6 <0.001 5.83 1, 13.9   0.030

FREQ * WT 1.26 3, 16.6   0.320 0.40 3, 15.0   0.752 0.74 3, 13.7   0.545

The fp indicates whether groundwater ( fp < 0.5) or precipitation (fp > 0.5) dominates water supply. WT is 
treated as within-subject effect. Bold values indicate significant effects (P < 0.05). See Fig. 2.3 for interaction 
effects and significant subgroups (Benjamini-Hochberg corrected multiple comparisons) of precipitation 
frequency per water table treatment level. 
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conditions (One way ANOVA, F4,19 = 0.80, P = 0.54; BH multiple comparisons P > 0.05), 
but significantly increased carbon uptake under dry conditions (One-way ANOVA, 
F4,20 = 4.41, P = 0.01; BH multiple comparisons P < 0.05). Similar to S. fuscum, the carbon 
uptake of S. balticum and S. majus remained unaffected by precipitation frequency in wet 
conditions (One-way ANOVA, F4,18 ≤ 0.709, P ≥ 0.596). In dry conditions, however, 
carbon uptake of these species responded non-linearly to precipitation frequency. For 
S. balticum for example, carbon uptake was significantly lower at the 1/4d than the 1/2d 
precipitation frequency treatment, indicating that carbon uptake was depressed at this 
intermediate precipitation frequency (Fig. 2.4; BH multiple comparison, P < 0.05).

2.3.3	 Water, carbon uptake and photosystem efficiency 
To explore the existence of critical moisture thresholds, we expressed carbon uptake and 
efficiency of photosystem II (PSII) as a function of volumetric water content (VWC) of 
the living moss layer, combining all water table and precipitation treatments. In a stepwise 
polynomial regression with VWC as explanatory variable, 28% of the variation in carbon 
uptake for S. balticum could be explained with volumetric water content. Despite the 
limited explained variation, fitted parameters were significant (P < 0.05) and Sphagnum 
balticum switched from carbon uptake to carbon emission at a water content of 0.48 
m3 m-3 ± 0.04 (SE) (polynomial regression; see Fig. 2.5a). The water content at which 
the switch between carbon uptake and emission occurred, corresponded with the water 
content at which PSII efficiency reduced sharply (0.49 m3 m-3 ± 0.02 (SE), regression of 
Eq. 2.3, P < 0.001; Fig. 2.5b), illustrating photosynthesis dominated the NEE response 
of the mesocosms. The water content threshold at which photosynthesis practically 
stopped, corresponded to a water table of about  30 cm (Table 2.1). Analysis suggests 
that the range in water contents imposed by the treatments was not large enough to 
reliably derive PSII efficiency response curves for S. fuscum and S. majus. Nonetheless, 
also these species showed comparable trends in PSII efficiency as function of water 
content. With decreasing water content, first the PSII efficiency of S. majus approached 
the inactive state, followed by S. balticum and then by S. fuscum.

2.3.4	 Recovery after drought
Eleven days after the water table was raised back to wet conditions (rewetted water table 
treatment), carbon uptake (almost) fully recovered to initial conditions for S. fuscum 
(P = 0.081, paired samples t-test). For S. majus and S. balticum, carbon uptake was still 
significantly lower, suggesting lag-effects of drought on carbon uptake (Fig. 2.6, Table 2.5).

Recovery of S. balticum increased with precipitation frequency, illustrating the importance 
of frequent precipitation for longer term carbon uptake of this species. For S. fuscum and 
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S. majus, however, recovery remained unaffected by precipitation frequency (Table 2.5). 
For all species recovery was unrelated to NEE at the dry treatment (R2 ≤ 0.07, P > 0.19) 
and was not significantly related to chlorophyll content. Average chlorophyll contents 

Figure 2.4. Mean net ecosystem exchange (NEE) per treatment per precipitation frequency for 
three Sphagnum species. NEE values are expressed relative to the atmosphere, with negative values 
indicating net carbon sequestration by the mesocosms, and positive values net emission of carbon 
from the mesocosms (c.f. Chapin III et al., 2006). Error bars are one standard error and letters 
indicate significant differences between precipitation frequency treatments within each water table 
treatment (Benjamini-Hochberg corrected multiple comparisons). See Table 2.4 for statistics on 
main and interaction effects.

Table 2.4. Effects of precipitation frequency (FREQ) and water table (WT) on net ecosystem 
exchange (NEE).

Effect
S. fuscum S. balticum S. majus

F df P F df P F df P

Intercept 233 1, 20.2 <0.001 94.6 1, 20.5 <0.001 580 1, 19.5 <0.001

FREQ 3.19 4, 20.1   0.035 2.69 4, 20.4   0.060 2.63 4, 19.5  0.066

WT 22.0 2, 38.9 <0.001 166 2, 32.8 <0.001 157 2, 36.7 <0.001

FREQ * WT 2.20 8, 38.8   0.049 2.65 8, 32.7   0.023 3.12 8, 36.7   0.009

Bold values indicate significant effects (P < 0.05) and WT is treated as within-subject effect. See Fig. 2.4 for 
interaction effects and significant subgroups (BH corrected multiple comparison) of precipitation frequency 
per water table treatment level. 
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for each precipitation frequency (S. fuscum 1.26 ± 0.09 (SE), S. balticum 0.81 ± 0.06, S. 
majus 1.63 ± 0.13 mg chlorophyll a + b per gram dried Sphagnum) were well within the 
range of field conditions for Sphagnum (Granath et al., 2009; Marschall & Proctor, 2004). 

2.4	 Discussion 

2.4.1	 Precipitation frequency is important at deep water tables
We show that precipitation becomes an important source of water for Sphagnum plants 
and carbon uptake at deep water tables, supplementing capillary water supply. In 
summer-drought conditions, we found that the relative importance of precipitation as 
water source for peatmoss was on average 37% higher than for optimal field conditions 
(Fig. 2.3, Table 2.3), irrespective of precipitation frequency. Despite its negligible effect 
on Sphagnum water supply, however, precipitation frequency did affect carbon uptake at 
deep water tables, with frequent precipitation (once per two days) partly offsetting the 
negative effects of deep water tables for all species considered in this study. The imposed 
drought conditions in this study are characteristic of average July conditions in southern 
Sweden and hence represent a relatively mild drought. Consequently, our results provide 
a conservative estimate on the importance of precipitation for moderating drought 
impact on carbon uptake of peatmoss in northern peatlands.

In ecosystem models, water table is often implemented as the only representation for 
water availability in the living moss layer and (in)directly linked to Sphagnum carbon 
(Heijmans et al., 2008; Turetsky et al., 2012; Yurova et al., 2007). Our results suggest 
that the predictive power of such models is reduced when deep water tables prevail, as 
precipitation becomes the dominant source of water and capillary supply by groundwater 
is only of secondary importance.

Table 2.5. Effects of rewetting after drought and precipitation frequency (FREQ) on recovery of 
net carbon exchange (NEE).

Effect
S. fuscum S. balticum S. majus

F df P F df P F df P

Intercept 107 1, 19 <0.001 162 1, 18 <0.001 321 1, 20 <0.001

FREQ 1.35 4, 19   0.289 1.30 4, 18   0.308 2.98 4, 20   0.044

WT 3.40 1, 19   0.081 61.7 1, 18 <0.001 30.2 1, 20 <0.001

FREQ * WT 0.65 4, 19   0.631 4.32 4, 18   0.013 1.28 4, 20   0.310

Recovery was quantified by comparing the wet water table (WT) treatment with the rewetted water table 
treatment for each precipitation frequency in a repeated measures ANOVA. Bold values indicate significant 
effects at the 0.05 level and WT was included as within subjects factor. 
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2.4.2	� Response of carbon uptake to precipitation frequency is 
species-specific

The relationship between precipitation frequency and carbon uptake differed between 
species. During drought, carbon uptake of S. fuscum was linearly promoted with higher 
precipitation frequency (Fig. 2.4) whereas S. balticum and S. majus responded non-
linearly, showing decreased carbon uptake, or even release, at intermediate frequency. 
The mechanisms underlying these species-specific responses are unclear and may be 
related to (i) short-term heterotrophic respiration responses after rewetting or (ii) to 
species-specific strategies to deal with transient water supply. Short-term heterotrophic 
respiration responses after rewetting, also known as resaturation respiration, are 
generally restricted to 2 – 24 (72) hours after a rewetting event (Lee et al., 2004; Smith 
& Molesworth, 1973; Unger et al., 2010). As there were at least 48 hours between 
precipitation events and carbon uptake (NEE) measurements, the contribution of 
heterotrophic respiration response seems limited.

Figure 2.5. (a) Relationship between net 
ecosystem exchange (NEE) and volumetric 
water content (VWC) for Sphagnum balticum. 
Negative NEE represents Sphagnum carbon 
uptake. The solid line represents a third order 
polynomial without intercept (F3,52 = 23.9, 
R2

adj = 0.28, P < 0.001, NEE = 7.6 VWC - 23.8 
VWC 2 + 16.5 VWC 3), the dashed lines represent 
95% confidence intervals and the vertical dotted 
line the water content at which carbon uptake 
switches to emission. (b) Photosystem II efficiency 
(PSII) as function of volumetric water content 
for S. balticum. A generalized logistic function 

(Eq. 2.3;
 
𝐹𝐹!/𝐹𝐹! =

0.68
1+ 𝑒𝑒−22.6(𝑉𝑉𝑉𝑉𝑉𝑉−0.16)

   ) was 

fitted (solid line). The FMIN parameter was not 
significant and therefore excluded from the 
model but all other parameters were highly 
significant (P < 0.001, R2

adj = 0.55). The dashed 
and dotted lines represent the 95% confidence 
bounds and the water content at which steepest 
decline in PSII efficiency takes place, respectively.

(a)

(b)
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An alternative explanation is that the species-specific response of carbon-uptake to 
precipitation frequency is related to differences in strategies to deal with transient water 
supply and the time needed to re-activate photosynthesis after rewetting. Rewetting for 
an insufficient period of time could lead to incomplete recovery, no time for significant 
growth to maintain a positive carbon balance and flushing away of valuable metabolic 
compounds released after membrane rupture (Dilks & Proctor, 1976; Gerdol et al., 1996; 
Gupta, 1977; Proctor et al., 2007a). As a consequence, infrequent precipitation during 
summer droughts could potentially intensify the negative effect of drought on carbon 
uptake of species with a slow response to rewetting, such as lawn and hollow species. This 
counterintuitive response is in line with work by Proctor & Tuba (2002). These authors 
linked species water use strategy to habitat and indicate that species that respond quickly 
to rewetting generally dominate exposed habitats with erratic water supply at fine time 
scales (‘low-inertia’ species), while species that respond slowly to rewetting occupy 
habitats with a more predictable water availability on coarser time scales (‘high-inertia’ 
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Figure 2.6. Net ecosystem exchange before (wet water table treatment) and after rewetting (rewetted 
water table treatment) per Sphagnum species to identify recovery of carbon uptake after drought. 
Negative net ecosystem exchange values denote Sphagnum carbon uptake. Error bars represent 
one standard error and symbols the significance of the difference in carbon uptake between the 
two water table treatments per precipitation frequency as determined with paired sample t tests 
(**, P < 0.01; *, P < 0.05; (*), P < 0.10; ns, not significant). See Table 2.5 for significance of main- 
and interaction effects.

S. majus S. balticum S. fuscum

ns ns ** *** (*) (*) (*) (*) (*)*****
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species). Applying this concept to northern peatlands, we find that the species with a 
quick response time (S. fuscum) indeed occupies the most exposed (hummock) habitat 
whereas species responding slowly to rewetting (S. balticum, S. majus) occupy less 
exposed lawn and hollow habitats (Fig. 2.4). A higher drought tolerance for hummock 
peatmoss species than lawn or hollow species has also been observed by Hájek & Beckett 
(2008). If we consider recovery of carbon uptake at longer time scales, we again see a 
contrasting behaviour between hummock (S. fuscum) and lawn/hollow (S. balticum, 
S. majus) species. Eleven days after raising the water table to pre-drought wet conditions 
(Table 2.1), carbon uptake almost fully recovered for S. fuscum only. This suggests that 
species that are able to quickly switch from a photosynthetically inactive to an active 
state after rewetting (i.e. hummock species) may have a competitive advantage over 
species that take longer to recover (lawn, hollow species) when precipitation becomes 
less frequent but more intense. 

Although it seems reasonable to assume that the reduced carbon uptake after drought 
observed for hollow and lawn species was a long-term, desiccation induced, damage to 
the photosynthetic apparatus, chlorophyll contents at the end of the experiment were 
within the range observed for optimal field conditions (Granath et al., 2009; Marschall 
& Proctor, 2004), indicating that either denaturation of chlorophyll did not occur or 
that chlorophyll was resynthesized in the post drought period (11 days). Precipitation 
frequency did not affect the rate of recovery, except for S. balticum, where recovery of 
carbon uptake increased with precipitation frequency.

The observed effects of water table and precipitation frequency on carbon uptake 
were based on CO2 flux measurements at one point in time, just before precipitation 
application. Hence, it cannot be excluded that time integrated, frequent measurements 
on carbon uptake throughout a drying-wetting cycle would yield different patterns. 
Nonetheless, a limited number of carbon exchange measurements (data not shown) 
with higher frequency throughout a few rewetting cycles suggest that a precipitation 
event was generally followed by a small respiration burst, followed by a stabilization 
of carbon exchange within six hours after rewetting. This quick stabilisation suggests 
that the patterns we found at longer time-scales will likely remain unaffected by more 
frequent measuring. However, we encourage other workers to test how carbon uptake 
responds to precipitation frequency at an even finer temporal resolution, and to upscale 
such findings over longer timescales and larger spatial scales.
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2.4.3	 Relating photosynthesis to water availability
For one species (S. balticum) we were able to identify a critical moisture threshold 
for photosynthetic efficiency that coincided with the point at which net ecosystem 
exchange of S. balticum shifted from carbon uptake to emission (Fig. 2.5b). Although 
photosynthetic efficiency around this break-even point varied, this illustrates that moss 
photosynthesis and carbon exchange of the living peatmoss layer of peatlands are closely 
connected. Identifying such species-specific moisture thresholds is of crucial importance 
in predicting climate change impact on carbon uptake in northern peatlands (le Roux et 
al., 2013; Strack et al., 2009).

In this study we show that precipitation can moderate the impact of drought on peatmoss 
carbon uptake, but that the temporal distribution of precipitation, species identity and 
water table depth modify this response. These results imply that processes emerging at 
small spatiotemporal scales at the peat atmosphere interface are crucial in understanding 
how carbon uptake of peatmosses and, ultimately, peatlands, will respond to altered 
precipitation regimes.
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Appendix 2.1	� Establishing precipitation- and 
water table treatments

Precipitation frequency 
The average daily precipitation amount was set to compensate for daily water loss 
by evaporation from the peat moss surface. Based on the Penman-Monteith model 
(Monteith, 1965; Penman, 1948), meteorological conditions in the growth chamber 
and a crop coefficient (a factor to translate evapotranspiration from a reference crop 
to evapotranspiration from a Sphagnum surface) of 0.77 (Kellner, 2001), the potential 
evaporation (Ep) in the growth chamber was estimated at 2 mm d-1. Equal potential 
evaporation rates were assumed for the three Sphagnum species. To simulate natural 
precipitation, a realistic precipitation intensity and duration were derived from a 
thermodynamically based relationship between precipitation intensity, duration and 
frequency following Dahlström (2006)

𝑅𝑅 = 200  𝜏𝜏!/! ln ∆𝑡𝑡 /∆𝑡𝑡                                                                                                                                                                                                                   (𝐴𝐴2.1)             	 (A2.1)

where R is precipitation intensity (L s-1 ha-1), τ is the return period (months) and Δt 
is the precipitation duration (min). A return period of 5 years was selected. For each 
precipitation frequency treatment, R and Δt in Eq. A2.1 were chosen such that R · Δt 
corresponded with the precipitation amount for the given precipitation treatment 
(Table 2.1). The treatment averaged precipitation intensity was then used for all 
precipitation frequency treatment levels to calculate a new precipitation duration given 
the required amount of precipitation to cover expected cumulative evaporative losses. 

Water table treatments
Water retention cylinders were developed to be able to impose deep water tables. The 
functioning of the water retention cylinders (WRC’s) is analogous to the principle 
of the sandbox, a standard procedure in soil hydrology to obtain the water retention 
characteristic (e.g. Klute, 1986). The WRC consisted of a PVC cylinder (ID 20 cm, 
height 20 cm) filled with two layers of sand separated by a filter cloth. The upper layer 
consisted of 6 cm fine sand (D50 130 µm) and the bottom layer consisted of 4 cm very 
coarse sand (D50 1045 µm). With the particle size of the fine sand a water table of 60 
cm could be simulated by applying a suction of 60 cm. Both sands were low in iron- 
and magnesium oxides (Fe2O3 < 0.21%; MgO < 0.10%) and have a low acid buffering 
capacity (1.06 mmol H+ per kg dry soil is required to raise the H+ concentration with 
1 mmol H+; see for protocol in Scheffer & Schachtschabel (1989). The sand is therefore 
assumed to not alter water quality or affect moss performance significantly.



Chapter 2

44

A drainage tube installed in the coarse sand is connected to the groundwater reservoir 
which is used to control the groundwater level. Lowering this reservoir results in 
drainage of water from the mesocosm in the WRC into the groundwater reservoir. If the 
water level exceeds the overflow threshold, water is transported to a drainage reservoir 
(Fig. 2.2). Evaporation from the moss surface will result in a decrease of water level in 
the groundwater reservoir. The decrease in water level of the groundwater reservoir 
activates the Mariotte bottle which replenishes the groundwater reservoir. To prevent 
evaporation from the free sand surface surrounding the mesocosm in the water retention 
cylinder, reflective isolation material was placed in the space between the mesocosm 
and the WRC. This guarantees that the suction pressure established in the WRCs is not 
affected by this evaporation and that no additional loss term needs to be included in the 
water balance.

Connection between water table treatments and field conditions
From soil physical perspective, the fine sand in WRCs can differ from peat in i) the 
water retention function and ii) the (unsaturated) hydraulic conductivity function. 
As a consequence of these differences, experimental conditions could conceivably not 
be translated to field conditions. In this section we aim to demonstrate that treatment 
conditions established in the growth chamber experiment can be translated to field 
conditions.

Water retention

The fine sand in the setup was used, together with adjusting the position of the 
groundwater reservoir, to apply suction to the Sphagnum mesocosms in the WRCs. The 
suction pressure is an applied physical quantity, affects water retention of the living moss 
layer, and is identical for experimental  and field conditions. Suction pressure is controlled 
by atmospheric conditions and water table. With similar atmospheric conditions in the 
growth chamber and in the field, suctions (i.e. water tables) applied with WRCs result in 
the same moisture contents in both situations.

Hydraulic conductivity

Throughout the experiment the WRCs remained saturated. Given that the saturated 
hydraulic conductivity of the fine sand is much larger (1 – 10 m d-1) than a representative 
evaporative demand of about 0.002 m d-1, the hydraulic conductivity of the sand in 
the WRC will not limit water transport from the WRC towards the living moss layer. 
At a suction of 25 cm, the unsaturated hydraulic conductivity of the living moss 
layer is 0.0035 m d-1 (Price & Whittington, 2010). Consequently, the hydrophysical 
characteristics of the unsaturated living moss layer control water transport from the 
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groundwater reservoir to the moss surface and not the underlying fine sand.

Altogether, differences in hydrophysical characteristics between the WRC sand and 
Sphagnum peat material under field conditions are unlikely to affect water content and  
-transport in the living moss layer. The water table treatments established with the WRCs 
are therefore representative for field conditions.
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Appendix 2.2	 Moisture sensor calibration
The moisture sensors (EC5-H2O, Decagon Devices, Pullman, USA), which were used to 
obtain time series of volumetric water content (VWC), provided a voltage output (mV), 
which had to be converted into VWC. Although calibration functions are available for 
Sphagnum (Yoshikawa et al., 2004) the dielectric properties of is likely to differ among 
Sphagnum species. Moreover it is recommended to perform site specific calibrations 
for Sphagnum moss (Yoshikawa et al., 2004). To increase the accuracy of the VWC 
measurements we therefore conducted a calibration experiment in which saturated peat 
cores were subjected to drying. 

Sphagnum cores (inner diameter 15 cm, height 10 cm) of each species (S. fuscum 
[n = 3], S. balticum [n = 2], S. majus [n = 3]) were taken as described in the Methods 
section (main text). To prevent air entrapment, the cores were saturated from below for 
24 hours. Here, saturation was defined as a groundwater level (in the Sphagnum core) 
approximating the peat moss surface as near as possible. After saturation, each core was 
placed on a balance and an EC5-H2O moisture sensor (Decagon Devices, Pullman, 
USA) was installed horizontally at a depth of 3 cm below the peat moss surface with 
tines flat, representing the average water content of the upper 1-5 cm. In this set up the 
weight and moisture sensor voltage output during drying of each core were logged every 
15 minutes with a CR1000 datalogger (Campbell Scientific, Logan, USA). Accordingly, 
for each point in time, the gravimetric water content (GMC) and sensor voltage output 
were known.

At the end of the calibration experiment, samples were oven dried for 48 hours at 70 °C 
to obtain the bulk density (ρb) , which was used to transform gravimetric water contents 
at time i to volumetric water contents (Eq. A2.2). We assumed that the error in VWC 
caused by shrinkage of the Sphagnum matrix was of minor importance. 

𝑉𝑉𝑉𝑉𝑉𝑉! =
𝐺𝐺𝐺𝐺𝐺𝐺!
𝜌𝜌!

                                                                                                                                                                                                                                                              (𝐴𝐴2.2)   	 (A2.2) 

At the start of the experiment some samples were oversaturated, as a thin layer of 
standing water was present due to the irregular moss surface. As a consequence VWC 
values larger than the saturated water content were calculated. For each sample, these 
water contents were removed. The saturated water content (θs) was defined as the total 
porosity (ϕt) and was calculated with Eq. A2.3, where ρp is the particle density of peat.

𝜃𝜃! = 𝜙𝜙! = 1 −
𝜌𝜌!
𝜌𝜌!
                                                                                                                                                                                                                                                    (𝐴𝐴2.3)                   	 (A2.3)

The particle density was estimated at 1.6 g cm-3 for low humified Sphagnum peat 
(Cannavo & Michel, 2013; Heiskanen, 1995). Although the particle density might vary 
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among species and with the commercially used Sphagnum peat, a 50% change in particle 
density resulted only in a 2% change of the total porosity.

For each species, several functions relating EC5-H2O sensor output to VWC were fitted 
with non-linear regression using a Gauss-Newton algorithm (nls package, R v2.13.0, 
R Core team). Based on RMSE and visual inspection the Weibull function (Eq. A2.4) 
fitted the data best and all parameters were significantly different from 0.

  𝑉𝑉𝑉𝑉𝑉𝑉 = 1 − 𝑒𝑒!
!"!!!
!

!

                                                                                                                                                                                                                            (𝐴𝐴2.4) 	 (A2.4)

However, fitted water contents near saturation were structurally about 10 – 15% 
lower than the calculated total porosities and values for saturated water content of 
undecomposed Sphagnum (Cagampan & Waddington, 2008; Schlotzhauer & Price, 
1999). To force the fit through more realistic saturated water contents, extra weight 
(half of the total number of observations) was added to the calculated saturated water 
contents. The weighted Weibull calibration functions fitted the data well, especially for 
S. balticum, where the mean difference between observed and modelled VWC was only 
0.022 cm3 cm-3 (Table A2.1).

Table A2.1. Parameter values for the Weibull calibration functions for relating EC5-H2O sensor 
output (mV) to volumetric water content (m3 H2O per m3 Sphagnum). All parameters were 
significant (P < 0.001). The goodness of fit of the calibration functions is given by the root mean 
square error (RMSE). Average saturated water contents estimated with Eq. A2.3 are presented in 
the column θs ± SE. Additionally the average bulk density ρb ± SE of the top 0 – 5 cm is given per 
species.

Species
ρb θs RMSE Parameter values (± 1 standard error)

(g cm-3) (m3 m-3) (m3 m-3) α β γ

S. fuscum 0.057 
± 0.001

0.982 
± 0.003 0.086 -660.3 

± 50.6
1269.7 
± 50.9

7.389 
± 0.301

S. balticum 0.054 
± 0.001

0.981 
± 0.001 0.022 244.5 

± 1.54
296.1 
± 1.61

1.930 
± 0.010

S. majus 0.064 
± 0.001

0.983 
± 0.001 0.064 -530.5 

± 40.7
1153.6 
± 40.9

7.486 
± 0.267
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Abstract
Boreal peatlands store large amounts of carbon, reflecting their important role in the 
global carbon cycle. The short-term exchange and the long-term storage of atmospheric 
carbon dioxide (CO2) in these ecosystems are closely associated with the permanently 
wet surface conditions. Especially the single most important peat forming plant genus, 
Sphagnum, depends heavily on surface wetness for its primary production. Changes in 
rainfall patterns are expected to affect surface wetness, but how this transient rewetting 
affects net ecosystem exchange of CO2 (NEE) remains unknown.

This study explores how the timing and characteristics of rain events during 
photosynthetic active periods, i.e. daytime, affect peatland NEE and whether rain event 
associated changes in environmental conditions modify this response (e.g. water table, 
radiation, vapour pressure deficit, temperature). We analysed an 11 year time series of 
half-hourly eddy-covariance and meteorological measurements from Degerö Stormyr, a 
boreal peatland in northern Sweden.

Our results show that daytime rain events systematically decreased the sink strength 
of peatlands for atmospheric CO2. The decrease was best explained by rain associated 
reduction in light, rather than by rain characteristics. An average daytime growing season 
rain event reduced net ecosystem CO2 uptake by 0.23 – 0.54 gC m-2. On an annual basis 
this reduction of net CO2 uptake corresponds to 24% of the annual net CO2 uptake 
(NEE) of the study site, equivalent to a 4.4% reduction of gross primary production 
(GPP) during the growing season.

We conclude that reduced light availability associated with rain events is more important 
in explaining the NEE response to rain events than rain characteristics and changes in 
water availability. This suggests that peatland CO2 uptake is highly sensitive to changes in 
cloud cover formation and to altered rainfall regimes, a process hitherto largely ignored.

Keywords: Climate change, ecosystem productivity, precipitation, drought, cloud 
cover, eddy-covariance, mires, Sphagnum
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3.1	 Introduction
Boreal peatlands are a vital component of the global carbon cycle, accumulating an 
equivalent of about 50% of the current total atmospheric carbon throughout the 
Holocene (Kleinen et al., 2012; Turunen et al., 2002; Yu, 2011). In the present day 
climate, peatlands sequester carbon with rates of about 21 – 70 gC m-2 yr-1 (Dinsmore 
et al., 2010; Koehler et al., 2011; Nilsson et al., 2008; Olefeldt et al., 2012; Roulet et al., 
2007). How these rates will change in a future climate remains largely unknown. Annual 
rainfall is generally projected to increase at high latitudes (> 40°N) (IPCC, 2013), but 
the consequences of changes in rainfall regimes for the carbon balance of ecosystems are 
still hotly debated (e.g. Fenner & Freeman, 2011; Hovenden et al., 2014).

The net effect of rain on the carbon balance is a result of both its effect on CO2 gains and 
CO2 losses. For peatlands it is generally expected that more rain will lower heterotrophic 
respiration by raising the groundwater table (Fenner & Freeman, 2011; Ise et al., 2008; 
Scanlon & Moore, 2000). More rain also leads to wetter surface conditions, which has 
been shown to stimulate photosynthesis of peatmoss (Sphagnum spp.) (Nijp et al., 2014; 
Robroek et al., 2009; Schipperges & Rydin, 1998; Strack & Price, 2009), the keystone 
genus of most boreal peatlands (Rydin & Jeglum, 2013). Consequently, it seems 
reasonable to assume that rain would increase net CO2 uptake of peatlands. However, 
recent experimental work suggests that peatmoss photosynthesis does not respond 
linearly to rain frequency (Nijp et al., 2014). These authors showed in a growth chamber 
experiment that rewetting by rain may be too brief for peatmoss to offset the autotrophic 
respiration cost associated with restarting their photosynthetic machinery. From other 
ecosystems it is known that rain frequency, intensity and duration may have a larger 
impact on key carbon cycling processes than the total rain amount, indicating that 
rain characteristics are important controls on the carbon balance (Knapp et al., 2002; 
Shi et al., 2014; Xu et al., 2013). Small rain events may for example trigger short-term 
bursts of heterotrophic respiration in semi-arid ecosystems due to increased water and 
substrate availability, whereas larger rain events may also stimulate photosynthesis (Lee 
et al., 2004; Schwinning & Sala, 2004; Unger et al., 2010). If these processes also operate 
in boreal peatlands remains unknown, despite the importance of these ecosystems for 
the global carbon cycle and their susceptibility to drought (Alm et al., 1999; Fenner & 
Freeman, 2011; Heijmans et al., 2013; Lund et al., 2012).

In this study, we investigated the response of net ecosystem CO2 exchange (NEE) to rain 
events using eleven years of meteorological and eddy-covariance measurements from the 
peatland Degerö Stormyr in northern Sweden. Our main objectives were to (1) identify 
the effect of rain event characteristics on the magnitude of NEE and (2) estimate the 
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impact of rain events on the annual CO2 budget of peatlands. We hypothesized that 
larger rain amount, shorter drought length and shallower water table before rain events 
would increase ecosystem net CO2 uptake (Knapp et al., 2008; Lund et al., 2012; Nijp et 
al., 2014; Porporato et al., 2004). As rain also alters environmental conditions that may 
directly or indirectly affect NEE, we analysed the effect of rain characteristics together 
with changes in environmental conditions associated with rain such as light availability, 
temperature, vapour pressure deficit, water table and air pressure (Chapman, 1916; 
Letts et al., 2005; Tokida et al., 2007).

3.2	 Material and methods

3.2.1	 Study site
This study was conducted at Degerö Stormyr (64°11’N, 19°33’E), a 6.5 km2 minerogenic, 
ombrotrophic mixed peatland complex in northern Sweden, approximately 70 km inland 
from the Gulf of Botnia. The eddy-covariance footprint is located in the centre of the 
peatland complex, where peat depth generally ranges between 3 – 4 m, while depths up 
to 8 m have been observed at some locations in the peatland complex. The deepest peat 
layers correspond to a basal age of about 8000 years. The vegetation in the footprint area 
is fairly homogeneous and consists of both Sphagnum mosses and a vascular plant cover. 
Vegetation relevés in the footprint area indicate that the moss layer is dominated by the 
peatmoss species Sphagnum balticum, S. majus and S. lindbergii in a lawn-hollow mosaic, 
while the vascular plant cover consists of Eriophorum vaginatum, Vaccinium oxycoccos, 
Trichophorum cespitosum, Carex limosa, Scheuchzeria palustris, and Andromeda polifolia. 
The total green leaf biomass in the footprint is estimated at about 125 g m-2, where the 
relative contribution of peatmoss and vascular plants is 48% and 52% (Laine et al., 
2011). Nilsson et al. (2008) and Peichl et al. (2013) provide a detailed site description.

At the regional scale, peatland vegetation composition varies with gradients in 
precipitation and temperature (Daniels & Eddy, 1985; Gignac et al., 1991; Wieder et al., 
2006). The synoptic climate during the 2001 – 2011 study period at the study site was 
classified with the Köppen-Geiger system as a cold climate without a dry season and 
with cold summers (Dfc) (Peel et al., 2007). The 30-year (1961 – 1990) mean annual 
rainfall and air temperature are 523 mm and +1.2 °C. January and July have the coldest 
(-12.4 °C) and warmest (+14.7 °C) mean monthly temperatures (Alexandersson et 
al., 1991). The growing season rainfall, potential evapotranspiration and temperature 
during the measurement period closely reflected the 30-year climatic means measured 
(Table 3.1) at the meteorological station at Norsjö (Swedish Meteorological and 
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Hydrological Institute), 85 km north of Degerö Stormyr. The potential growing season 
rainfall deficit is estimated at 35 mm while it may reach up to 60 mm in June (Table 3.1). 
The growing season water table in a lawn plant community during the measurement 
period varied between  -23.6 cm (10% percentile) and  -6.2 cm (90% percentile), with 
a median of  -14.2 cm. 

Table 3.1. Rain, potential evapotranspiration (PET) and temperature (Tair) during the 
measurement period (2001 – 2011) at Degerö Stormyr and for the 30-year climate (1983 – 
2012). Potential evapotranspiration is calculated on a monthly basis following Hargreaves & 
Samani (1985). The 30-year climate is derived from synoptic climate station Norsjö (SMHI, 
2014), 81 km north of the study site. Rain and PET values represent mean monthly amounts 
(mm) ± standard deviation, Tair is mean air temperature. In this study, growing season is defined 
as the period from 15 May until 15 October.

Period
Norsjö (1983 – 2012) Degerö Stormyr (2001 – 2011)

Rain (mm) PET (mm) Tair (°C) Rain (mm) PET (mm) Tair (°C)

May 44 ± 19 95 ± 16 7.0 ± 1.5 43 ± 21 100 ± 10 7.4 ± 1.4

June 61 ± 30 119 ± 18 12 ± 1.5 60 ± 23 120 ± 18 12 ± 1.8

July 101 ± 44 115 ± 12 15 ± 1.4 99 ± 50 116 ± 11 15 ± 1.3

August 82 ± 38 85 ± 12 12 ± 1.7 105 ± 55 88 ± 9.7 13 ± 1.6

September 65 ± 34 43 ± 5.6 7.2 ± 1.4 79 ± 47 43 ± 4.5 8.0 ± 1.3

October 56 ± 32 16 ± 1.8 1.3 ± 2.1 51 ± 32 16 ± 2.3 1.7 ± 2.0

Growing season 366 ± 89 427 ± 25 10 ± 0.9 397 ± 83 432 ± 30 9.9 ± 1.6

3.2.2	 Measurements of CO2 fluxes and abiotic variables
The net exchange of CO2 between peatland and atmosphere was measured using the 
eddy-covariance technique consisting of a three-dimensional sonic anemometer 
(1012R3 Solent, Gill Instruments, UK) and a closed-path infrared gas analyser (IRGA 
model 6262, LI-COR, Lincoln, Nebraska, US) mounted at 1.8 m height on a flux 
tower. The high frequency 20 Hz data were processed and fluxes were calculated with 
the EcoFlux software (In Situ Flux AB, Ockelbo, Sweden) following the EUROFLUX 
methodology (Aubinet et al., 2000) and averaged to 30 min mean values. Only non-
gapfilled data were used in this study because gap filling procedures require additional 
assumptions that may bias the NEE response to rain events. See Peichl et al. (2014) and 
Sagerfors et al. (2008) for more details on the eddy-covariance measurements.

Rainfall was measured during April – October with a tipping-bucket rain gauge (ARG 
100, Campbell, Scientific, Logan, Utah, US, 0.2 mm resolution) at 10-min frequency, 
4 m away from the eddy-covariance tower. Water table (WT) depth was measured 
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with a float- and counterweight system attached to a potentiometer (Roulet, 1991) 
in a lawn microhabitat 100 m away from the flux tower. Rain measurements were 
corrected for a 10% systematic underestimation of tipping bucket measurements 
following (Eriksson, 1983). Air temperature (Tair; °C) and relative humidity (RH; %) 
were measured 1.8 m above the peat surface with an MP100 moisture sensor (Rotronic 
AG, Bassersdorf, Switzerland) inside a self-ventilated radiation shield. Vapour pressure 
deficit (VPD; hPa), the difference between saturated and actual vapour pressure, was 
calculated following FAO standards (Allen et al., 1998). Photosynthetic photon flux 
density (PPFD; μmol photons m-2 s-1) was measured with a Quantum sensor (SKP 
215, Skye Instruments Ltd, Powys, UK). All environmental variables were averaged to 
30- minute average values. See Sagerfors et al. (2008) for more details on environmental 
measurements.

3.2.3 	 Data analysis

3.2.3.1	 Defining and separation of rain events

Independent rain events were obtained by disaggregating the rainfall time series in 
individual rain events on the basis of the minimum inter event time (MIT; Dunkerley, 
2008). The MIT is a fixed minimum time interval without rainfall between two rain 
measurements. If the inter-event time between two consecutive rain measurements is 
smaller than the MIT, the rain measurements are aggregated into one event (Fig. 3.1a). 
The MIT was determined as the minimum time elapsed until rainfall measurements 
were independent from each other, i.e. the separation time between rain measurements 
at which the temporal autocorrelation was minimal (less than 5%; See Appendix 3.1). 
The analysis revealed that this threshold was reached at both 1.5 hrs and at 10 hrs. These 
values were used as MIT criteria in all subsequent analyses. 

3.2.3.2	 Calculating the NEE response to rain events

Net ecosystem exchange (NEE) of carbon dioxide uptake is defined as the imbalance 
between photosynthetic CO2 uptake (gross primary production; GPP) and ecosystem 
respiration (Re). In Re we can distinguish microbial decomposition (heterotrophic 
respiration; Rh) and a plant component (autotrophic respiration; Ra). The difference 
between GPP and Re is referred to as net ecosystem exchange (NEE) of atmospheric 
CO2 (Eq. 3.1).

𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅! = 𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅! − 𝑅𝑅!                                                                                                                                                                                      (3. 1) 	 (3.1)

We explored the effect of rain events on NEE (gC m-2 d-1) by standardizing NEE after 
the start of a rain event (NEE response; NEERES) with NEE prior to this event (NEE 
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reference; NEEREF). Thus, the effect of rain on NEE, ΔNEE (gC m-2), was defined as the 
difference between NEERES and NEEREF (Eq. 3.2).

∆𝑁𝑁𝑁𝑁𝑁𝑁 = ∆𝑡𝑡!"#
1
𝑛𝑛 𝑁𝑁𝑁𝑁𝑁𝑁!"#,!

!

!!!

−
1
𝑚𝑚 𝑁𝑁𝑁𝑁𝑁𝑁!"#,!

!

!!!

                                                                                                                              (3. 2) 	 (3.2)

Here, ∆tRES is the duration of the response timeframe (d), n is the number of NEE 
observations during the response timeframe and m is the number of NEE observations 
during the reference timeframe (∆tREF). Generally m equals n, but may differ in case 
of missing values. Carbon fluxes were expressed relative to the atmosphere following 
Chapin III et al. (2006), with negative values indicating net CO2 uptake by the peatland 
and positive values net emission of CO2 from the peatland into the atmosphere. Hence, 
positive values of ΔNEE indicate more positive (or less negative) NEE after a rain event 
than prior to this event, i.e. decreased uptake or increased release of CO2. However, since 
ΔNEE represents the effect of rain events on NEE, the cause of this effect cannot be 
attributed specifically to GPP or R e in this analysis.

To determine how long rain events could influence NEE, NEERES was calculated over 
multiple timeframes (response timeframe, ∆tRES). The duration of ∆tRES ranged between 
3 – 72 hrs, starting from the onset of a rain event (Fig. 3.1b). NEEREF was calculated 
over a period (reference timeframe, ∆tREF) equal in length and diurnal characteristics as 
∆tRES (Fig. 3.1b). For response timeframes up to 24 hours, ∆tREF equalled ∆tRES shifted 24 
hours back in time. For response timeframes larger than 24 hours, we used a sequence 
of multiple copies of the same 24 hours reference timeframe to calculate NEEREF. For 
example, for NEERES = 30 hrs, we created a sequence of two identical 24 hour reference 
timeframes. Of the first copy, the full 24 hour period was used, while for the second only 
the first 6 hours were used. Consequently, both length and time of day of the timeframes 
over which NEERES and NEEREF were averaged remained identical, thus preventing 
overlap between the reference and response timeframes. 

3.2.3.3	   Rain event selection

After aggregating rain measurements into rain events using the MIT, we applied a number of 
selection criteria (Table 3.2) to (1) control for the timing of the event within the year and day 
(2) for potential measurement errors in rain measurements and (3) for the influence of one 
rain event on the other. The final number of suitable rain events depended on both MIT and 
the length of the response timeframe (Fig. 3.1b), yielding a smaller number of suitable events 
for MIT = 1.5 hrs and a larger number for MIT = 10 hrs. With longer response timeframes, 
fewer events were suitable due to rainfall occurrence during the response timeframe.
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3.2.3.4	   Explanatory variables

Besides rain event characteristics, also environmental changes related to rain events may 
affect the NEE response to rain events. We therefore distinguished two types of variables 
that could explain the NEE response to rain: I) variables describing the rain event 
(amount, duration, intensity, pre-rain drought length), and II) variables describing the 
changes in the environmental variables associated with rain events (i.e. light availability, 
vapour pressure deficit, temperature, water table depth, air pressure). Furthermore the 
timeframe of NEERES was included as explanatory variable to determine the response 
time of the rain effect on NEE. The changes in the environment were calculated using the 
same response- and reference timeframes as those used for ΔNEE. The selection of the 
tested explanatory variables was based on their reported effect on NEE and examination 
of the used dataset.

3.2.3.5	   Statistical analysis

We analysed the relationships between the response variable (ΔNEE) and explanatory 
variables using both bivariate correlations (Spearman rank-correlation) and generalized 
additive regression models (GAM). The GAM regression represents a non-linear and 
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Figure 3.1. (a) Example illustrating definitions of rain event, the minimum inter-event time 
(MIT), and drought length before and after a rain event. (b) Definition of reference and response 
timeframes over which NEE was averaged to calculate the effect of rain on ecosystem net CO2 
uptake (ΔNEE; (NEERES - NEEREF) · ΔtREF ), illustrated for a response timeframe (ΔtREF ) of 6 
hours. NEERES and NEEREF were calculated as the mean NEE flux over the timeframe concerned 
(Eq. 3.2). Shaded areas indicate the duration of timeframes.
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non-parametric alternative to linear regression. With GAM we estimated which fraction 
of the total variation in ΔNEE could minimally and maximally (hereafter referred to as 
bottom and top marginal contribution (c.f. Janssen, 1994), be explained by each of the 
explanatory variables. ΔNEE was modelled as a linear combination of cubic regression 
splines fitted to the explanatory variable – NEE relationship using the gam utility in the 
mgcv package in R (R Core Team, 2014). The optimal number of cubic splines included 
in the smoother functions of explanatory variables was determined with penalized 
maximum likelihood estimation, in which both goodness of fit and model parsimony 
were maximized (Wood, 2004).

For each explanatory variable, the top marginal contribution was derived from the 

Table 3.2. Rain event selection criteria settings and their impact on rain event selection a. 

Selection criterion Settings % of total 
events 

Remaining 
# events

Growing season only 15 May – 15 October 100    565 b

Minimum number 
of daytime 
measurements

At least 5 half-hour NEE measurements 
between sunrise and sunset should be included 
(corresponding to a minimum of 83% of NEE 
data values per event during daytime, in case 
of the smallest timeframe of 3 hours i.e. 6 half 
hourly observations). In this way we allow for 
instantaneous NEE changes after a rain event due 
to increased GPP, which cannot occur during the 
night due to light limitation c. 

98 538

Rain amount per 
event

Minimum of 0.6 mm to assure accurate estimates 
of the rain amount. Assuming uniform rainfall 
during half an hour, at least 0.6 mm of rain needs 
to fall in three consecutive 10-minute tipping 
bucket measurement intervals.

63 346

Minimum pre-rain 
drought length

2 days, to limit influence of preceding rain event 
on the reference NEE

51 279

Post-rain drought 
length

No rain during NEE response timeframe. Rain 
events were selected if rain event duration + post-
rain drought duration ≥ timeframe (c.f. Fig. 3.1a).

16 89

a � Example for an NEE response timeframe length of one day and a MIT of 10 hours. The column 
with % of total events shows the percentage of events that remains after applying the selection 
criterion. The remaining number of events after application of the selection criterion is presented 
in the last column.

b  �This number represents the total number of rain events during growing season where rain 
characteristics, NEE response and mean environmental conditions (See Table 3.3) could be 
calculated.

c � Sunset and sunrise were calculated as a function of day of year, declination angle of the earth and 
sunset hour-angle for latitude 64.11°N following Brock (1981).
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R2 obtained when the target variable was added first to a full model (R2 with a Type I 
sum of squares approach), while the bottom marginal contribution was derived from 
the R2 when the target variable was added last to a full model (R2 with a Type III sum 
of squares approach). If both the top and bottom marginal contributions are high, the 
explanatory variable has a large contribution to the variation in ΔNEE. A high top 
marginal contribution combined with a small bottom marginal contribution indicates 
high collinearity with other explanatory variables. See Metselaar (1999) and Janssen 
(1994) for more details. With this approach, difficulties intrinsic to stepwise regression 
techniques, such as selecting a single model from a set of models with equally good 
performance, biased regression parameter estimates, and collinearity among explanatory 
variables, are circumvented (Mac Nally, 2000; Smith et al., 2009; Whittingham et al., 
2006). The above analysis was performed using both MIT settings (10 hrs and 1.5 hrs). 
As only for MIT = 10 hrs the sample size was sufficient for adequate statistical analysis, 
we only present the results of MIT = 10 hrs. Nonetheless, general patterns were very 
similar for both MITs (data for MIT = 1.5 hrs not shown).

3.3	 Results

3.3.1	 Rain event effect on environmental conditions 
A total number of 89 independent rain events fulfilling the selection criteria given in 
Table 3.2 were extracted from the 2001 – 2011 dataset, using a minimum inter-event 
time (MIT) of 10 hours. These selected rain events had a median rain amount of 5.6 mm, 
lasted for 0.5 days and were preceded by a drought length of 3.3 days (Appendix 3.2). All 
following statistical analyses were performed using these 89 rain events. 

Rain events were accompanied by a decrease of vapour pressure deficit (VPD), light 
availability (PPFD), air temperature (Tair) and air pressure (Pair), but an increase of 
the water table (WT) (Table 3.3). Although the change in Pair was negligibly small, all 
median changes in environmental conditions were significant (Wilcoxon signed-rank 
test, W > 64, P < 0.001). As indicated by the standardized effects, rain events most 
strongly altered vapour pressure deficit and light availability (Table 3.3). The effect of 
rain on environmental conditions decreased with time after rain. 

3.3.2	 Impact of NEE response to rain on the annual CO2 budget
Net ecosystem exchange (NEE) was consistently more positive after, than before rain 
events, suggesting that the selected daytime rain events reduced the ecosystem net CO2 
uptake during the growing season (Fig. 3.2). The rain effect on NEE (ΔNEE) increased 
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with the timeframe over which NEE was calculated up until 1 – 1.5 days after rain. From 
that point onwards ΔNEE stabilized into a slightly oscillating pattern. These oscillations 
are the result from random variation in the NEE data and not related to systematic effects 
of the calculation method (tested on a synthetic dataset, not shown). Moreover, because 
of the large standard error around ΔNEE for all timeframes, these oscillations are of minor 
importance only. The overall ΔNEE response could be well described with an asymptotic 
negative exponential curve, with 95% of the fitted asymptotic ΔNEE value being reached 
at 1.3 days (Fig. 3.2). The asymptotic value of the ΔNEE response represents the 
maximum effect of rain on NEE, and can thus be estimated as 0.54 ± 0.01 gC m-2 (mean 
± SE) per rain event. With an average number of 62 daytime rain events per growing 
season, this would mean rain could potentially reduce ecosystem net CO2 -C uptake 
over the growing season with 33.5 gC m-2 yr-1. This is considerable, as the growing season 
GPP and annual NEE at the study site are estimated at 325 ± 95 gC m-2 yr-1 (mean ± SD) 
and 58 ± 21 gC m-2 yr-1 during 2001 – 2012 (Peichl et al., 2014).

The analysis above represents the potential effect of independent isolated rain events on 
NEE for the events fulfilling the selection criteria (Table 3.2). To determine the sensitivity 
of the results for the selection criteria we repeated the analysis above excluding all rain 

Table 3.3. Effect of selected rain events on environmental variables for two response timeframes 
(0.5 and 1 days) and MIT = 10 hours. 

Variable Unit

Timeframe = 0.5 day Timeframe = 1 day
Median 
pre-rain 

value
P25 a P75 a

Median 
change b 

± 95% CI

Std 
effect c 

(%)

Median 
pre-rain 

value

Median 
change b 

± 95% CI

Std 
effect c 

(%)
PPFD μmol m-2 s-1 381 158 539 -176 ± 34 -46 320 -163 ± 38 -51
VPD kPa 0.44 0.15 0.75   -0.28 

± 0.04
-65 0.47 -0.36 

± 0.05
-79

WT cm -16.7 -25.1 -8.5   0.64 
± 0.38

-3.8 -16.7  0.49  
± 0.31

-2.9

Tair °C 11.6 3.3 17.9   -1.63 
± 0.44

-14 11.3 -1.04 
± -0.61

-9.2

Pair hPa 979 916 987  -3.82 
± 1.07

-0.3 979 -4.04  
± 1.12

-0.4

a � The 25% and 75% percentile of pre-rain values are presented in columns P25 and P75.
b � The change of an environmental variable due to rain events was calculated as its time-averaged 

value during the response timeframe minus its time-averaged value during the reference timeframe 
(i.e. similar to Eq. 2.2). 

c � The rain effect on environmental variables is presented with the median change and its 95% 
confidence interval (CI). The standardized effect (Std effect), estimated as the median change 
divided by the pre-rain value (expressed as percentage), shows which variable changed most after 
rain.
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event selection criteria with the exception of the daytime only criterion (Table 3.2). 
In that case, the reduction in net CO2 uptake per daytime rain event is estimated at 
0.23 ± 0.01 gC m-2, and is comparable to 4.4% of growing season GPP and 24% of annual 
NEE at the study site.

3.3.3	� Variables explaining magnitude of NEE response to rain 
events

The NEE response to rain (ΔNEE) correlated most with the changes in photon flux 
density (ΔPPFD) and water vapour deficit (ΔVPD) associated with the rain events 
(Table 3.4). Furthermore, an increased rain amount per event and increased duration 
of the rain event were positively correlated with ΔNEE (Table 3.4; Fig. 3.3). Rain 
slightly raised the water table (with respect to peat surface; positive ΔWT), which in 
turn was weakly positively correlated with ΔNEE. The drought length prior to the rain 
event and the water table depth prior to the rain event were not correlated with ΔNEE 
(Table 3.4; Fig. 3.3d).  
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The high collinearity between changes in photon flux density and vapour pressure 
deficit and between total rain amount and rain duration makes it difficult to separate 
the effects further. The moderately strong negative correlation between change in light 
availability and rain duration indicates that longer rain events were generally associated 
with larger light reductions. The results described above (Table 3.4) were further 
supported by the regression analyses (Fig. 3.3; Fig. 3.4), illustrating that ΔNEE was 
mainly explained by reductions in light or vapour pressure deficit and total amount of 
rain events (or duration). The contribution of all other explanatory variables to variation 
in ΔNEE was minor. Due to the high collinearity among variables (Table 3.4) it was 
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Figure 3.3 Univariate GAM models presenting the effect of change in light availability (a), rain 
amount (b), change in water table (c) and drought length (d) on NEE response to rain events 
(ΔNEE) for MIT = 10 hours and response timeframe duration = 24 hours. The goodness of fit is 
presented with R2

adj and the level of significance with the P value.
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not possible to establish the relative contribution of each variable to variation in ΔNEE. 
Highly correlated explanatory variables were therefore removed in the regression 
analysis to avoid small bottom marginal contributions. The goodness of fit (R2

adj) of the 
overall multivariate generalized additive model including all additive main effects of the 
presented variables was 0.50 and the additive model components were significant for all 
variables (P < 0.05) (Fig. 3.4). 

To explore if the minor contributions of water table or drought length could be related 
to wet conditions dominating the ΔNEE response, we repeated our analyses on data 
subsets. Experimental work suggests that rain may only moderate drought impact on 
peatmoss photosynthesis at deep water levels (Nijp et al., 2014; Robroek et al., 2009). To 
test if such interactive effects between drought length and water table were present, we 
grouped the data in categories with shallow (≥  12 cm) and deep (≤  18 cm) water tables, 
and short (0 – 1 day) and long (≥ 3 day) pre-rain drought lengths. This analysis however 
yielded the same result: pre-rain water table depth and pre-rain drought length did not 
explain the response of NEE to rain (data not shown).

3.4	 Discussion

3.4.1	 Controls on the NEE response to rain events
Our results show that daytime rain events significantly affected net ecosystem CO2 
exchange (NEE) up until 1.3 days after a rain event, with larger rain amounts and longer 
rain event durations having a stronger effect. Daytime rain events systematically decreased 
the sink strength of peatlands for atmospheric CO2. This response was contradictory to 
our hypothesis, as we expected that rewetting by rain would increase net ecosystem CO2 
uptake by enhancing peatmoss photosynthesis (Schipperges & Rydin, 1998; Strack & 
Price, 2009), and that rising water tables would reduce heterotrophic respiration (e.g. 
Fenner & Freeman, 2011; Ise et al., 2008). Several processes may be responsible for the 
reduced net CO2 uptake after rain, of which the likelihood is discussed below.

First, peatmoss photosynthesis during the selected rain events may simply have not been 
limited by water. In that case wetter surface conditions after rain could only have had a 
neutral-negative effect on photosynthesis and net CO2 uptake, as high water content may 
inhibit CO2 diffusion and limit photosynthetic carbon uptake of Sphagnum (Williams & 
Flanagan, 1996). Optimal water tables for photosynthesis of the lawn peatmoss species 
dominating the footprint (S. majus, S. lindbergii and S. balticum) range between 5 – 15 
cm below moss surface, depending on species (Andrus et al., 1983; Nijp et al., 2014; 
Rydin & McDonald, 1985b). Since the median water table was 17 cm (Table 3.3), it 
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seems reasonable to assume that moss photosynthesis was (co-) limited by water stress 
during the studied rain events. Still, it may have been possible that rain temporarily 
increased peatmoss water content beyond the optimum for photosynthesis (Williams & 
Flanagan, 1996). Nevertheless, since undecomposed Sphagnum peat has a high hydraulic 
conductivity at high water contents (McCarter & Price, 2014; Price et al., 2008), rain 
water likely infiltrates too rapidly for this effect to be present up to 1.3 days after rain.

Second, the magnitude of the NEE response to rain events may be controlled by rain 
event characteristics. Both rain amount and duration are moderately associated with the 
NEE response to rain events (Table 3.4). Due to the high collinearity between amount 
and duration we were unable to conclusively determine the strongest control on the NEE 
response to rain events. More importantly, however, rain events with larger rain amounts 
and longer duration reduced net CO2 uptake rather than enhancing it. A process that 
could potentially explain this positive correlation is the physical displacement of CO2 
in the peat matrix by rain water (Chen et al., 2005a; Unger et al., 2010). However, the 
potential CO2 displacement for an average daytime rain event corresponds to 20% of the 
mean rain induced decreased net CO2 uptake of 0.54 ± 0.01 gC m-2 (See Appendix 3.3 
for calculation details). It thus seems very unlikely that physical displacement of CO2 is 
the dominant process responsible for the decreased net CO2 uptake after rain.

Third, vapour pressure deficit shows a strong positive correlation with the NEE 
(Table 3.4), but the relation is opposite to what is expected for both photosynthetic 
CO2 uptake by peatmoss (Skre et al., 1983) and vascular plants (e.g. Bunce, 1998). 
Therefore, it is most unlikely that vapour pressure deficit is an important control on the 
NEE response to rain events. 
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Fourth, the reduced net CO2 uptake after rain may originate from the short-term 
heterotrophic respiration response to rewetting (resaturation respiration) (e.g. Fenner 
& Freeman, 2011). However, resaturation respiration is strongly coupled to antecedent 
moisture conditions (Cable et al., 2013; Potts et al., 2006). Since our results show that 
both water table depth and drought length before rain events had negligible effect on the 
NEE response to rain events (Table 3.4), it is unlikely that resaturation respiration can 
explain the NEE response. To disentangle the response of NEE to rain, future studies 
where the distinct responses of GPP, R a and R h are measured at fine temporal scales are 
essential.

Fifth, the reduced light availability accompanying rain events may have depressed 
photosynthesis (Letts et al., 2005), resulting in a net reduction of CO2 uptake after 
rain events, as seems to be indicated by their strong negative correlation (Table 3.4). 
On average, rain events reduced light availability with 163 μmol m-2 s-1 (Table 3.3). To 
determine the potential contribution of such a light reduction on GPP, a light response 
curve was constructed following Barr et al. (2004). By comparing mean GPP at pre-rain 

Table 3.4. Correlation matrix showing collinearity among rain characteristics, rain induced 
changes in environmental variables and the rain effect on ΔNEE (gC m-2). Positive ΔNEE values 
indicate reduced net CO2 uptake by the peatland ecosystem a.

Variables b ΔPPFD ΔVPD Amount Duration ΔPair ΔWT Time 
frame ΔTair Drought Intensity WT

ΔNEE -.60 -.54 .40 .36 -.29 .26 -.23 -.14 .06 .05 -.01
ΔPPFD .73 -.39 -.33 .32 -.30 .35 .29 .07 -.08 .00
ΔVPD -.45 -.42 .23 -.41 .27 .57 -.11 -.06 .19
Amount .77 -.17 .62 .04 -.25 .10 .33 -.12
Duration -.19 .50 .07 -.14 .05 -.31 -.16
ΔPair -.21 .17 -.11 .11 .01 -.05
ΔWT .04 -.20 .15 .23 -.43
Time 
frame -.08 .07 -.04 -.05

ΔTair -.19 -.20 .19
Drought .06 -.15
Intensity .09
a � Spearman rank correlation coefficients. Explanatory variables are sorted by their absolute 

correlation with ΔNEE; significant correlations (P ≤ 0.05) are in bold. 
b � All variables preceded with Δ represent a change in conditions (i.e. after – before rain). PPFD 

= Light availability (μmol m-2 s-1); VPD = Vapour pressure deficit (kPa); Amount = Total rain 
amount in event (mm); Duration = Rain event duration (hours); Pair = air pressure (hPa); 
WT = Water table prior to rain (cm below peat surface, positive changes indicates rise in WT); 
Timeframe = Duration of response timeframe (hours); Tair = Air temperature (°C); Drought = 
pre-rain drought length (days); Intensity = Mean rain event intensity (mm h-1); WT = mean water 
table depth during the reference timeframe (cm below peat surface).
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light levels with GPP at post-rain light levels, we estimated that reduced light availability 
associated with rain events could decrease GPP by at least 31% (See Appendix 3.4 
for calculation details). This would amount to a reduction of the net CO2 uptake by 
1.1 ± 0.02 gC m-2 for an individual cloud event, which is even more than the estimated 
0.54 ± 0.01 gC m-2 for a rain event. The latter suggests that reduced light availability 
rather than an altered moisture regime is most likely the explanation for the reduction 
in ecosystem net CO2 uptake associated with rain events. This corresponds with results 
of Loisel et al. (2012), who showed that integrated growing season light availability 
is a better predictor for annual Sphagnum growth than effective moisture availability. 
Accordingly, NEE at the ecosystem scale may be well predicted from light availability, 
and including water availability as predictor for NEE is likely of minor importance at 
this spatial scale. Water availability remains a crucial factor for e.g. hydrological niche 
differentiation (Rydin, 1986), and an important predictor for moss photosynthesis at 
constant light availability (e.g. Nijp et al., 2014; Schipperges & Rydin, 1998). In the 
boreal and (sub)arctic zone, however, light availability is often below light saturation 
levels of most plant species during autumn, thus reducing the potential CO2 fixation 
rate. This suggests that in these periods NEE is sensitive to changes in light, stressing the 
importance of adequate parameterization of light response curves in ecosystem models. 

Peatmoss and vascular plants both contribute importantly to green biomass in many 
boreal peatlands (Laine et al., 2011), implying that our results reflect a combined 
response of both these plant groups. As peatmoss photosynthesis is light-saturated at 
lower PPFD (325 – 620 μmol m-2 s-1; Titus & Wagner (1984)) than vascular plants 
(> 1500 μmol m-2 s-1; Peichl et al. (2014)), it may be that the observed NEE response 
to rain events is dominated by vascular plants rather than by peatmoss. The latter is 
supported by the fraction of the total number of growing season days for which mean 
midday (10:00 – 14:00) light availability drops below the light saturation value of 
vascular plants (84%) and peatmosses (22%).

3.4.2	� Implications of reduced net CO2 uptake by rain for the 
annual CO2 balance 

Peatland formation and peat accumulation are strongly defined by the magnitude and 
seasonality of the rainfall surplus (Ivanov et al., 1981). Increased rainfall is generally 
assumed to promote peat accumulation (Belyea & Baird, 2006) and thus increase 
carbon sequestration. However, our study clearly reveals the delicate role of daytime 
rain events through maintaining a positive water balance, but at the same time reducing 
the incoming photosynthetic active radiation.
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Our results show that the NEE reduction by daytime rain events is likely driven by 
reduced light availability and that drought length prior to the rain event was of minor 
importance. These results seemingly contradict results of previous studies under 
controlled environment that stress the importance of rewetting by rain for peatmoss 
photosynthesis (Robroek et al., 2009; Schipperges & Rydin, 1998; Strack & Price, 
2009) and drought tolerance (Nijp et al., 2014). This contradiction between the current 
field study and the controlled experiments likely arises from the differences in light 
conditions. As shown in this study, light conditions co-vary with rain occurrence in field 
conditions, while they were maintained at constant levels in controlled experiments. 
Thus, the exclusion of reduced light conditions associated with rain events in mesocosm 
experiments probably prevented detection of the stronger shading effect.

On an annual basis, the reduction of net CO2 uptake, reaching up to 0.54 g CO2-C m-2 
per daytime rain event, is comparable to a 10% reduction of the growing season GPP 
(Peichl et al., 2014). Although the reduction in growing season GPP due to rain events 
is relatively small, it is equivalent to about 58% of the mean annual net CO2-C uptake 
of the study site (Peichl et al., 2014). Extrapolating these quantitative estimates to other 
hydro-climatic settings and temporal scales must be treated with some caution as the 
presented results are inferred from a single hydro-climatic setting, for a selected set of 
discrete rain events. The studied peatland, Degerö Stormyr, a Sphagnum and short sedge 
dominated peatland with a water table relatively close to the peat surface, is though 
representative for vast peatland areas at high latitudes (see e.g. Nilsson et al., 2001; 
Riley, 2011). Repeating this analysis for peatlands in different hydro-climatic settings is 
essential for further upscaling of our results.

For our analysis we selected discrete rain events, needed to obtain independent 
responses of NEE to rain events. The selection criteria constituted a strong filter on all 
rain events, for example leaving out long periods of attenuated rain. Consequently, our 
estimate of 58% annual NEE reduction is an estimate for a climate in which rain mainly 
occurs in isolated events, while the reduction of 24% (calculated after removing all 
selection criteria except the daytime rain) is based on the climate at Degerö Stormyr. The 
sensitivity of the results to these general temporal rainfall characteristics highlights that 
future shifts in rainfall regime may substantially impact the ecosystem carbon balance 
in ways current ecosystem models are poorly equipped to predict. To correctly capture 
rain effects on carbon exchange in northern peatlands, a fine temporal discretization or 
a parameterization quantifying the effect of intra-annual rain characteristics on NEE is 
required. 
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Furthermore, the annual net CO2 uptake of boreal peatlands, and consequently the 
future sink strength of those ecosystems, may be highly sensitive to future changes in 
cloud cover. Multi-model future projections consistently show increased total cloud 
amount at high latitudes, although exact changes in cloud characteristics and temporal 
distribution are ambiguous (IPCC, 2013). As changes in cloudiness and rainfall regimes 
are major constituents of “climate change projections” (IPCC, 2013; Soden & Held, 
2006), our findings will be crucial in understanding and predicting carbon exchange at 
high latitude peatlands under a future climate.
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Appendix 3.1	� Setting the minimum inter-event 
time

To set the minimum inter-event time (MIT), we estimated the scale of temporal 
autocorrelation of the rainfall time series (Dunkerley, 2008; Morris, 1984). The temporal 
autocorrelation (r) between rainfall amount at time ti and rainfall at time h hours later, 
ti+h, was calculated for all separation times h using the acf function in R (R Core Team, 
2014). The temporal autocorrelation decreases with larger separation times h. At the 
separation time where the autocorrelation drops below a threshold, here set at r = 0.05, 
rain events were assumed to be independent. This threshold separation time was used as 
a measure of the MIT. 

Several common and frequently applied theoretical autocorrelation functions 
in geostatistics (e.g. Webster & Oliver, 2007) were fitted through the empirical 
autocorrelation function. A double exponential model (Eq. A3.1) fitted the rainfall time 
series most parsimoniously and better than a single exponential model or a (double) 
spherical model, indicating that multiple scales of temporal autocorrelation need be 
distinguished. Hence multiple MIT criteria were employed in further analyses. 

𝑟𝑟 =   1 −   σ! 1 − 𝑒𝑒!
!
!! + σ! 1 − 𝑒𝑒!

!
!! + 𝑐𝑐!                                                                                                                                 (Eq. A3.1) 	 (Eq. A3.1)

In Eq. A3.1, the α and σ parameters represent the ranges and partial sills of the two 
exponential models. The intercept c0 (‘nugget’) was not significant and was therefore 
excluded from the model (Table A3.1). The effective ranges, i.e. the MIT values, were 
set to the range where 95% of the sill was reached and was calculated as 3 · α  following 
Webster & Oliver (2007). As a result, mean MIT values ± 95% confidence intervals were 
1.45 ± 0.06 hours and 10.01 ± 0.34 hours. In order to match the half hourly measurement 
frequency, we set the MIT to 1.5 and 10 hours.

Table A3.1. Fitting parameters for the double exponential model and associated statistics. The root 
mean square error (RMSE) and normalized root mean square error (RMSE / data range) of the 
fit were respectively 0.008 (-) and 0.8%. 

Variable Estimate Std. Error t value P

α1 3.22 0.18 18.3 < 0.001

α2 0.47 0.03 14.2 < 0.001

c0   0.003  0.009       0.299  0.77

c1 0.40 0.02 17.6 < 0.001

c2 0.58 0.02 23.9 < 0.001
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Appendix 3.2	� Frequency distributions of rain 
characteristics

Figure A3.1. Frequency distributions of rain amount per event (a), rain event duration (b), 
mean rain event intensity (c) and pre-rain drought length (d). The number and vertical black 
line represent the median value. Event characteristics are calculated for an MIT of 10 hours and 
response timeframe of one day.
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Appendix 3.3	� Estimating physical CO2 
displacement by rain

The contribution of physical displacement of air in the peat matrix by an average 6.1 mm 
rain event to the observed decrease in ecosystem net CO2 uptake can be estimated using 
the ideal gas law (Eq. A3.2). Here, a mean growing season temperature (T) of 281.5 K, 
a volume displacement of an average 5.6 mm rain event (V) of 0.0061m3 m-2 and the gas 
constant R (8.3145 J mol-1 K-1) were used to estimate the CO2 displacement CD (gC m-2) 
for a given area A of 1 m2. M and n are the molar mass (gram mol-1) and moles of C (mol), 
respectively. Henry’s law was applied to estimate the partial CO2 pressure (P) of air in 
the peat matrix, assuming the CO2 concentration in the air filled pores is in equilibrium 
with a measured pore water CO2 concentration of about 0.002 M (Nilsson & Bohlin, 
1993). A van ‘t Hoff temperature correction following Washington (1996) was applied 
to obtain a CO2 Henry coefficient of 18.3 atm M-1 for the given temperature (Eq. A3.2).

𝐶𝐶! =
𝑃𝑃𝑃𝑃
𝐴𝐴𝐴𝐴𝐴𝐴 =

𝑛𝑛𝑛𝑛
𝐴𝐴                                                                                                                                                                                                                                                 (𝐴𝐴3.2) 	 (A3.2)

An average rain event of 5.6 mm could result in an emission of 0.11 gCO2 -C m-2, which 
corresponds to 22% of the mean rain induced decreased ecosystem net CO2 uptake 
of 0.54 gCO2 -C m-2 per rain event (fulfilling the selection criteria). It thus seems very 
unlikely that physical displacement of CO2 is the dominant process responsible for the 
increased net atmospheric uptake.
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Appendix 3.4	� Potential reduction in GPP by 
decreased light availability

It is estimated that over an growing season, daytime rain events may result in a reduction 
of net ecosystem C uptake that corresponds with about 10% of gross primary production 
(GPP) at the mixed mire complex studied. Reduced light availability associated with rain 
events is likely the main reason for reduced net ecosystem carbon uptake due to rain events 
(Table 3.3, Figure 3.4). The aim of this supplementary material is to determine whether 
the decreased light availability due to rain is large enough to reduce GPP with 10%. GPP 
was estimated from half-hourly NEE measurements by the procedure described by Barr 
et al. (2004) and Peichl et al. (2014). Next, the median GPP during median pre-rain and 
post-rain light conditions (± 10 μmol m-2 s-1) was estimated. The pre-rain and post-rain 
light conditions were extracted from the rain event analysis (Table 3.3). The reduction 
in GPP due to decreased light availability (R; %) was calculated as

𝑅𝑅 = 100  
  𝐺𝐺𝐺𝐺𝐺𝐺!"# − 𝐺𝐺𝐺𝐺𝐺𝐺!"#$

𝐺𝐺𝐺𝐺𝐺𝐺!"#
                                                                                                                                                                                                    (𝐴𝐴3.3) 	 (A3.3)

Another way to estimate of the reduction of GPP due to light availability was obtained 
by fitting the frequently employed rectangular hyperbolic model through the light – 
production relationship to obtain a light response curve

𝐺𝐺𝐺𝐺𝐺𝐺 =
𝛼𝛼   ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙   𝐺𝐺𝐺𝐺𝐺𝐺!"#
𝛼𝛼   ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +  𝐺𝐺𝐺𝐺𝐺𝐺!"#

                                                                                                                                                                                                        (𝐴𝐴3.4) 	 (A3.4)

Here, α is the initial slope of the curve and GPPmax the maximum (light saturated) GPP. 
Both parameters were significant (P < 0.05) and the goodness of fit (R2) is 0.49. The 
results of the calculations (Table A3.1) indicate that, when purely based on reduced 
light, rain would decrease GPP with at least 31%. This is well beyond the estimated effect 
of rain on net C uptake, and supports the view that positive effects of rewetting may be 
offset by the more dominant effect of light on GPP.
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Table A3.1. Light availability (PPFD) and calculated gross primary production (GPP) during 
pre- and post-rain conditions for two response timeframes (0.5 and 1 days). PPFD and GPP are 
represented with mean values, n is the number of GPP and PPFD observations and R the reduction 
in GPP. Subscripts 1 and 2 indicate whether GPP is estimated with the median (1) or light response 
curve (2) based method.

Unit
Timeframe = 0.5 day Timeframe = 1 day

Pre-rain Post-rain Pre-rain Post-rain

PPFD μmol m-2 s-1 320 157 381 205

GPP1 μmol C m-2 s-1 2.53 1.70 2.82 1.95

GPP2 μmol C m-2 s-1 2.85 1.79 3.14 2.16

n count 894 1397 900 1214

R1 % 33 31

R2 % 37 31
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Abstract
The depth of the groundwater table below the surface and its temporal variation are 
major controls on biogeochemical processes in northern peatlands. In these wetlands, 
the temporal fluctuations in groundwater table are buffered by peat volume change. 
Northern peatlands are self-organizing systems, resulting in distinct spatial structures 
of vegetation and physical properties. While vegetation patterns are well-studied in 
northern peatlands, the spatial structure of peat volume change and factors controlling 
it are less clear.

We explored the fine scale (0.5 m resolution) spatial patterning of peat volume change 
and its relationship to vegetation and hydrology using spatially continuous data of surface 
elevation and point measurements on plant species composition, geohydrological, and 
positional factors along a transect throughout a growing season in an oligotrophic 
minerogenic northern peatland in northern Sweden.

We found that peat volume change was substantial and highly variable through space, 
ranging from -6.2 cm to +1.2 cm over the growing season. Spatial patterns of peat volume 
change over the growing season were best described at a spatial scale of 40.8 ± 0.6 m 
(± SE). Over the growing season, with progressively lower absolute groundwater tables, 
peat volume change reduced the patch size of peat surface elevation and increased its 
vertical range. We hypothesize that this seasonal change in topography may result in a 
more local lateral redistribution of groundwater and augment differences between wet 
and dry microsites. Spatial variation in peat volume change was mainly related to changes 
in aquifer thickness, and to a lesser extent also to larger vegetation units (microsites), 
with magnitude of peat volume change increasing from lawn < hollow < flark. 

As a consequence of the high spatial variability, the spatial representativeness of point 
scale simulation models including peat volume change is restricted to a range up to about 
40 m. This study provides empirical evidence of a link between large scale vegetation 
units and peat volume change, one of the mechanisms hypothesised to play an important 
role in hydrological self-regulation in northern peatlands.

Keywords: Peat volume change, compression, photogrammetry, northern peatland, 
Degerö Stormyr, groundwater table, spatial patterns, geostatistics
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4.1	 Introduction
Northern peatlands are wet ecosystems in which (partially) decomposed organic 
material (peat) has accumulated over thousands of years, making these ecosystems an 
important storage component in the global carbon cycle (Kleinen et al., 2012; Turunen 
et al., 2002; Yu, 2011). In these wetland ecosystems, the depth of the water table is a 
key factor controlling numerous biogeochemical processes, including greenhouse gas 
emissions, plant growth and competition, redox state, and water and energy partitioning 
(Blodau et al., 2004; Kettridge et al., 2015; Lafleur et al., 2005; Limpens et al., 2008; Nijp 
et al., 2014; Peichl et al., 2013; Waddington et al., 2015).

The distance between the groundwater table and peat surface (relative groundwater 
table; GWTR) is controlled by ecohydrological feedbacks, which generally result in 
a stabilization of GWTR and surface wetness (Belyea & Baird, 2006; Waddington et 
al., 2015). One of the feedbacks that stabilizes GWTR in northern peatlands is peat 
volume change in response to changes in ground water depth (Ivanov et al., 1981). 
Peat in northern peatlands generally consists of (partially) decomposed peatmosses 
(Sphagnum) (Rydin & Jeglum, 2013). The open pore structure and high compressibility 
of this fibrous material (Price et al., 2005; Waddington et al., 2010) enables expansion in 
wet periods and compression of the saturated peat matrix during dry spells. Dependent 
on peat type, the stabilizing effect of peat volume on GWTR can be considerable 
(~1 – 28 cm), and may e.g. reduce moisture stress for peatmosses and enhance methane 
emissions (Almendinger et al., 1986; Baden & Eggelsmann, 1964; Fritz et al., 2008; 
Roulet, 1991). Consequently, peat volume change is an essential process in northern 
peatlands, as it controls the hydrological functioning and associated biogeochemical 
processes in northern peatlands. 

From classical soil mechanics it follows that the peat volume change potential 
increases with larger peat compressibility and peat thickness (Almendinger et al., 1986; 
Schlotzhauer & Price, 1999), and that actual peat volume change is controlled by 
changes in mechanical effective stress (Terzaghi, 1943). In natural northern peatlands, 
changes of peat volume can be attributed mainly to compression of the saturated peat 
matrix (peat aquifer) (Kennedy & Price, 2005).

The overall development of northern peatlands is controlled by mutually dependent 
processes operating at various spatiotemporal scales (Ivanov et al., 1981; Waddington 
et al., 2015). As a consequence, alterations in local processes (e.g. plant community) 
induced by changes in external factors may affect larger scale (e.g. whole peatland) 
processes and vice versa (Belyea & Baird, 2006). Moreover, cross-scale feedbacks likely 
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result in self-organized spatial structures of vegetation, mechanical and hydrophysical 
properties, and of peat accumulation rates (Belyea & Baird, 2006; Belyea & Clymo, 
2001; Eppinga et al., 2009; Rydin, 1986). As direct controls on peat volume change 
(compressibility, peat thickness and changes in groundwater table depth) are indirectly 
affected by feedbacks at various spatiotemporal scales, it seems likely that also peat 
volume change is spatially structured at multiple spatial scales. Modifications in the 
spatial arrangement of northern peatlands caused by changes in external drivers can alter 
the hydrological and biogeochemical functioning of (Baird et al., 2013), which may non-
linearly feed back to the global climate (Belyea, 2009; Belyea & Baird, 2006). Especially 
considering the projected climate change and its global consequences (IPCC, 2013), 
it is essential to understand the spatial variability and structure of peat volume change. 

The vegetation of northern peatlands regularly forms easily recognizable units in 
vegetation composition and function (microsites), and is commonly classified in elevated 
dry hummocks, wet hollows, and lawns located in between (Andrus et al., 1983; Rydin 
& Jeglum, 2013). As peatland microsites may persist for centuries or even millennia 
(Hughes et al., 2000; Karofeld, 1998; Nungesser, 2003; van der Linden et al., 2008), 
the quality of the plant litter added to the peat surface will determine the hydrophysical 
characteristics of the peat matrix later formed (Belyea & Clymo, 2001). Previous 
studies suggest that the magnitude of peat volume change and peat compressibility is 
related to microsite and its associated characteristics such as bulk density, and degree of 
decomposition (Price et al., 2005; Waddington et al., 2010). Positive feedbacks between 
compressibility and plant species composition seem to occur, so that spatial variation of 
peat volume change can be related to present microsite distribution (Waddington et al., 
2010).

Spatially structured peat volume change patterns may furthermore arise from 
processes that affect the peat thickness and fluctuations in groundwater table. The 
local peat thickness is related to the alignment of the peatland in the landscape and 
peat accumulation and development over larger spatiotemporal scales (Belyea & Baird, 
2006). Besides rainfall and evapotranspiration, lateral flow constitutes a major part 
of the peatland water balance and therefore impacts groundwater table fluctuations 
and peat volume change (Kellner & Halldin, 2002; Peichl et al., 2013). Lateral water 
transport is controlled by the hydraulic gradient, hydraulic conductivity and aquifer 
thickness (Hillel, 2004; Ivanov et al., 1981). In turn, these properties are a function of 
larger-scale positional variables describing the regional flow and position of the peatland 
in the landscape (Grootjans et al., 1996; Ivanov et al., 1981; Kemmers, 1986). 

In summary, there are many processes operating at various spatiotemporal scales that 
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may affect the magnitude and spatial arrangement of peat volume change. Yet, little is 
known about the spatial structure of peat volume change and its spatial scale of patterning. 
Moreover, studies establishing links between peat volume change in northern peatlands 
and potential drivers are rare (Waddington et al., 2010). 

This study aims to 1) explore the spatial structure of peat volume change patterns 2) 
determine the effects of spatially variable peat volume change over the growing season 
on topography 3) determine whether peat volume change is related to a) vegetation 
composition, b) global position in the peatland and c) local geohydrological site factors. 
Due to the strong interrelations between microsite development and their hydrophysical 
characteristics (Belyea & Baird, 2006; Waddington et al., 2010), we hypothesize that 
vegetation composition and microsite identity are good predictors of peat volume 
change. Using photogrammetric processing of digital images taken along a transect in 
a natural peatland at multiple times throughout the growing season, we obtained high-
accuracy fine scale digital terrain models (0.5 m resolution). These digital terrain models 
allowed quantification of the spatial structure of peat surface elevation through time 
with geostatistical techniques, and relating it to vegetation composition, positional and 
geohydrological site factors.

4.2	 Methods

4.2.1	 Site description and climate
This research was performed in Degerö Stormyr, a natural, minerogenic, ombrotrophic 
mixed peatland complex located in northern Sweden (64N°19E°). The peat is underlain 
by acidic gneissic bedrock and glacial till material (Malmström, 1923), and ranges in 
thickness from 3 – 4 m, locally reaching up to 8 m. The climate is boreal (Peel et al., 
2007), with mean (1961 – 1990) annual mean temperature of +1.2°C and a total rainfall 
sum of 523 mm, of which 34% falls as snow (Alexandersson et al., 1991). The rainfall, 
potential evapotranspiration and temperature during the growing season (defined as the 
period from 15 May until 15 October) are estimated at 397 mm, 432 mm and 9.9°C 
(Nijp et al., 2015). 

4.2.2	 Data collection

4.2.2.1	 Fine scale peat volume change

Within the Degerö Stormyr peatland, we selected a 571 m long transect from the South-
western peatland margin to the North-eastern margin along an existing boardwalk. 
Peatland vegetation and surface elevation are highly sensitive to (compaction by) 
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treading, and the boardwalk provided an essential means to prevent disturbance of the 
peat surface. 

To estimate peat volume change, we created digital terrain models (DTMs) of the 
boardwalk transect at five points in the time (See Appendix 4.2 for dates and more 
details), in the period right after the snowmelt until the middle of the growing season 
(7th May – 12th July 2013). DTMs were constructed from high resolution top-view 
photographs with digital close-range photogrammetry. A Canon EOS 450D camera 
(4272 · 2848 pixels) with a Canon EFS 18-55 mm F/3.5-5.6 lens was attached on a 7 m 
long stereoscopic rod. The ISO was set at 200 and the exposure time at 1/160 seconds. 
The focal length of the lens was fixed at 23 mm. To adequately capture the peat surface 
elevation, overlap of images was 90% and about 2700 photographs were taken per date, 
6 m above the peat surface in angles varying from approximately -15 – +15°. For further 
details on the procedure of deriving a DTM from the photographs see Section 4.2.3.1. 
The maximum amplitude of peat volume change during the period was quantified by 
subtracting the DTM with highest mean surface elevation from the DTM with lowest 
mean surface elevation. 

4.2.2.2	 Ground survey

To georeference the constructed DTMs twenty-two ground control points were 
established by installing iron tubes into the underlying mineral glacial deposits. The iron 
tubes were covered with protective paint to prevent toxic effects of iron on peatmoss 
(Tyler, 1990) and were placed approximately every 35 m along the transect. The 
coordinates of the ground control points were determined using a combination of a 
Total Station and dGPS with a vertical accuracy of ± 7 mm. The ground control points 
were also used to validate peat surface elevation change in the area surrounding the tube, 
by measuring the distance between the top of the tube and the peat surface.

Table 4.1. Overview of variables that may explain peat volume change. Variables are defined for 
factors of which variations throughout the growing season may be considerable, while parameters 
are variables assumed to be constant throughout the growing season.

Fine spatiotemporal scale 
(Variables)

Coarse spatiotemporal scale
(Parameters)

Change in absolute groundwater table * Position in peatland
•  Altitude
•  Distances from peatland margin
•  Initial peat thickness

Hydraulic conductivity Vegetation composition

*  �Absolute groundwater table is defined as the distance between the groundwater table and a fixed 
datum 
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4.2.2.3	 Explanatory variables

We distinguished two categories of explanatory variables, based on their spatiotemporal 
variability over the study period (Table 4.1). All information on explanatory variables 
was obtained at the positions of the groundwater wells (Fig. 4.1), at dates that images 
were collected.

Geohydrology
Twenty-eight groundwater wells were placed equidistantly along the transect to 
estimate the depth of the groundwater table relative to the peat surface (GWTR; cm) 
and to estimate the horizontal saturated hydraulic conductivity (KS; cm d-1). The wells 
consisted of cylindrical closed-bottom polyvinylchloride tubes (inner radius = 1.8 cm) 
with the filter located 20 – 40 cm below the peat surface (Appendix 4.1). The filter of the 
groundwater well (length 20 cm) was constructed by covering a perforated section (area 
of perforation 30%; hole diameter of 0.8 cm) with a filter cloth. The filter cloth was used 
to prevent clogging of the groundwater well with peat. The bottom of the groundwater 
well extended 10 cm below the filter to improve stability, and was closed with a water-
tight cap. Groundwater table with respect to the peatmoss surface (GWTR; m) was 
measured with a ruler at dates coinciding with image collection.

The saturated hydraulic conductivity of the 20 – 40 cm deep peat layer was estimated 
in-situ using slug tests. In slug tests, a volume of water (slug) is quickly poured into the 
groundwater wells, which generates a hydraulic head difference and induces flow from 
the groundwater well into the peat matrix. By measuring the change in the water level 
in the groundwater well over time K s can be estimated (See Section 4.2.3.3). The water 
level in the groundwater wells was measured using groundwater level loggers (Diver 
type DI220, Van Essen Instruments, Delft, The Netherlands). As water chemistry affects 
saturated hydraulic conductivity estimates (Kettridge & Binley, 2010), the slug-water 
(100 mL) was collected from a pool in the peatland to match bog water quality. 

Peat thickness (PT; m), defined as the distance between the peatmoss surface and 
the peat to mineral interface, was measured in the first week of May 2013 by manually 
pushing an extendable metal rod (diameter 2 cm) in peat. Generally a distinct grinding 
sound of sand against metal confirmed the depth of the peat to mineral interface.

The groundwater table relative to a fixed datum (SWEREF 99 coordinate system, zone 
20° 15′), referred to as the absolute groundwater table (GWTA), was measured in the 
first week of May at all groundwater well locations. Changes in absolute groundwater 
table drive peat volume change, and were calculated from changes in GWTR and surface 
elevation inferred from DTMs.
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Positional factors
The positioning of sites within the peatland may be an important factor controlling 
peat volume change, and may be an overall descriptor of peat thickness and water 
flow (Ingram, 1982; Ivanov et al., 1981). This position is described with the Euclidian 
distance to the closest peat-forest border, the Euclidian distance to the southwest peat-
forest border, and initial peat surface elevation above sea level, which were all derived 
from the ground survey data.

Vegetation 
The abundance of vascular plant and bryophyte species was observed as percentage 
cover in 50 · 50 cm vegetation relevés placed around the 28 groundwater wells in the end 
of May 2013. Liverwort cover was classified in living and dead. Also the cover of dead 
plant material and bare peat was recorded.

4.2.2.4	 Temporal variability of peat volume change

Temporal variation of peat surface elevation was also monitored at the peatland centre to 
verify overall peat volume change patterns detected with photogrammetry (See Fig. 4.1a 
for location) with a magnetostrictive linear position sensor (MTS Linear Position 
Sensor Type CM250AVH2, MTS Sensor Technologie, Lüdenscheid, Germany). The 
position sensor was mounted on a frame between two iron tubes that were installed 
into the underlying mineral soil, providing a fixed height reference to which peat surface 
elevation changes could be referenced (See Appendix 5.2 for details). A light-weight 
PVC construction with a thin plate resting on the peat surface attached to a PVC stick 
with a magnet on top was used. With changing peat surface, this stick moved along the 
position sensor rod, adjusting the distance between the magnet and magnetostrictive 
element of the position sensor. This distance was recorded with 30 minute intervals and 
logged with a CR1000 data logger (Campbell Scientific, Logan, UT, US).

4.2.2.5	 Meteorology and groundwater table

Rainfall was measured with a tipping bucket rain gauge (ARG 100, Campbell, 
Scientific, Logan, Utah, USA, 0.2 mm resolution) about 5 m from the peat volume 
change measurements. The tipping bucket records were corrected for a 10% systematic 
underestimation of rain amount following Eriksson (1983) in Nilsson et al. (2008). 
Hourly potential evapotranspiration rates were estimated from air temperature, wind 
speed, net radiation and relative humidity following FAO standards (Allen et al., 2006; 
Allen et al., 1998). To determine the drought status from a meteorological perspective 
we calculated the cumulative potential rainfall surplus subtracting daily potential 
evapotranspiration from daily rainfall (rainfall surplus), and adding this value to the 
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rainfall surplus of the previous day. A half-hourly time series of GWTR was obtained 
with a float- and counterweight system attached to a potentiometer (Roulet, 1991) in a 
lawn microsite at about 200 m distance from the centre of the transect.
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Figure 4.1. Time series of (a) peat surface position at the peatland centre, (b) groundwater 
table relative to peat surface, (c) cumulative rainfall surplus, and (d) rainfall and potential 
evapotranspiration (PET) during the measurement period. Peat surface position is measured 
with a linear position sensor in the centre of the peatland; the y-axis represents the surface position 
relative to the first observation. Dates of transect measurements are presented with points in 4.1a. 
Rainfall, potential evapotranspiration, and cumulative rainfall surplus are daily sums. Potential 
evapotranspiration is calculated following FAO standards (Allen et al., 1998).
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4.2.3	 Data analysis

4.2.3.1	 From images to peat volume change

Constructing digital terrain models
Digital terrain models (DTMs) were created for all measurement dates using a 
Structure-from-Motion algorithm ( Jebara et al., 1999) implemented in Photoscan 
v1.1.2 Professional Edition (Agisoft LCC, St. Petersburg, Russia). Using multiple images 
taken from different viewpoints and having large overlap, the 3D structure of the terrain 
can be reconstructed. First, a sparse point cloud was constructed by aligning the images 
with high accuracy, generic point selection, keypoint limit at 40000 and tie point limit 
at 1000. Misaligned images were manually realigned or removed if realignment was not 
successful. Next, to georeference the point cloud and remove non-linear distortions in 
the constructed peat surface, camera calibration parameters and point coordinates were 
optimized by comparing observed coordinates of the ground control tubes obtained 
with the ground survey with simulated coordinates. See Appendix 4.2 for detailed 
information on the constructed sparse point clouds.

The point clouds included points detected on vascular vegetation, which do not represent 
the peat surface and were removed with the following procedure. First, isolated point 
clusters consisting of 5 or fewer points were removed if the vertical position was farther 
than 0.25 m apart from the main point structure using a noise reduction filter within LAS 
Tools (version 150406, Rapidlasso GmbH, Gilching, Germany). Since a few points were 
detected on the moving vegetation, we used LAS Tools to extract the peat surface points 
with a variant of the triangular irregular network refinement algorithm (See Axelsson 
(2000) for details). As subtle hummocky features were expected, the setting ultra_fine 
was used with a step size of 3 m (wilderness) in the lasground_new tool to obtain ground 
points only. A sensitivity analysis indicated that the exact parameter settings of the noise 
and vegetation removal algorithms had negligible impact on DTM quality (data not 
shown). Next, to further prevent vascular plants from biasing peat surface estimates, 
the lowest surface point in a regular 0.5 · 0.5 m grid was extracted from the sparse 
point cloud and used as peat surface proxy for each grid cell. To eliminate the effect of 
boardwalks, measurement equipment and edge artefacts introduced during the point 
cloud generation process, only elevation data farther than 1 m apart from such objects 
was used in further analyses, resulting in an area of 0.16 ha suitable for analysis. Finally, 
the amplitude of peat volume change during the measurement period was estimated by 
subtracting the elevation of the second point in time (wet) from the last (fifth) point in 
time (dry) for all intersecting grid cells. 
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DTM validation
The quality of the generated DTMs was assessed in three ways. A first estimate of the 
quality was obtained by comparing the difference between the projected and measured 
coordinates at the ground control points (i.e. top of tubes installed in mineral soil) after 
the photogrammetric processing. The mean vertical error at the ground control points 
was 6.5 mm, averaged over the five datasets. Second, manual measurements of the 
vertical position of the peat surface at the ground control points were compared to the 
values produced at the closest grid cell value of the final DTM. 

The peat surface position was on average underestimated by 2.6 mm, while the 
mismatch with observations ranged between -24 and +3 mm (25th – 75th percentile; 
Appendix 4.2). The mean difference (root mean square error) between manual and 
photogrammetric peat elevation estimates was 22 mm. This difference includes the 
manual measurement error of the distance between peat surface and top of reference 
tube. The tendency towards lower numbers is likely due to the treatment of selecting the 
minimal value per grid cell, of which the location does not necessarily correspond to the 
manual measurement at the ground control points. Third, to determine how proximity 
to ground control points impacts the quality of the DTMs, we sequentially removed 
ground control points closest to a ground control point in the centre of the transect 
(Appendix 4.2). This test demonstrated that at the mean separation distance from a 
ground control point along the transect (35 m), the vertical error may be maximally 
7 mm. The distance between ground control points was thus appropriately chosen. 
Visual comparison of point clouds before and after vegetation removal indicated that 
points detected on vascular vegetation were successfully removed.

4.2.3.2	 Spatial analysis of peat volume change patterns

We derived measures of the spatial structure of peat volume change using variograms to 
quantify the degree of spatial dependence ( Journel & Huijbregts, 1978; Webster & Oliver, 
2007). The motivation of using variograms is that for spatially structured environmental 
variables, the spatial autocorrelation of this variable decreases with increasing separation 
distance, so that the variance increases with separation distance. The separation distance 
at which the autocorrelation becomes negligible (r < 0.05) and the variance stabilizes 
is referred to as the correlation range (CR). The CR marks the distance of spatial 
dependence and is a measure of patch size (Webster & Oliver, 2007). Consistent with 
geostatistical terminology we refer to sill (C+C0) as the asymptotic value of the variance, 
which provides a measure of variability (range of values) encountered along the transect. 
Due to random noise, measurement error, and variability occurring at distances smaller 
than the separation distance, an additional constant random component may added to 
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the variogram, referred to as nugget variance (C0). The spatially structured component 
is referred to as the partial sill (C) (See Appendix 4.3 for details). To identify whether 
peat volume change was predominantly spatially structured or randomly distributed, we 
calculated the relative structural variance, expressed as C/(C+C0 ) (Cirkel et al., 2014). 

A spatial peat volume change dataset was constructed by subtracting the second 
(wettest; May 13th) gridded peat surface elevation dataset from the fifth dataset (dry; 
July 12th). Because variogram calculations are particularly sensitive to outliers (Rossi et 
al., 1992; Webster & Oliver, 2007), we removed surface elevation outliers (defined as 
values smaller than Q 25 – 1.5 · IQR or larger than Q 75 + 1.5 · IQR, where Q 25 and Q 75 are 
the 25th and 75th quantile and IQR the inter-quartile range sensu Hoaglin et al. (1986)). 
Next, to meet the requirement of second order stationarity (i.e. mean and variance do 
not change in space), we removed the systematic trend with a second order polynomial 
trend surface. Including higher order polynomial terms in the trend surface did not 
significantly improve the polynomial trend surface model fit. Spherical, Exponential, and 
Gaussian theoretical variogram models were fitted through the trend-removed residuals 
using a weighed non-linear least squares algorithm with the gstat package (Pebesma, 
2004) in R v3.1.0 (R Core Team, 2014). Linear combinations of up to three variograms 
models were also tested because empirical variograms indicated multiple spatial scales 
were present (See Appendix 4.3 for details). The Akaike Information Criterion (AIC; 
Akaike, 1973) was used to select the model describing the spatial structure best with 
least parameters. In the case of combined variograms, multiple CRs and partial sills 
were distinguished. Absolute goodness of fit of the variograms was assessed with the 
Willmott’s index of agreement (Willmott et al., 1985).

To determine whether differences in elevation became more pronounced in drier 
conditions, resulting in smaller patches and larger vertical variability, we also constructed 
variograms of peat surface elevation for all dates. The practical correlation range was 
used as a measure for patch size; the sill was used as a measure for elevation variability. 
Both variables were related to the mean absolute groundwater table at that point in time 
as proxy for drought status of the peatland system.

4.2.3.3	 Hydraulic conductivity

The horizontal saturated hydraulic conductivity (Ks; m d-1) of the peat layer 
20 – 40 cm below the peat surface was estimated with the Bouwer-Rice slug test for 
partially penetrating wells in unconfined aquifer systems (Bouwer & Rice, 1976). The 
Ks was calculated from the decline of the water level in the groundwater well using a 
modified Thiem equation and by accounting for the geometry of the flow system (filter 
length and radius, installation depth and aquifer thickness) using a shape factor. We 
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employed the closed-form analytical expression for the shape factor by Zlotnik et al. 
(2010) because the empirically derived shape factor provided in Bouwer & Rice (1976) 
may result in an 30% underestimation of Ks for the groundwater well configuration 
presented in this study (See Appendix 4.1 for an R implementation of this shape factor). 
The Bouwer-Rice evaluation of slug tests assumes that elastic water storage due to peat 
volume change can be neglected. Even though peat is highly elastic (Schlotzhauer & 
Price, 1999; Waddington et al., 2015), its impact on estimated Ks is only minimal due 
to the small filter length : radius ratio of the wells used in this study (Hyder & Butler, 
1995). 

4.2.3.4	 Vegetation: Correspondence analysis and clustering

Multivariate correspondence analyses were used to determine whether vegetation 
composition is related to the magnitude of peat volume change and other environment 
variables. First, to explore which environmental variables could explain vegetation 
composition, an indirect ordination was employed. The gradient length was 2.7 standard 
deviations, suggesting that the vegetation responses are linear along the ordination axes 
and a principal component analysis (PCA) is most appropriate (ter Braak & Šmilauer, 
2012). The effect of peat volume change on vegetation composition was quantified and 
tested with an unrestricted Monte Carlo Permutation Test (999 permutations). Missing 
values of aquifer thickness (missing n = 4) were replaced by distance weighed values of 
the two nearest points in case no ground control point observation was less than 2 m 
distant. Correspondence analyses were performed with the CANOCO software (v5.0; 
Biometris, Plant Research International, Wageningen, The Netherlands; ter Braak & 
Šmilauer (2012)). 

To classify the vegetation relevés in coarser-scale microsites we used hierarchical 
agglomerative clustering with Euclidian distance as distance measure and Ward’s 
minimum variance method as clustering algorithm using the pvclust package in R 
(Suzuki & Shimodaira, 2006). A multi-scale non-parametric bootstrapping resampling 
procedure (10000 bootstrap replications) was performed to estimate the uncertainty 
of the hierarchical clustering (Suzuki & Shimodaira, 2006). This test indicated that 
maximally six clusters are significantly distinct (P = 0.05). Four clusters were merged 
into two because no important differences in vegetation composition were apparent.

In all analyses the raw untransformed vegetation cover (%) was used as in contrast to 
presence-absence data, abundance information may be of additional value for small 
spatial extents with low species turnover rates (as indicated by the small gradient length 
of 2.7 SD) (Wilson, 2012).
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4.3	 Results

4.3.1	 Description of the transect
The peat surface along the transect slightly sloped downward in North-easterly direction 
with a mean gradient of 0.0012 m m-1 (Fig. 4.2b). The interface between peat and 
mineral soil is highly undulating and results in a heterogeneous peat (and hence aquifer) 
thickness throughout the peatland, which is not related to the closest distance from 
a peat-forest margin (linear regression; R2 = 0.07; P = 0.04) or the distance from the 
South-western margin (linear regression; R2 = 0.003; P = 0.72). 

Figure 4.2. (a) Peat volume change along the transect during the period 16th May – 12th July. 
Negative values represent compression, positive values expansion. Grey points represent peat volume 
change obtained by digital photogrammetry in a 2 m wide area along the transect, black diamonds 
represent ground control tube positions. (b) Cross-section of the transect from Southwest (left) to 
Northeast (right). Dark grey is peat, pale grey is mineral soil. The groundwater well locations are 
presented with dots and lines are rough interpolations of peat depth and peat surface; the arrow 
indicates the position at which the peat volume change time series was obtained (Fig. 4.1a). The 
symbols on top represent by the four microsites: flarks ( ); hollows ( ); lawns with high abundance 
of Vaccinium oxycoccos ( ); and lawns ( ).
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Four microsites were distinguished on the basis of the hierarchical cluster analysis. 
The first microsite consisted of flarks (sensu Sjörs, 1948), characterized by dead and 
living liverworts (mainly Gymnocolia inflata and Cladopodiella fluitans), Trichophorum 
cespitosum and Sphagnum papillosum (Fig. 4.1). The second class represents a hollow 
vegetation, represented by the species Sphagnum majus and Scheuchzeria palustris. The 
two remaining classes were characterized by lawn vegetation with high abundance of 
Sphagnum balticum, Eriophorum angustifolium and Andromeda polifolia, with a high cover 
of Vaccinium oxycoccos differentiating the two lawn communities. 

4.3.2	 Temporal patterns of peat volume change
Peat surface elevation decreased over the study period (Fig. 4.1a) and generally followed 
the changes in the water balance as expressed by the groundwater table relative to the 
peat surface (Fig. 4.1b) and the cumulative potential rainfall surplus (Fig. 4.1c). The 
total rainfall amount during the measurement period (224 mm in the period May – 
July) was representative for the longer term average (Nijp et al., 2015). From 15th of 
May until June 1st a warm and dry period with mean temperature of 15.5°C (long-term 
average May temperature is 7.5°C) and only 2 mm of rainfall resulted in high potential 
evapotranspiration rates and a rapidly increasing cumulative potential rainfall deficit 
(i.e. rainfall deficit that would have occurred if evapotranspiration is at its potential rate; 
Fig. 4.1c,d). As a consequence of this dry period, the peat surface at the centre of the 
peatland dropped with nearly 8 cm. 

4.3.3	 Spatial patterns of peat volume change
Changes in peat surface elevation along the transect were highly variable in space 
(Fig. 4.2b). The mean change in peat volume between the wettest (13th May, 2013) and 
driest (12th July, 2013) point in time was -31 mm (median), with values ranging from 
+12 to  -62 mm (5th and 95th quantiles). The relative structural variance (See Section 
4.2.3.2) was 74%, indicating that most of the spatial variation in peat volume change 
can be attributed to spatially structured processes rather than to random processes. A 
combined Exponential-Gaussian variogram model described the spatial structure of 
peat volume change best with least parameters, suggesting two spatial scales of patterning 
(Appendix 4.3). The two spatial scales of patterning were 3.4 ± 0.8 m (short-range; mean 
correlation range ± standard error) and 40.8 ± 0.6 m (long-range). Even though the 
combined variogram model certainly had the best fit, the short-range model was not 
significant (P = 0.16) and the long-range (Gaussian) model component explained most 
(78%) of the spatially structured variation in peat volume change. Spatial patterns in 
peat volume change were thus best described at a spatial scale of 40.8 m.
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4.3.4	 Spatiotemporal changes in topography
Spatial patterns in peat surface elevation at the five points in time emerged at a short-
range (3.68 ± 0.22 m (± SD)) and long-range (121 ± 22 m). Surface topography was 
clearly spatially structured, as the short-range and long-range patterns explained 20% 
and 73% of the spatial variation in peat surface elevation, leaving only 7% random 
spatial variation. With deeper (i.e. more negative) space-averaged absolute water 
tables, the patch size and vertical variability of peat surface elevation decreased and 
increased significantly for the long-range spatial pattern of surface elevation (Fig. 4.3). 
This indicates that surface elevation differences became more pronounced with drier 
conditions (i.e. later in the growing season) and that peat volume change becomes more 
local with deeper absolute groundwater table. The variogram parameters of the short-
range surface elevation pattern do not differ among absolute groundwater tables and was 
therefore excluded from the analyses.

4.3.5	 Variables correlated to peat volume change 

4.3.5.1	 Positional and geohydrological factors

The spatial patterns in peat volume change were most importantly related to changes 
of absolute groundwater table (aquifer thickness), with larger change in absolute 

Figure 4.3. Relation between absolute groundwater table depth (GWTA) and peat surface 
position patch size (a), and peat surface position vertical variability (b). The x-axis variable is 
GWTA relative to the first observation averaged over the 28 observations, for each point in time. 
Patch size and variability of surface elevation are represented by the fitted practical correlation 
range and partial sills, obtained with a combined Exponential-Gaussian variogram model fitted 
on the digital terrain model data (See Section 4.2.3.2). The goodness of fit and significance of the 
linear regression models are provided only for the long-range variogram components because patch 
size and vertical variability did not vary significantly with absolute water tables for the short-range 
variogram components. Error bars represent one standard error.
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to the first observation averaged over the 28 observations, for each point in time. Patch size and 
variability of surface elevation are represented by the fitted practical correlation range and partial 
sills, obtained with a combined Exponential-Gaussian variogram model fitted on the digital terrain 
model data (See Section 4.2.3.2). The goodness of fit and significance of the linear regression models 
are provided only for the long-range variogram components because patch size and vertical 
variability did not vary significantly with absolute water tables for the short-range variogram 
components. Error bars represent one standard error. 

4.3.5 Variables correlated to peat volume change  

4.3.5.1   Positional and geohydrological factors 
The spatial patterns in peat volume change were most importantly related to changes of absolute 
groundwater table (aquifer thickness), with larger change in absolute groundwater table resulting in 
larger peat volume change (Table 4.2; Fig. 4.4). Peat thickness, hydraulic conductivity (See 
Appendix 4.1) and distance to the (closest) peat-forest margin were not related to changes in peat 
surface elevation. Peat volume change stabilized the distance between the peat surface and GWTR, 
buffering on average 26% and maximally 84% of the space averaged GWTA decline of 9 cm. Spatial 
variation in decline of GWTA through time was unrelated to the position in peatland, as expressed by 
surface elevation and distance from the peat-forest margin (Table 4.2). 
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groundwater table resulting in larger peat volume change (Table 4.2; Fig. 4.4). Peat 
thickness, hydraulic conductivity (See Appendix 4.1) and distance to the (closest) peat-
forest margin were not related to changes in peat surface elevation. Peat volume change 
stabilized the distance between the peat surface and GWTR, buffering on average 26% 
and maximally 84% of the space averaged GWTA decline of 9 cm. Spatial variation in 
decline of GWTA through time was unrelated to the position in peatland, as expressed 
by surface elevation and distance from the peat-forest margin (Table 4.2). 

Locations in the peatland with large compression corresponded to sites with shallow July 
GWTR (Table 4.2). The decline of GWTR throughout the growing season was largest for 
sites with deep July GWTR (Table 4.2), illustrating that dry sites became drier and that 
spatial heterogeneity in the dominant habitat condition explaining spatial variation in 
plant species composition increases (Fig. 4.6). This is consistent with the analyses on the 
spatial structure of topography, which indicated that patchiness and variability of peat 
surface elevation increased with drier conditions (Fig. 4.3).

4.3.5.2	 Vegetation

Microsite level
The magnitude of peat volume change differed among the four microsites, with flarks 
having 90% larger shrinkage than the lawn microsites (Fig. 4.5a). Although substantial, 
these differences were not statistically significant (ANOVA; F = 0.71, P = 0.55). The 
four microsites as established by the cluster analysis were mainly separated along the 
groundwater table gradient (Fig. 4.6), with hollows and flarks prevailing at sites with 
shallower GWTR (ANOVA; F = 6.1, P < 0.001) (Fig. 4.5b).

Figure 4.4. Relation between changes in 
absolute groundwater table (i.e. aquifer 
thickness) and peat surface elevation over 
the period 13 May – 12 July. Negative 
peat volume change values indicate 
compression, positive values expansion 
of the saturated peat matrix. The 
regression line represents the equation 
∆z = –0.55 ∙ ∆GWTA – 0.022. Fitted 
parameters were significant (P < 0.05) 
and the goodness of fit is 0.51 (R2

adj ).
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Species level
Peat volume change explained 7.3% (R2) of the total variation in plant species 
composition, and its effect was not significant (Monte Carlo Permutation test; F = 2.0, 
P = 0.13). The groundwater table relative to the peat surface (GWTR) in July explained 
30.5% (F = 11.4; P < 0.01) of the total variation in plant species composition and was the 
main explanatory factor for spatial variation in vegetation composition along the transect 
(Fig. 4.6). Due to the collinearity of GWTR in July with change in relative groundwater 
table (ΔGWTR), peat volume change, distance from the peat-forest border, and surface 
elevation, the effect can however not be fully separated from these factors (Table 4.2).

Table 4.2. Spearman Rank-Order correlation coefficients between peat volume change (Δz), 
positional and geohydrological variables, and its relation to (changes in) groundwater table relative 
to peat surface (GWTR). Significant correlations (P < 0.05) are indicated in bold. 

Positional and geohydrological factors Relative groundwater table
Elevation DB DB SW PT KS ΔGWTA GWTR May GWTR July ΔGWTR

Δz -0.32 0.13 0.37 0.03 -0.25 -0.73 0.01 0.41 0.46

Elevation -0.29 -0.99 -0.29 -0.13 -0.06 0.03 -0.44 -0.46

DB 0.15 0.35 0.24 -0.03 -0.20 -0.08 -0.07

DB SW 0.10 -0.08 0.08 0.00 0.54 0.57

PT 0.58 -0.09 -0.37 -0.32 -0.16

KS -0.08 -0.07 -0.21 -0.24

ΔGWTA -0.12 0.01 0.12

GWTR May 0.38 -0.01

GWTR July 0.87

Δz Peat volume change (more shrinkage = larger positive value); cm

Elevation Peat surface elevation with respect to sea level (m.a.s.l)

DB Euclidian distance to South-western peat-forest border (m)

DB SW Euclidian distance to closest peat-forest border (m)

PT Initial peat thickness; distance between peat surface and mineral soil (m)

KS Saturated hydraulic conductivity (m d-1)

ΔGWTA Change in absolute water level between May 13th and July 12th; more negative values 
indicate larger decline in absolute water level. Equals change in aquifer thickness.

GWTR May Groundwater table relative to peat surface on May 13th (cm; negative if below peat 
surface)

GWTR July Groundwater table relative to peat surface on July 12th (cm; negative if below peat 
surface)

ΔGWTR GWTR May – GWTR July (cm; more negative values indicate larger water level 
decline)
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Despite the lack of a direct relation between peat volume change and overall vegetation 
composition, the magnitude of peat volume change was related to abundance of 
individual species. Drosera rotundifolia was indicative for sites with large peat surface 
position fluctuations (Spearman correlation coefficient ρ = 0.50; P < 0.05). Plant 
species indicative for a low magnitude of peat volume change were Vaccinium uliginosum 
(ρ =  0.44; P < 0.05) and Eriophorum vaginatum (ρ =  0.39; P < 0.05). Trichophorum 
cespitosum (ρ = 0.33; P < 0.1) and Sphagnum balticum (ρ =  0.33; P < 0.1) were also 
suggestive of large and small peat volume change magnitude.

4.4	 Discussion

4.4.1	 Spatial structure of peat volume change patterns
This is, to our knowledge, the first analysis of the fine scale spatial structure of peat volume 
change patterns within a peatland. In Degerö Stormyr, the northern peatland complex 
studied, spatial patterns in peat volume change have a spatial scale of 40.8 ± 0.6 m 
(± SE). The magnitude of peat volume change observed in the studied peatland (up to 
6.2 cm, from start – middle growing season) is in the range found for other Sphagnum 
dominated ombrotrophic peatland systems in the boreal and temperate zone, generally 
ranging between 2 – 11 cm (Almendinger et al., 1986; Baden & Eggelsmann, 1964; 
Price, 2003; Schlotzhauer & Price, 1999; Schothorst, 1977; Uhden, 1967; Whittington 
et al., 2007). 

The result that spatial peat volume change patterns emerge at a spatial scale of about 40 m 
indicates that peatland simulation models assuming horizontally uniform peat volume 
change are representative for a limited area only. Instead, peatland models simulating 
water flow should include spatially explicit peat volume change. Berne et al. (2004) 
and Schilling (1991) suggest the measurement resolution for autocorrelated data to be 
3 – 4 times smaller than the scale of pattern formation to adequately capture the spatial 
process. Rendering this recommendation in a modelling framework, as rule of thumb 
a grid resolution of about 12 – 15 m is required in spatially explicit peatland hydrology 
models to capture the peat volume change (Chapter 5, Kennedy & Price, 2004) for 
peatland systems comparable to Degerö Stormyr. Given the strong correlation between 
peat volume change and groundwater dynamics (Table 4.2), this recommendation is 
also applicable for groundwater flow simulations in general.

Our results demonstrate that digital photogrammetry is an accurate and cost-effective 
alternative for airborne LiDAR campaigns (Korpela et al., 2009; Lode & Leivits, 2011). 
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Despite the lack of a direct relation between peat volume change and overall vegetation composition, 
the magnitude of peat volume change was related to abundance of individual species. Drosera 
rotundifolia was indicative for sites with large peat surface position fluctuations (Spearman correlation 
coefficient ρ = 0.50; P < 0.05). Plant species indicative for a low magnitude of peat volume change 
were Vaccinium uliginosum (ρ = -0.44; P < 0.05) and Eriophorum vaginatum (ρ = -0.39; P < 0.05). 
Trichophorum cespitosum (ρ = 0.33; P < 0.1) and Sphagnum balticum (ρ = -0.33; P < 0.1) were also 
suggestive of large and small peat volume change magnitude. 

4.4 Discussion 
4.4.1 Spatial structure of peat volume change patterns 
This is, to our knowledge, the first analysis of the fine scale spatial structure of peat volume change 
patterns within a peatland. In Degerö Stormyr, the northern peatland complex studied, spatial patterns 
in peat volume change have a spatial scale of 40.8 ± 0.6 m (± SE). The magnitude of peat volume 
change observed in the studied peatland (up to 6.2 cm, from start – middle growing season) is in the 
range found for other Sphagnum dominated ombrotrophic peatland systems in the boreal and 
temperate zone, generally ranging between 2 – 11 cm (Almendinger et al., 1986; Baden & 
Eggelsmann, 1964; Price, 2003; Schlotzhauer & Price, 1999; Schothorst, 1977; Uhden, 1967; 
Whittington et al., 2007).  

The result that spatial peat volume change patterns emerge at a spatial scale of about 40 m indicates 
that peatland simulation models assuming horizontally uniform peat volume change are representative 
for a limited area only. Instead, peatland models simulating water flow should include spatially 
explicit peat volume change. Berne et al. (2004) and Schilling (1991) suggest the measurement 
resolution for autocorrelated data to be 3 – 4 times smaller than the scale of pattern formation to 
adequately capture the spatial process. Rendering this recommendation in a modelling framework, as 
rule of thumb a grid resolution of about 12 – 15 m is required in spatially explicit peatland hydrology 
models to capture the peat volume change (Chapter 5, Kennedy & Price, 2004) for peatland systems  

Figure 4.5. Mean magnitude of peat volume change per microsite between 13th May – 12th July (a) 
and mean groundwater table relative to peat surface per microsite (b). Significant subgroups groups 
are presented with letters; ns = not significant (P > 0.05). P values are corrected following Benjamini 
& Hochberg (1995). Error bars represent standard errors and numbers the number of replicates per 
microsite. 
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The mean difference between manual and photogrammetrically derived peat surface 
elevation is 0.02 m. This difference, however, includes both an inaccuracy related to 
manual peat surface elevation measurements and a position offset due to the selection 
of the minimum elevation value per grid cell. In a few regions peat expansion occurred, 
instead of compression (Fig. 4.2). It may be that, despite our efforts to remove all 
vegetation data points, vegetation was not completely removed from the point clouds, 
which may have biased peat surface observations with large vegetation cover. This 
seems unlikely, however, because the vegetation relevés indicate that vascular plant 
cover is relatively low at locations with peat expansion. An alternative explanation is 
the accumulation of methane, which may considerably increase peat surface position by 
enhancing peat buoyancy (Glaser et al., 2004; Smolders et al., 2002; Strack et al., 2006).

4.4.2	� Relations between peat volume change and 
environmental factors

In accordance with studies indicating the importance of groundwater table for temporal 
surface elevation changes (Fritz et al., 2008; Price, 2003; Roulet, 1991), we found that 
spatial variation in the change of absolute groundwater table through time was the key 

Figure 4.5. Mean magnitude of peat volume change per microsite between 13th May – 12th July 
(a) and mean groundwater table relative to peat surface per microsite (b). Significant subgroups 
groups are presented with letters; ns = not significant (P > 0.05). P values are corrected following 
Benjamini & Hochberg (1995). Error bars represent standard errors and numbers the number of 
replicates per microsite.
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factor related to spatial variability of peat volume change (Fig. 4.4; Table 4.2). This is also 
supported by the fact that the change in spatial structure of topography was related to 
changes in absolute groundwater table (Fig. 4.3). Variograms of absolute groundwater 
table at all points in time seem to confirm that the spatial scale of patterning of absolute 
groundwater tables (86 ± 40 m [± SD]; not shown) corresponds approximately to that of 
topography (90 – 140 m; Appendix 4.3). The variograms of absolute groundwater table 
are, however, based on a too small sample size ( Journel & Huijbregts, 1978; Webster & 
Oliver, 2007) with large distances between groundwater wells, and are therefore only 
indicative.

Spatial variability of changes in absolute groundwater table (ΔGWTA) may arise 
from spatial differences in local water balance components, which comprises rainfall, 
evapotranspiration, and lateral groundwater flow. As spatial coverage of rain events is 
larger than square-kilometres (Ciach & Krajewski, 2006; Rakovec et al., 2012), rainfall 
can be assumed to be uniform within the peatland. Evapotranspiration rates may vary 

Figure 4.6. Ordination diagrams (PCA) of the two first ordination axes, showing variation in 
vegetation composition. Plant species are indicated with triangles, environmental variables with 
arrows. See Table 4.2 for acronyms. The four identified microsites are shown with the envelopes: 
flarks (black); hollows (green); lawn with high abundance of Vaccinium oxycoccos (orange); and 
lawn (red).
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with vegetation type (Heijmans et al., 2001; Limpens et al., 2014a), so that spatial 
variability in ΔGWTA could potentially result from differential evaporative water 
losses. However, as ΔGWTA was not related to vegetation composition (Fig. 4.6) nor to 
microsite distribution (ANOVA; F = 0.229, df = 3, P = 0.87; R2 = 0.035), it seems unlikely 
that spatial variability in ΔGWTA is caused by spatially variable evapotranspiration rates. 
It thus seems logical that spatial variability in ΔGWTA is a result of lateral redistribution 
of groundwater.

The rate and direction of lateral groundwater flow is dependent on the position within 
the peatland and surrounding landscape (Grootjans et al., 1996; Ivanov et al., 1981; 
Kemmers, 1986). In contrast, we found no evidence that the position in the peatland, 
as described by distance to the (closest) peat-forest margin, peat thickness, hydraulic 
conductivity, or altitude, was related to peat volume change (Table 4.2). As sites with 
larger peat thickness provide a larger expandable medium, we anticipated that peat 
volume change was positively correlated with peat thickness as was also hypothesized 
by Almendinger et al. (1986). However, our results indicate that peat thickness was 
uncorrelated with peat volume change (Table 4.2), which is in accordance with 
observations by Fritz et al. (2008). A probable reason is that, due to the increase of 
bulk density and degree of decomposition with depth or peat age (Boelter, 1969; 
Loisel et al., 2014; Päivänen, 1982), most peat volume change is restricted to the upper, 
less decomposed stratums (~ top 50 cm (Price, 2003; Waddington et al., 2010)). The 
saturated hydraulic conductivity (Ks) was unrelated to peat volume change, implying 
that no autogenic peat formation process at coarse spatiotemporal scales relates these 
two factors.

The lack of a relation between peat volume change and geohydrological and positional 
factors could be a consequence of the transect being placed perpendicular to the 
dominant flow direction (unpublished map by Mats B. Nilsson; Malmström (1923)). 
This positioning may have led to an underestimation of the effect of geohydrological 
and positional factors. A transect in the dominant flow direction, verified with physically 
based spatially explicit hydrological models, could produce other results and is 
recommended for future studies.

4.4.3	� Relation between peat volume change and current 
vegetation composition

Previous studies indicate that the compressibility and magnitude of peat volume change 
may differ among microsites (Roulet, 1991; Waddington et al., 2010; Whittington 
& Price, 2006). In Degerö Stormyr, flarks and hollows seemed to be peat volume 
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change ‘hotspots’ (Fig. 4.5a) at the microsite level, although differences in peat 
volume change were not statistically significant among microsites. This suggests that 
no direct feedback between peat volume change and microsite distribution occurs in 
the studied peatland. However, the lack of significance may be caused by uncertainty 
of manual point measurements on peat volume change and by the low number of 
replicates per microsite. Moreover, an indirect feedback between peat volume change, 
groundwater table depth, and microsite may still emerge as follows. Despite the larger 
decline in absolute groundwater level at dry microsites as compared to wet microsites, 
peat volume change is smaller at dry microsites (Table 4.2; Fig. 4.5b). This indicates 
that the compressibility of the dry microsites is smaller, which is in accordance with 
results of Waddington et al. (2010). Due to the low compressibility at dry microsites, 
peat volume change is small and the July groundwater table (relative to peat surface; 
GWTR) is deep at these sites (Table 4.2). In turn, the July GWTR is the dominant factor 
explaining spatial variation in vegetation composition (Fig. 4.6) (Andersen et al., 2011) 
and significantly differs between microsites (Fig. 4.5b). Deeper water tables promote 
the establishment of species adapted to dry sites which (Luken, 1985; Rydin, 1986), 
due to their low compressibility, may further decrease the local peat compressibility on 
the long term. Nonetheless, as vegetation and peat soil development occur at different 
temporal scales (Belyea & Baird, 2006), it is also possible that species turnover is simply 
faster than turnover of the peat physical traits, so that current microsite distribution is a 
poor predictor of current physical properties.

The species composition along the transect could explain only 7.3% (R2) of the 
spatial variability in peat volume change. In contrast to our hypothesis, plant species 
abundance is only a weak predictor for peat volume change in the studied peatland. The 
low explanatory value of current plant species composition may partially originate from 
the absence of hummock Sphagna along the transect, so that variability in vegetation 
composition was limited (as indicated by the small gradient length of 2.7 SD).

At a species level, Drosera rotundifolia and Trichophorum cespitosum may be indicative for 
peat volume change ‘hotspots’. Yet, as D. rotundifolia and T. cespitosum reach low cover 
only, their contribution to peat hydrophysical characteristics later formed by their litter 
can only be marginal. The correlation is therefore likely indicative of flark presence rather 
than suggestive of a direct relation between compressibility and vegetation composition. 
Abundance of Vaccinium uliginosum and Eriophorum vaginatum is moderately negatively 
correlated with peat volume change. In a nearby peatland, vegetation composition 
remained practically unchanged during the last 70 years, so that the peat material of the 
top 30 cm is composed of the same plant species (van der Linden et al., 2008). Given that 
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both peatlands remained undisturbed during this period, it seems likely also in Degerö 
Stormyr the vegetation remained unchanged. With this assumption, the correlation 
suggests that plant litter or roots of these plant species increased the rigidity of the peat 
matrix and thereby reduce its compressibility. The low sample size makes these results 
speculative, and using these species as indicators for peat volume change ‘hot spots’ or 
‘cool spots’ requires confirmation with other peatland sites before application.

4.4.4	 Effects of peat volume change on topography
The surface topography of the studied peatland was spatially structured, with 73% of 
the surface patterns originating at a spatial scale of 90 – 140 m and 20% at about 4 m. 
Microtopographical hummock-hollow patterns in another patterned northern peatland 
emerged at a spatial scale of 1 – 4 m (Anderson et al., 2010), which corresponds to the 
short-range pattern found in our study. It thus seems likely that the short-range pattern 
is related to microsite identity. The long-range topographical pattern is, as argued in 
Section 4.4.2, likely related to spatial patterns in absolute groundwater table.

Our results indicate that the long-range patch size and vertical variability of peat surface 
elevation decreased and increased with deeper groundwater tables (Fig. 4.3), while the 
short range patch size and variability remained constant over time. As spatial variation 
in peat volume change was mainly related to changes in absolute groundwater table 
(Table 4.2), this suggests that progressively more sites may become compressed with 
deeper groundwater tables, while for some other sites the topography may remain more 
stable (Fig. 4.7). As a result, topographical differences could become more pronounced 
and more patchy, and also the variance of groundwater table depth relative the peat 
surface (GWTR) will increase (Fig. 4.7). The larger habitat variety may increase species 
richness and thereby enhance ecosystem resilience to environmental extremes, such as 
droughts (Loreau et al., 2001; Peterson et al., 1998; Scherrer & Körner, 2011).

The increased topographical variability with increased peatland drought status may 
furthermore affect lateral groundwater flow direction and rate. In unconfined aquifers 
the groundwater table is frequently assumed to be a subdued replica of topography 
(Desbarats et al., 2002; Hoeksema et al., 1989; Sonnentag et al., 2008). Theoretically, 
increased horizontal patchiness and vertical variability of surface elevation may 
therefore increase the patchiness of GWTR and result in steeper hydraulic gradients. 
All things being equal, this would lead to finer-scale drainage from elevated sites to low 
sites, enhancing the hydrological differentiation between wet and dry sites. The drier 
conditions may stimulate performance of hummock species (Nijp et al., 2014; Robroek 
et al., 2007a; Rydin, 1993), of which the (partially) decomposed material has a low 
compressibility (Waddington et al., 2010). 



99

Fine scale spatiotemporal variability  
of surface elevation change in a northern peatland: Interactions with hydrology and vegetation

4

The increased lateral discharge from elevated sites to lower depressions may thus amplify 
a positive feedback between microsite compressibility and species composition and 
enhance self-organized vegetation patterns. As locations with deeper July GWTR have a 
larger decline in GWTR during the growing season (Table 4.2), our data seem to support 
this hypothesis. However, the suggested impact of peat volume change on redistribution 
of groundwater flow needs to be tested in future studies using a denser groundwater 
well network. Moreover, although the assumption that the groundwater table follows 
peatland topography at a spatial scale from 90 – 140 m seems reasonable (Fraser et 
al., 2001), it should be verified whether this assumption holds in given climatic and 
geohydrological conditions (Haitjema & Mitchell-Bruker, 2005).
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Figure 4.7. Hypothetical conceptual model of peat volume change impact on topography and 
hydrology during progressive drying (a-c). The horizontal axis represents a horizontal transect through 
a peatland, the vertical axis the (exaggerated) position of peat surface elevation (solid black lines) and 
groundwater table (dashed black lines). Groundwater flow paths are indicated with arrows and peat 
surface and groundwater positions in previous conditions in grey. Considering compression during the 
growing season, the peat elevation decreases at all positions through space upon drying (b,c). Due to 
spatial variability in lateral groundwater inflow and compressibility along the transect, some places 
start to compress earlier and more than others, enhancing the vertical and horizontal topographical 
heterogeneity. As a result of the increased vertical range of topography, hydraulic gradients may 
hypothetically become steeper and groundwater flow more local, as is illustrated with the flow lines.
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4.5	 Conclusion and implications
This study shows that peat volume change is spatially structured, and that most of peat 
volume change occurred at a spatial scale of 40.8 ± 0.6 m (± SE). In contrast to previous 
research (Almendinger et al., 1986; Waddington et al., 2010; Whittington & Price, 
2006), we found only a weak relation between microsite or position in the peatland 
and peat volume change. Instead, peat volume change was mainly related to changes 
in absolute groundwater table, which may likely be attributed to lateral groundwater 
redistribution. Surface topography had a patch size of about 140 m at the start of the 
growing season, but decreased to 90 m in the middle of the growing season, when 
deeper groundwater tables occurred. In addition, the vertical variability increased with 
deeper water tables. We hypothesize that the increased topographical heterogeneity with 
deeper groundwater tables may result in a more local redistribution of groundwater from 
elevated sites to depressions, which further enhances the contrast between wet and dry 
sites during droughts. This hypothesis needs to be tested in other peatlands and various 
hydro-climatological settings. The Structure-from-Motion technique can be successfully 
applied to capture temporal changes in peat topography with a vertical accuracy of 2 cm.

From the perspective of self-regulation and ecosystem stability it is relevant to improve 
the scientific understanding of peat volume change patterns and the mechanism 
responsible for these patterns. Like other self-regulating ecosystems, northern peatlands 
may respond non-linearly to external perturbations and rapidly shift to a virtually 
irreversible, undesired state (Rietkerk et al., 2004; Scheffer et al., 2001). This implies 
that peatlands may quickly shift from a net carbon sink to source, feeding back to the 
global climate by altering radiative forcing (Bridgham et al., 2008; Frolking et al., 2006; 
Frolking & Roulet, 2007). Additionally, the spatial scale of peat volume change identified 
in this study has direct implications for the spatial representativeness of spatially implicit 
simulation models (Chapter 5) (Kennedy & Price, 2004) including peat volume change.
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Appendix 4.1.	� Estimating in-situ hydraulic 
conductivity

A4.1.1	   Slug test description
The horizontal saturated hydraulic conductivity (Ks) of the acrotelm was estimated with 
slug tests, which provide a relatively simple and cheap tool to estimate the hydraulic 
conductivity. In a slug test, a volume of water (slug) is instantaneously added (or 
removed) from a groundwater well, which generates a hydraulic head difference and 
hence flow from the groundwater well into the soil. By measuring the evolvement of the 
hydraulic head in the groundwater well through time an estimate of Ks can be derived. 

For partially penetrating wells in unconfined aquifers the Bouwer-Rice method is 
frequently applied to analyse slug tests (Bouwer & Rice, 1976). In this method, the 
theoretical basis is a modified version of the Thiem equation (Thiem, 1906), where the 
hydraulic conductivity is related to the decline in water table after slug insertion in a 
radial flow system

𝑄𝑄 𝑡𝑡 = 2𝜋𝜋  𝐾𝐾!  𝐿𝐿  
    ℎ 𝑡𝑡   
𝐹𝐹!"

                                                                                                                                                                                                                                    (𝐴𝐴4.1)             	 (A4.1)

where Q is the discharge from the groundwater well (cm3 d-1), L = filter length (Fig. A4.1), 

GWT= 9 

L =20 

20 

D = 309 

H = 31 

rw = 1.8 

Figure A4.1. Schematic overview of groundwater well installation. L = filter length, rw = 
groundwater well inner radius, D = average aquifer thickness, GWT = mean distance of groundwater 
table below peat surface, H = distance from bottom of groundwater well filter to mean groundwater 
table. All lengths are in centimetres.
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i.e. the perforated section of the groundwater well (cm), h the difference in water height 
between the equilibrium aquifer water level and the water level in the groundwater well 
and FBR a shape factor that accounts for the geometry of the flow system. The Bouwer-
Rice shape factor was derived empirically from a steady state electric analog resistance 
model.

Assumptions in the Bouwer-Rice evaluation of slug tests are 1) a constant groundwater 
table position during the slug test 2) flow in the unsaturated zone is negligible 3) the 
aquifer is homogeneous and isotropic 4) elastic storage can be neglected 5) aquifer has 
infinite extent and 6) groundwater flow is horizontal and 7) the aquifer is underlain by 
an aquitard.

A recently frequently employed technique in the peatland community is the time-lag 
theory of Hvorslev (Baird et al., 2004; Hvorslev; Price, 2003; Surridge et al., 2005). 
This theory, however, is originally intended for confined aquifers. The Bouwer-Rice and 
Hvorslev model are different only in the evaluation of the shape factor (Brown et al., 
1995). While the Bouwer-Rice method assumes a constant head at the top boundary 
to account for unconfined aquifers, the Hvorslev method assumes a no-flow boundary 
conditions at the top of the aquifer. In case the well screen is located far from the centre 
of the aquifer, the Hvorslev method may resulted in an overestimated Ks (Hyder et al., 
1994).

However, especially for short screens located near the aquifer boundaries, also the 
Bouwer-Rice method may result in an underestimation of Ks up to 30% (Brown et al., 
1995; Hyder & Butler, 1995; Hyder et al., 1994; Zlotnik et al., 2010). To avoid problems 
inherent to the traditional Bouwer-Rice shape factor, we use the closed-form analytical 
form of a shape factor provided by Zlotnik et al. (2010), which can be applied at any filter 
length, installation depth, aquifer thickness and anisotropy in hydraulic conductivity 
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(A4.2)

where K0 and K1 are the modified Bessel functions of third kind and 0th or 1st order; 𝑟𝑟!∗ =
𝑟𝑟!
𝐾𝐾!/𝐾𝐾!

                                                                                                                                                                                                                                                                                    (𝐴𝐴4.3)  is 
the well radius scaled by the anisotropy coefficient 

𝑟𝑟!∗ =
𝑟𝑟!
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In Eq. A4.3, βi = π (i – 0.5). See Zlotnik et al. (2010) for details on the derivation. An R 
script to calculate this general shape factor is provided in Appendix A4.1.5.
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A4.1.2	Spatial variability of saturated hydraulic conductivity
The saturated hydraulic conductivity (21 May 2013) was correlated with peat thickness, 
where Ks was larger with larger peat thickness (Spearman correlation coefficient = 
0.58, P < 0.05). In accordance with Baird et al. (2008), Ks is lower at the peat borders 
(Fig. A4.2), which may maintain the wetness of peatlands and play an important role in 
the self regulation of peatland ecosystems (Belyea & Baird, 2006).

A4.1.3	Effect of compression on saturated hydraulic conductivity
Compression of the peat matrix associated with a decline in absolute groundwater table 
of 7.9 cm between 16th and 21st of May resulted in a significant reduction of the hydraulic 
conductivity (linear regression, 𝐾𝐾!,!! − 𝐾𝐾!,!! 𝐾𝐾!,!! = 0.069 + 0.122  (𝑧𝑧!! − 𝑧𝑧!!)  ; 
P = 0.02). Nonetheless, the goodness of fit was poor (R2 = 0.20). Zones with higher 
saturated hydraulic conductivity were spatially related to regions with larger peat 
thickness (Table 4.2 in main text). 

A4.1.4	� Comparison among slug test analyses and measurement 
error

Repeated slug tests (n = 3) for the same groundwater well indicate that slug tests were 
accurate; minimum and maximum Ks deviated less than 5% from the mean Ks estimate. 
With the Bouwer-Rice method employing the Zlotnik et al. shape factor as reference, the 
Hvorslev method generally overestimates Ks (15 – 40% higher Ks) while the Bouwer-
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Figure A4.2. Estimated saturated hydraulic conductivity (Ks) along the transect (left is southwest, 
right is northeast) with four different slug test analysis methods: Bouwer-Rice (B-R), Zlotnik et al 
(ZGD), Ernst, and Hvorslev. 

A4.1.4   Comparison among slug test analyses and measurement error 
Repeated slug tests (n = 3) for the same groundwater well indicate that slug tests were accurate; 
minimum and maximum Ks deviated less than 5% from the mean Ks estimate. With the Bouwer-Rice 
method employing the Zlotnik et al. shape factor as reference, the Hvorslev method generally 
overestimates Ks (15 – 40% higher Ks) while the Bouwer-Rice method with the empirical shape factor 
provided in Bouwer & Rice (1976) underestimates Ks (25 – 29% lower) (Figure A4.2). Using the 
shape factor by Zlotnik et al. (2010) yields results consistently between these two extremes. Also the 
frequently employed augerhole method (Ernst, 1950) as presented in van Beers (1983) is mostly in 
between the two extremes. The Ernst (1950) variant with an impermeable layer at the bottom 
approaches the Zlotnik et al. solution very well.  
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Figure A4.2. Estimated saturated hydraulic conductivity (Ks) along the transect (left is southwest, 
right is northeast) with four different slug test analysis methods: Bouwer-Rice (B-R), Zlotnik et al 
(ZGD), Ernst, and Hvorslev.
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Rice method with the empirical shape factor provided in Bouwer & Rice (1976) 
underestimates Ks (25 – 29% lower) (Figure A4.2). Using the shape factor by Zlotnik 
et al. (2010) yields results consistently between these two extremes. Also the frequently 
employed augerhole method (Ernst, 1950) as presented in van Beers (1983) is mostly 
in between the two extremes. The Ernst (1950) variant with an impermeable layer at the 
bottom approaches the Zlotnik et al. solution very well. 

A4.1.5	� An R implementation for the Zlotnik et. al. (2010) shape 
Factor

##====================================================================
## Shape factor sensu Zlotnik et. al. (2010)  
##--------------------------------------------------------------------
##
## Author	 : Jelmer J. Nijp (Wageningen University)
## Date	 : May 2015
## An R implementation om the theory by Zlotnik et al. (2010) to 
## facilitate the applicability of the Zlotnik et al shape factor.
##====================================================================

## Input (all in same units)
XL	 <- 1	 # filter length
D	 <- 100	 # aquifer thickness
H	 <- 1	 # distance from top aquifer to bottom filter screen
rws	 <- 0.01	 # well radius, scaled by anisotropy ratio

##--------------------------------------------------------------------
## Calculate shape factor
##--------------------------------------------------------------------

n	 <- 10000
betan	 <- pi * ( 1 : n - 0.5 )

s2	 <- sum( ( cos( betan * H / D) - cos( betan * (H - XL) / D ) )^2 * 
	 ( besselK( betan * rws / D, nu= 0 ) / ( betan^3 * 
	 besselK( betan * rws / D, nu= 1 ) ) ) )

ZGD	 <- ( (XL * rws)/(2 * D^2) ) / s2 # inverse shape factor
F.ZGD	 <- 1 / ZGD                       # shape factor

##====================================================================
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Appendix 4.2:	 Details photogrammetric analyses

A4.2.1	Accuracy and characteristics of image datasets 
To estimate the quality of the photogrammetric analysis, the data generated with 
the Photoscan software were compared with measurements at ground control tube 
positions. The mean difference between manual measurements of peat surface elevation 
and photogrammetrically derived estimates was 2 cm (RMSE; see Fig. A4.3). Table A4.1 
provides an overview of most important characteristics of the image datasets.

Figure A4.3. (a) Comparison of position estimated by manual position measurements with position 
estimated with Structure-from-Motion technique, for two points in time (  = May 13th;  =July 12th) 
and (b) distribution of errors as indicated by the 0th, 5th, 25th, 50th, 75th, 95th and 100th quantile. In 
the left figure, the solid and dashed line represent the linear regression fit and the 1:1 line.

Table A4.1. Overview of characteristics of optimized sparse point clouds obtained with the 
Structure-from-Motion algorithm applied in the Agisoft Photoscan software. 

Date 07 May 13 May 16 May 26 May 12 July Avg St. dev

Number of aligned cameras 1849 3410 2906 2725 2562 2690 568

Detected point count 195032 198176 225463 257936 458889 267099 110165

Effective overlap (%) 9.4 19.0 14.2 12.0 5.2 12.0 5.1

Estimated mean point density (n m-2) 122 124 141 161 287 178 74

Mean reprojection error (pixels) 1.24 1.06 1.08 1.16 1.05 1.12 0.08

Mean vertical error (mm) 4.8 8.5 3.3 13.5 2.5 6.5 4.6

Flying altitude (m) 6.66 7.16 7.27 6.72 5.86 6.75 0.64

Ground resolution (mm pixel-1) 1.87 2.22 1.87 1.77 1.20 1.79 0.37

Peat volume change rate (mm d-1) - 0.17 -2.17 -0.72 -0.28 -0.75 1.01
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Detected point count 195032 198176 225463 257936 458889 267099 110165 
Effective overlap (%) 9.4 19.0 14.2 12.0 5.2 12.0 5.1 
Estimated mean point density (n m-2) 122 124 141 161 287 178 74 
Mean reprojection error (pixels) 1.24 1.06 1.08 1.16 1.05 1.12 0.08 
Mean vertical error (mm) 4.8 8.5 3.3 13.5 2.5 6.5 4.6 
Flying altitude (m) 6.66 7.16 7.27 6.72 5.86 6.75 0.64 
Ground resolution (mm pixel-1) 1.87 2.22 1.87 1.77 1.20 1.79 0.37 
Peat volume change rate (mm d-1) - 0.17 -2.17 -0.72 -0.28 -0.75 1.01 

 

(a) (b) 
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A4.2.2	Effect of distance from ground control point on accuracy
To determine how the distance to ground control tubes influenced the accuracy of the 
generated point clouds, we sequentially removed the nearest ground control tube and 
checked how this affected the vertical error at a given ground control point. The error 
increased exponentially with increasing distance to ground control tubes (Fig. A4.4). 
At the mean separation distance of ground control tubes (35 m), the absolute vertical 
error is estimated at 4.8 mm with the presented regression equation. This suggests that 
the employed distance between ground control tubes is appropriate and yields sufficient 
accuracy. 

Figure A4.4. Increase of vertical error as function of distance to nearest ground control tube. Ground 
control points were sequentially excluded in the point cloud optimization procedure in the Agisoft 
Photoscan software. The point with the cross was regarded as outlier and excluded from the fit. 
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Appendix 4.3.	 Variogram analysis
Empirical variograms were constructed with a separation (lag) distance equal to the 
minimum grid spacing (0.5 m). Each lag contained at least 30 data pairs cf (Webster & 
Oliver, 2007). The maximum lag distance (i.e. separation distance between two points 
in space) was set at 175 m. Combinations of up to three theoretical variogram model 
combinations (Table A5.3) were fitted. All models included a nugget effect to account 
for random measurement variation or variation in peat volume change occurring within 
the measurement range. Because the Exponential and Gaussian model approach the 
sill asymptotically, their practical correlation range (CR) is calculated as the separation 
distance at which 95% of the partial sill is reached. In case combinations of variograms 
were fitted, multiple partial sills and correlation range parameters were present, 
describing multiple spatial structures.

Table A5.3. Theoretical variogram model components employed in this study. The correlation 
range (CR) is the lag distance at which negligible correlation occurs. For the Exponential and 
Gaussian model the CR is calculated as the separation distance at 95% of the asymptotic partial 
sill value.

Model Equation CR

Spherical
𝛾𝛾 ℎ = 𝑐𝑐!   

3ℎ
2𝑟𝑟
−
1
2
ℎ
𝑟𝑟

!
𝑖𝑖𝑖𝑖 ℎ < 𝑟𝑟

𝑐𝑐! 𝑖𝑖𝑖𝑖 ℎ ≥ 𝑟𝑟
 

r

Exponential
𝛾𝛾 ℎ = 𝑐𝑐!    1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −

ℎ
𝑟𝑟  

3∙r

Gaussian
𝛾𝛾 ℎ = 𝑐𝑐!    1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −

ℎ!

𝑟𝑟!  
√3∙r

Pure nugget 𝛾𝛾 ℎ = 𝑐𝑐! 

cp Partial sill (γ)

r Range parameter (m)

c0 Nugget (γ)

h Lag distance (m)
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Figure A4.5. Empirical (points) and fitted (lines) combined exponential-Gaussian variograms for 
five points in time for peat surface elevation (a-e) and peat volume change (f). For peat volume 
change two fits are presented, which either include (pale grey) or exclude (dark grey) the cyclic 
part. Vertical and horizontal dashed lines show the practical correlation ranges and partial sills. 
The goodness of fit is presented with the Willmotts index of agreement d (1 = perfect match, 0 = no 
agreement at all) (Willmotts, 1985). 
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Abstract
Water content in the topsoil is one of the key factors controlling biogeochemical 
processes, greenhouse gas emissions and land-surface – atmosphere interactions in 
many ecosystems, particularly in northern peatlands. In these wetland ecosystems, the 
water content of the top 5 cm of the moss layer is crucial for ecosystem functioning and 
is sensitive to future shifts in precipitation and drought characteristics. Current peatland 
models vary in the degree of hydrological detail included, with unknown consequences 
for peatmoss drought predictions.

In this study we systematically tested if the degree of hydrological complexity could 
bias future predictions of water content and drought stress for peatmoss in northern 
peatlands using downscaled future scenarios for rainfall and potential evapotranspiration. 
We compared peatmoss drought projections among four model concepts including or 
excluding peat volume change and moss water storage, two processes that are central to 
self-regulation in northern peatlands. Model performance was validated using field data 
of a northern peatland in northern Sweden.

We found that including peat volume change as well as moss water storage improved 
model performance, with the best performance found for the most complex model. 
Moreover, including these processes, resulted in consistently higher predicted water 
content, and thus lower frequency and intensity of peatmoss drought stress. Our results 
demonstrate that ignoring processes important in hydrological self-regulation may 
lead to overestimation of future climate change impacts on peatlands. The systematic 
hypotheses testing framework employed in this study proved a useful tool to explore 
the consequences of alternative model representations and guide model development.

Keywords: Ecohydrology, numerical modelling, soil moisture, northern peatlands, 
peatmoss, climate change, model complexity and development
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5.1	 Introduction
Climate change projections indicate that the water cycle will intensify, thereby increasing 
the frequency of extreme events such as droughts and high intensity rain events (IPCC, 
2013), which in turn will modify the amount of water stored in the topsoil (Knapp et 
al., 2008; Vervoort & van der Zee, 2008). Water content in the topsoil is a major control 
on biological interactions and therefore plays a crucial role in climate change and land-
surface atmosphere interactions (le Roux et al., 2013; Legates et al., 2011; Seneviratne et 
al., 2006; Teuling et al., 2009). 

An example of ecosystems where topsoil water content plays a central role are northern 
peatlands. These wetland ecosystems are a crucial component of the global carbon and 
greenhouse gas (GHG) cycle as they store large amounts of the greenhouse gas carbon 
dioxide (CO2) (Nilsson et al., 2008; Olefeldt et al., 2012; Roulet et al., 2007; Yu, 2011) 
and emit large amounts of methane to the atmosphere (Nilsson et al., 2001; Turetsky 
et al., 2014). Peatland biogeochemistry in general and net ecosystem production in 
particular are strongly dependent on surface wetness (Fenner & Freeman, 2011; Larmola 
et al., 2010; Robroek et al., 2007b). Thus, the ability to model the topsoil water content 
has become a scientific high priority challenge in northern peatlands (Waddington 
et al., 2015). In oligotrophic (i.e. nutrient poor) northern peatlands, the fixation of 
atmospheric CO2 is largely mediated by bryophytes of the genus Sphagnum (peatmoss) 
(Moore et al., 2002). The photosynthetic CO2 uptake of peatmoss, and therefore carbon 
storage of peatlands as a whole, is tightly coupled to the water content of the living moss 
layer (McNeil & Waddington, 2003; Murray et al., 1989; Rydin & McDonald, 1985a; 
Schipperges & Rydin, 1998). As these bryophyte plants have neither roots nor stomata, 
their water content is directly affected by water supply to and water losses from the living 
moss layer, making them extremely vulnerable to future changes in drought frequency 
and temporal rainfall patterns (Nijp et al., 2015).

To make informed assessments and decisions on climate change impact on peatland 
functioning and moss water content, dynamic simulation models provide an useful 
tool. Many peatland models are available, that vary in their objectives and in the 
ecohydrological feedbacks included (e.g. Baird et al., 2012; Frolking et al., 2010; 
Granberg et al., 1999; Heijmans et al., 2008; Moore & Waddington, 2015; Price & 
Whittington, 2010; Schouwenaars & Gosen, 2007; St-Hilaire et al., 2010; Stocker et al., 
2014; Wu & Blodau, 2013; Yurova et al., 2007). So far, it has remained unclear which 
degree of hydrological complexity is required to adequately predict impact of climate 
change on peatmoss water content and its biogeochemical functioning. Although one 
may choose to include all processes believed to be relevant for predicting water content 
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in the living moss layer, this approach is generally not efficient. Any additional process 
requires instrumental and labour costs for independent parameter measurements, which 
do not necessarily represent ‘effective’ parameters for field conditions and increase 
prediction uncertainty (Beven, 2012; Oreskes et al., 1994). It is therefore essential to test 
whether increasing hydrological complexity significantly improves model performance 
(i.e. reduces prediction error). 

In peatland ecosystem models, the water content in the living moss layer is frequently 
modelled as a function of groundwater table depth, assuming the moss water content is 
in hydrostatic equilibrium with the groundwater table (e.g. Granberg et al. (1999) and 
Yurova et al. (2007), but see e.g. Moore & Waddington (2015)), thus ignoring rewetting 
of the living moss layer by rainwater. Especially at deep water tables, when capillary 
moisture supply to the living moss layer is limited, the direct supply of rainwater may 
be crucial for peatmoss growth (Nijp et al., 2014; Robroek et al., 2009). A second 
assumption made in many models is that the peat moss surface remains at the same 
vertical position throughout the growing season. Previous work has shown that vertical 
movement of the peat surface with the groundwater table may be an additional feedback 
mechanism that reduces summer drought stress in undisturbed peatlands (Fritz et al., 
2008; Kennedy & Price, 2005; Roulet, 1991; Waddington et al., 2010).

The aim of this modelling study was to determine the impact of including hydrological 
complexity on predictions of peatmoss drought in northern peatlands for current 
and future climate. Using field data from a northern peatland for model calibration 
and validation, we systematically tested whether sequentially increasing hydrological 
complexity by including peat volume change or moss water storage significantly 
improved model performance. To further test the effect of hydrological complexity 
on the impact of climate change projections, we compared simulated drought impact 
among four models, varying in degree of hydrological complexity using an ensemble of 
downscaled climate change projections.

5.2	 Model description

5.2.1	 General approach
We developed four variants of a model to evaluate the importance of hydrological model 
complexity in predicting water availability for peatmosses throughout a growing season 
in ombrotrophic peatland ecosystems. A reference model (M0V0) was expanded by 
including peat volume change (M0V1), moss water storage (M1V0), or the combination 
of both (M1V1). With the aim to restrict calculation time, the flow system is in all 
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model variants represented by three interacting water storage reservoirs: a groundwater 
reservoir, the living moss layer, and a ponding reservoir (Fig. 5.1). In the M0 variants, 
the water content in the living moss layer is merely a function of the groundwater table, 
while in the M1 variants the moss water storage was included explicitly as an additional 
state variable, allowing for retention of rainwater by peatmoss (Fig. 5.1, Section 5.2.2). 

The flow domain was defined by a vertical column of homogeneous peat at a single point 
in space in a natural ombrotrophic peatland (i.e. roughly 1 – 10 m2) in all model variants. 
As peat deposits are frequently underlain by an impermeable layer (Rydin & Jeglum, 
2013), no water could enter the peat profile from beneath (no flow bottom boundary 
condition). The lateral hydraulic gradient can be assumed to be uniform at the spatial 
scale we consider (1 – 10 m2). Hence, lateral water flow was not included in the model 
structure. Below we provide an overview of model formulations, considerations and 
assumptions. 

5.2.2	 Reference model & additions

5.2.2.1	 Reference model

In ombrotrophic peatlands, changes in the groundwater table (GWT (cm); negative 
if beneath the peat surface) mainly originate from rainfall (R; cm d-1) and actual moss 
evaporation (Ea; cm d-1) (Fig. 5.1). As peatlands are wet ecosystems it is not uncommon 
for the groundwater table to be located above the peat surface. Up to a threshold ponding 

Ponding (S1)

RO RO RO RO

ΔV ΔV

R R R RE E E E

C C

Moss layer (S2)

Groundwater
reservoir (S3)

(a) (b) (c) (d)

Figure 5.1. Conceptual overview of the four model variants differing in complexity: (a) Reference 
model excluding moss water storage and peat volume change (M0V0); (b) only peat volume change 
is included (M0V1);v (c) only moss water storage are included (M1V0); (d) both peat volume 
change and moss water storage are included. R = rainfall, E = moss evaporation, RO = runoff, 
C = capillary flux, ΔV is peat volume change.
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depth, this water is stored in a ponding reservoir, where it may evaporate. If the threshold 
is exceeded, the water is assumed to laterally run off (QRO) (Appels et al., 2011). The 
changes in water table of this groundwater system can be written as

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =

𝑅𝑅 𝑡𝑡 − 𝐸𝐸!(𝑡𝑡) − 𝑄𝑄!"(𝑡𝑡)
𝑆𝑆!

                                                                                                                                                                                                          (5.1)     	 (5.1)  

Here, the specific yield (Sy) is a coefficient controlling the storage capacity of the 
groundwater reservoir and resembles the drainable porosity. In all model variants, actual 
evaporation (Ea) was calculated from potential evapotranspiration from a reference crop 
(ETo; see Section 5.2.5.3) in two steps. First, ETo was linearly transformed to potential 
evapotranspiration from the peat surface (ETp) by multiplying ETo with a static crop 
coefficient (Kc). Next, actual evaporation was calculated by multiplying ETp with an 
empirical moisture reduction function (fVWC) to account for reduction of ETp due to 
limited water availability

𝑓𝑓!"# =
𝛼𝛼!

𝜃𝜃 − 𝜃𝜃!
𝜃𝜃! − 𝜃𝜃!

!
+ 𝛽𝛽!

𝜃𝜃 − 𝜃𝜃!
𝜃𝜃! − 𝜃𝜃!

𝐸𝐸!"#
                                                                                                                                                                                         5.2  	 (5.2)

where αE and βE are regression coefficients (cm d-1) and were obtained experimentally 
(See Appendix 5.1 for details). Emax is a scaling (cm d-1) parameter to guarantee the 
moisture reduction function scales between zero and one. Taking all factors into account, 
actual moss evaporation was calculated as

𝐸𝐸! = 𝑓𝑓!"#  𝐾𝐾!  𝐸𝐸𝐸𝐸!                                                                                                                                                                                                                                                                  (5.3) 	 (5.3)

In the reference model the moss water content was in hydrostatic equilibrium with the 
groundwater table. The moss water content could then be estimated as a function of the 
groundwater table, which was the only state variable in the reference model (Table 5.1). 
Here, we used the frequently applied water retention curve formulation by Brooks & 
Corey (1964) (Eq. 5.4) as it yields an efficient closed-form solution for the matric flux 
potential (See Eq. 5.10).

𝜃𝜃 ℎ =
𝜃𝜃! − 𝜃𝜃!

ℎ
ℎ!

!!
− 𝜃𝜃! 𝑖𝑖𝑖𝑖 ℎ ≤ ℎ!

𝜃𝜃! 𝑖𝑖𝑖𝑖 ℎ > ℎ!

                                                                                                                                                        (5.4) 	 (5.4)

where h is the suction pressure in the living moss layer (cm), θ(h) is the volumetric 
water content (VWC) in the living moss layer (cm3 cm-3), θs is the saturated VWC, θr 
is the residual VWC, λ is a dimensionless shape parameter, and hb the air entry value 
(cm), the suction pressure that must be exceeded before air enters the pores. In all model 
variants the living moss layer was represented by a single storage reservoir and its water 



117

Predicting peatmoss drought stress: The impact of hydrological complexity

5

content was calculated at the centre of the moss layer. Furthermore, all model variants 
required groundwater storage as state variable. 

5.2.2.2	 Adding peat volume change  

The reference model described above was extended with peat volume change by 
including peat thickness as additional dynamic system state (in the models M0V1, 
M1V1). Changes in peat volume may originate from oxidation, primary consolidation, 
secondary compression, and shrinkage (Kennedy & Price, 2005; Schothorst, 1977). 
Furthermore, seasonally produced methane may become entrapped in a confining 
layer, providing buoyancy and resulting in floatation of the peat material above (Strack 
et al., 2006). Observations in a natural undrained northern peatland suggest, however, 
that primary consolidation explained about 90% of total peat volume change over 
the growing season (Kennedy & Price, 2005). In this study, peat volume change was 
therefore represented by primary consolidation. Primary consolidation of the peat 
matrix originates from changes in effective stress in the saturated zone, which is modified 
by pore-water pressure fluctuations during the growing season (Kennedy & Price, 2004; 
Terzaghi, 1943). Upon drying, overlying weight of material above the surface of a peat 
cross-section exerts pressure on the contact points between the separate peat fibers 
in the peat matrix (skeleton). As a consequence the effective stress increases, causing 
the peat matrix to compress. Primary consolidation occurs in the saturated zone and 

Table 5.1. Overview of main differences between model variants, originating from model 
formulations of change in groundwater table and of moss water content. The model code represents 
model variant: M0 and M1 indicate whether moss water content is excluded or included as state 
variable while V0 and V1 show if peat volume change is excluded or included.

Model complexity Code Groundwater table change Moss water content 
change

Reference model M0V0 𝑅𝑅 𝑡𝑡 − 𝐸𝐸!(𝑡𝑡) − 𝑄𝑄!"
𝑆𝑆!

 
Function of water 
table (Eq. 5.4)

Reference + peat volume change M0V1 𝑅𝑅 𝑡𝑡 − 𝐸𝐸!(𝑡𝑡) − 𝑄𝑄!"
𝑆𝑆! + 𝑆𝑆!  𝑏𝑏(𝑡𝑡)

 
Function of water 
table (Eq. 5.4)

Reference + moss water storage M1V0 𝑞𝑞
𝑆𝑆!

 q + I – Ea

Reference + peat volume change 
+ moss water storage

M1V1 𝑞𝑞
𝑆𝑆! + 𝑆𝑆!  𝑏𝑏(𝑡𝑡)

 q + I – Ea

R: Rain (cm d-1),  Ea: Actual moss evaporation (cm d-1),  QRO : Runoff  (cm d-1),  Sy: Specific yield (-),  
Ss: Specific storage (cm-1),  b: Aquifer thickness (cm), q:  Capillary flux (cm d-1).
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in vertical direction only, and was assumed to be fully reversible in the pressure range 
prevailing in typical field conditions in northern peatlands.

In compressible soils, such as peat soils, the total aquifer storativity (St) consists 
in addition to water storage due to water level change (Sy), of an elastic storativity 
component (Se), which is the vertically specific storage (Ss; cm-1) integrated over the 
aquifer thickness (b; cm). Total aquifer storativity then becomes

𝑆𝑆! = 𝑆𝑆! + 𝑆𝑆! =      𝑆𝑆! + 𝑆𝑆!  𝑏𝑏(𝑡𝑡)                                                                                                                                                                                                            (5.5)       	 (5.5)

Within the range of hydraulic pressure changes found in peatlands the specific storage is 
a function of the compressibility (change in thickness due to change in effective stress) 
of the peat matrix only (Schlotzhauer & Price, 1999). Including the elastic storage 
component in Eq. 5.1 results in 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =

𝑅𝑅 𝑡𝑡 − 𝐸𝐸! 𝑡𝑡 − 𝑄𝑄!"
𝑆𝑆! +  𝑆𝑆!  𝑏𝑏 𝑡𝑡

                                                                                                                                                                                                          (5.6)     	 (5.6)  

From Equation 5.6 it follows that larger compressibility Ss, or larger peat thickness b, 
increases peat surface fluctuations, thereby stabilizing the groundwater table relative to 
the peat surface. Peat volume change is included in the model structure by replacing 
Equation 5.1 with Equation 5.6, which requires one more parameter and an additional 
state variable.

5.2.2.3	   Adding moss water storage

In the model variants in which moss water storage was explicitly included as state 
variable (i.e. M1V0 and M1V1; Fig. 5.1b,d), rainwater first infiltrated into the moss layer, 
and dependent on water content and depth of the water table was partially transported 
to the groundwater reservoir. Only the amount of water that saturated the moss layer 
infiltrated

𝐼𝐼 =
  𝑅𝑅 − 𝐸𝐸! 𝑖𝑖𝑖𝑖 ∆𝑡𝑡   𝑅𝑅 − 𝐸𝐸! < 𝑆𝑆!"# − 𝑆𝑆

  
𝑆𝑆!"# − 𝑆𝑆

∆𝑡𝑡
𝑖𝑖𝑖𝑖 ∆𝑡𝑡   𝑅𝑅 − 𝐸𝐸! ≥ 𝑆𝑆!"# − 𝑆𝑆

                                                                                                                                          (5.7) 	 (5.7)

Here, I is the infiltration rate (cm d-1), S and Smax are current and maximum water storage 
in the moss layer (cm; water content θ · moss layer thickness D) and ∆t the time interval 
(d). Water exceeding the maximum moss storage capacity was stored aboveground in 
the ponding reservoir, similar to the reference model. Because of the high saturated 
hydraulic conductivity of the living peatmoss layer (Table 5.2), infiltration excess 
ponding (i.e. ponding due to limited infiltration capacity) was ignored. Dependent on 
water retention, infiltrated rainwater was partially retained in the living moss layer, and 
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partially drained to the groundwater. Water transport between the groundwater reservoir 
and the living moss layer was controlled by gravitational and capillary forces. The sum of 
these forces controlled the direction and rate of water flow, which was described with the 
one-dimensional vertical form of the Darcy Buckingham equation for unsaturated flow

𝑞𝑞 = −𝐾𝐾(ℎ)
𝑑𝑑ℎ
𝑑𝑑𝑑𝑑 + 1                                                                                                                                                                                                                                           (5.8) 	 (5.8)

Here, q is the capillary flux between the moss layer and groundwater reservoir 
(cm3 cm -2 d-1; negative if outflow from moss layer). As with drying less pores contribute 
to water flow, the hydraulic conductivity is strongly dependent on suction pressure in 
the moss layer. We employed the relative conductivity function, K(h), introduced by 
Brooks & Corey (1964)

𝐾𝐾 ℎ =
  𝐾𝐾!

ℎ!
ℎ

!!!  !!  !
𝑖𝑖𝑖𝑖 ℎ ≤ ℎ!

  𝐾𝐾! 𝑖𝑖𝑖𝑖 ℎ > ℎ!
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Here, Ks (cm d-1) is the saturated hydraulic conductivity and Ka and Kb are dimensionless 
shape parameters. The relative hydraulic conductivity function is coupled to the Brooks-
Corey water retention function (Eq. 5.4) via the λ and hb parameters. The value of K(h) 
represents the average hydraulic conductivity of the unsaturated zone between the 
groundwater table and the node in the living moss layer. Due to the high non-linearity of 
the relative hydraulic conductivity function K(h), averaging of K(h) may produce large 
errors in flux estimates (An & Noh, 2014; Haverkamp & Vauclin, 1979; Warrick, 1991). 
A numerically convenient form of the transport equation (Eq. 5.8), circumventing 
averaging complications, is the integral of the hydraulic conductivity over the full 
pressure potential range

𝑀𝑀 = 𝐾𝐾 ℎ   𝑑𝑑ℎ

!!"#  !  !

!!
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where M is referred to as the matric flux potential (cm2 d-1) (Raats, 1972). By adopting 
the matric flux potential approach, Eq. 5.8 can be rewritten as

𝑞𝑞 = −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑑𝑑
𝑑𝑑ℎ                                                                                                                                                                                                                                                    5.11  	 (5.11)

where the first term on the right hand side represent the capillary component and the 
second term the gravitational component. Fluxes in Eq. 5.11 were positive if the flow 
direction was towards the living moss layer. Moss water storage (Smoss; cm) changes were 
calculated as the sum of the capillary flux, infiltration and actual evaporation (Eq. 5.12). 
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Groundwater storage change over time was calculated with Eq. 5.13 in case peat volume 
change is excluded (M1V0). 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =

−𝑞𝑞  
𝑆𝑆!
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In the model structures that included both moss water storage and peat volume change 
(M1V1), the denominator also contained the elastic storage term (Se ; Table 5.1).

5.2.3	 Model implementation 

5.2.3.1	 Numerical integration scheme

The differential equations of water table and moss water content were solved numerically 
using an explicit Euler forward numerical integration scheme in the Ventana Simulation 
Environment (Vensim DSS double precision 5.01c, Ventana Systems Inc., Harvard, 
USA). The optimal integration time step was identified by decreasing its value until no 
effect on simulated water content could be distinguished and no numerical instability 
occurred as checked with the Courant number (Cr = q ∆t/∆z). All model simulations 
were performed with an integration time step of 2-13 days (≈ 11 seconds). Closure of the 
water balance, individual water balance terms and simple test cases were used to verify 
numerical code implementation.

5.2.3.2	 Initial and boundary conditions

All state variables required initialization. The measured groundwater table at the start 
of the simulation was used as initial condition, while the initial moss water content was 
estimated from the groundwater table using the water retention function assuming 
hydrostatic equilibrium. For the model variants including peat volume change, an initial 
peat thickness is provided using measured peat thickness (See Section 5.2.5.2). All 
model variants require only rainfall and potential evapotranspiration from a reference 
crop (ETo) as input variables, defining model boundary conditions. 

5.2.4	 Model parameterization
Model parameters were derived from a combination of field experiments and laboratory 
experiments using samples from Degerö Stormyr (Table 5.2; See Appendix 5.1 for a 
detailed description of the experiments and calibration procedure used to parameterize 
the model). The parameters of the water retention curve (Eq. 5.4) were derived from 
a laboratory experiment using the sandbox method (Klute, 1986). An evaporation 
experiment with Sphagnum cores was used to determine the moisture reduction function 
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(Eq. 5.2; See Appendix 5.1 for more details). The specific storage, the only parameter 
describing peat volume change, was quantified using field data on peat volume and water 
table (See Section 5.2.5.2). The elastic storage coefficient was estimated as the slope 
of the peat thickness versus groundwater head relation (Nuttle et al., 1990) for all data 
points 

𝑆𝑆! = 𝑏𝑏  𝑆𝑆! =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑                                                                                                                                                                                                                                                                 (5.14) 	 (5.14)

The specific storage was obtained by division of the elastic storage coefficient by aquifer 
thickness b. No parameter values were available for the crop coefficient (Kc), specific 
yield (Sy) and the Ka and Kb shape parameters in the hydraulic conductivity function 
(Eq. 5.9). These parameters were calibrated for the most complex model variant (M1V1) 
using the time series of water content, water table and peat thickness. 

5.2.5	 Model evaluation

5.2.5.1	 Site description

The four models were validated and calibrated using observations from a field setup in 
Degerö Stormyr (64°11’N, 19°33’E), a 6.5 km2 minerogenic, oligotrophic mixed peatland 
complex in northern Sweden, approximately 70 km inland from the Gulf of Botnia. The 
peatland type studied here is common in large parts of the northern hemisphere (Nilsson 
et al., 2001; Riley, 2011). The peat deposit has a thickness up to 8 m but generally ranges 
between 3 – 4 m. The deepest peat layers correspond to a basal age of about 8000 years 
(Nilsson et al., 2008). The peat is underlain by a heterogeneous pattern of relatively 
impermeable mineral glacial till and acidic gneissic bedrock (Malmström, 1923).  

Two homogeneous ombrotrophic lawn sites (> 5 · 5 m), 360 m apart from each other, 
were selected with > 60% Sphagnum balticum cover and < 10% vascular plant cover 
(Table 5.3). We focussed on lawns because this is the dominant vegetation type in 
this particular peatland. Moreover, as the lawn represents the ecotone between drier 
hummocks and wetter hollows, shifts in habitat quality of this specific habitat indicate 
possible future shifts in species dominance. The remaining cover consisted of other 
Sphagnum species (mainly S. lindbergii, S. majus, S. papillosum, S. tenellum). Vascular 
plant cover consisted predominantly of Eriophorum vaginatum, Vaccinium oxycoccos, 
Andromeda polifolia and Rubus chamaemorus. 

5.2.5.2	 Hydrological measurements

At both sites the groundwater table, peatmoss water content and peat surface position 
were measured from 2 July 2012 – 3 September 2012. A fixed reference height was 
established by anchoring the equipment into the underlying mineral soil. Between two 
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iron tubes, a 1 m wide aluminium bar was installed, in which a magnetostrictive position 
sensor (MTS Linear Position Sensor Type CM250AVH2, MTS Sensor Technologie, 
Lüdenscheid, Germany) was mounted (See Appendix 5.2). On top of a light-weight 
PVC construction with a thin PVC plate resting on the peat surface, a magnet was 

Table 5.2. Parameters employed in the four models. The columns M1 and V1 indicate parameters 
unique for models variants that include moss water storage (M1) or peat volume change (V1).

Symbol Value Unit Description Source M1 V1

Brooks-Corey water retention function

θsat 0.975 m3 m-3 Saturated water content Sand box 
experiment

θres 0 m3 m-3 Residual water content Sand box 
experiment

λ 0.28 - Shape factor Sand box 
experiment

hb -0.005 m Air entry value; suction pressure air at 
which air enters the peat matrix

Sand box 
experiment

Brooks-Corey relative conductivity function

Ks 1.5·10-3 m s-1 Saturated hydraulic conductivity Modified 
permeameter

x

Ka 1.0031 - Shape factor in conductivity function 
(Eq. 5.9)

Calibrated x

Kb 0.0001 - Shape factor in conductivity function 
(Eq. 5.9)

Calibrated x

Evaporation

Kc  1.50 - Crop factor; transforms potential 
evapotranspiration from reference crop 
to potential moss evaporation

Calibrated

αE -0.171 - Shape factor in moisture reduction 
function

Evaporation 
experiment

βE  0.416 - Shape factor in moisture reduction 
function

Evaporation 
experiment

Emax  0.245 mm d-1 Normalization constant to scale moisture 
reduction function in the [0,1] domain.

Evaporation 
experiment

Groundwater storativity 

Sy 0.38 - Specific yield Calibrated

Ss 2.0·10-6 m-1 Specific storage Field data x

Model parameters

D1 0.10 m Moss layer thickness

Δt 10.55 s Time step in numerical integration

rnd 0.50 - Relative node depth
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attached which moved along the rod of the linear position sensor. A change in peat 
surface position adjusted the distance between the magnet and the magnetostrictive 
sensor element, which was recorded and logged on a Campbell CR1000 data logger. 

Depth of the absolute groundwater table (relative to the underlying mineral soil) was 
measured with groundwater level loggers (Diver type DI220, Van Essen Instruments, 
Delft, The Netherlands), placed in perforated groundwater monitoring tubes. A nylon 
filter cloth was wrapped around the perforated section (20 – 70 cm below peat surface) 
to prevent clogging and smearing of the perforated holes. As the water pressure logger 
signal consisted of variations in both groundwater table and air pressure, air pressure 
variations were removed to obtain a groundwater level time series. 

The volumetric water content of the living Sphagnum balticum moss layer was measured 
with EC5-H2O moisture sensors (Decagon Devices, Pullman, USA) installed at a 
depth of 5 cm, representative for the top 3 – 7 cm (Cobos, 2008) of the peat profile. 
The sensor voltage output was transformed to a volumetric water content using a 
species-specific calibration curve (Nijp et al., 2014). A considerable range in moisture 
conditions was obtained during the validation period (See Appendix 5.3; Table 5.3).

5.2.5.3	 Meteorological measurements

The model forcing data consisted of rainfall and reference evapotranspiration in all model 
variants. Meteorological data were obtained from the meteorological station in the 
centre of Degerö Stormyr. Rainfall was measured during April – October with a tipping-
bucket rain gauge (ARG 100, Campbell, Scientific, Logan, Utah, US, 0.2 mm resolution) 
at 10 min frequency, 4 m away from the eddy-covariance tower. Rain measurements 
were corrected for a 10% systematic underestimation of tipping bucket measurements 
following Eriksson (1983). 

Table 5.3. General information of the two validation sites in Degerö Stormyr. Distance to stream 
is the Euclidian distance between the site location and the Vargstugbäcken stream, which drains 
about 69% of the mire (Nilsson et al., 2008).

Site 1 2

Initial peat thickness (m) 4.89 6.01

Distance to stream (m) 1100 1400

VWC range (cm3 cm-3) 0.63 – 0.97 0.82 – 0.97 

GWT range (cm) -10.5 –  +1.5 -7.8 – -0.32

PT range (cm) 481.8 – 483.7 612.0 – 616.6

Period 1 usage Calibration Temporal validation

Period 2 usage - Spatial validation
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Reference potential evapotranspiration of 0.12 m high grass (ETo) was estimated with 
the Penman-Monteith formulation as proposed by Penman (1948) and Monteith 
(1965). Calculation of ETo requires input of net radiation (Rn, MJ m-2), wind speed 
(ws, m s-1), mean daily temperature (T, °C) and vapour pressure deficit (es – ea, kPa). 
The latter was derived from relative humidity measurements. Mean daily ETo (mm d-1) 
is calculated following FAO standards (Allen et al., 1998) as

𝐸𝐸𝐸𝐸! =
0.408  ∆ 𝑅𝑅! − 𝐺𝐺 + 𝛾𝛾 ∙ 𝑤𝑤𝑤𝑤 ∙    𝑐𝑐!

𝑇𝑇 + 273 ∙ 𝑒𝑒! − 𝑒𝑒!
∆ + 𝛾𝛾 1 + 𝑐𝑐!    ∙ 𝑤𝑤𝑤𝑤

                                                                                                            (5.15) 	 (5.15)

where ∆ is the slope of the saturation vapour pressure versus temperature curve 
(kPa K-1), G the sensible ground heat flux between soil and atmosphere (MJ m-2), es 
the saturation vapour pressure (kPa), ea the actual vapour pressure (kPa), and γ the 
psychrometric constant (kPa K-1). The value of the coefficient cn depends on time step 
(hourly or daily) and aerodynamic roughness, while the value of cd depends on time 
step, bulk surface resistance and aerodynamic roughness (ASCE-EWRI, 2005). G was 
set to zero for calculating daily ETo rates (Climate scenarios, Section 5.2.6). To calculate 
half-hourly ETo rates (Model validation and calibration), the daytime (defined as Rn > 0) 
and night-time ground heat flux were estimated as 0.1 ∙ Rn and 0.5 ∙ Rn following the 
recommendation by Allen et al. (2006).

Net radiation was measured using an NR-Lite sensor (Kipp & Zonen, Delft, the 
Netherlands) mounted at the top of a 4 m tower. Air temperature and relative 
humidity were measured with an MP100 moisture sensor (Rotronic AG, Bassersdorf, 
Switzerland) inside a self-ventilated radiation shield. Wind speed was measured 1.8 m 
above the peat surface with a three-dimensional sonic anemometer (model 1012R2 
Solent, Gill Instruments, UK). All environmental variables were averaged to 30 minute 
average values. 

5.2.5.4	   Validation

The model structures were validated by comparing simulations with time series of 
volumetric water content of the moss layer, groundwater table and peat volume from 
two ombrotrophic sites in a peatland complex in northern Sweden. The time series 
of the first site (Site 1) was divided in two continuous periods (Table 5.3), where the 
first half was used for model calibration (See Appendix 5.1 for more details) and the 
second period to validate the temporal transposability of the model. To test the spatial 
transposability of the four model variants, the parameters obtained from Site 1 (See 
Table 5.2) were used to simulate volumetric water content, groundwater table and peat 
thickness at Site 2, using boundary conditions during period 2.
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In both validation experiments, measured half-hourly rainfall and actual 
evapotranspiration estimated from meteorological variables (See Section 5.2.5.3) were 
used as forcing data. Values of coefficients cn and cd in Eq. 5.12 were adapted for hourly 
ETo cf Allen et al. (2006). The first measured values of water content, water table and 
peat thickness within the time series were used as initial conditions for the simulations 
per site. The root mean square error of prediction (RMSEP) was used as measure for 
(absolute) model performance with respect to each individual state variable

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1
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where Oi and Si are observations and simulations at times i from 1…n. To quantify 
overall model performance, the RMSEP’s of the three state variables were normalized 
by the range and subsequently averaged
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where Omax,j and Omin,j are the maximum and minimum observed values for state variable j. 

5.2.5.5	   Comparing model performance

Model performance was quantified with the NRMSEP (Eq. 5.17), where an NRMSEP 
of zero indicates a perfect match between simulations and observations and larger 
NRMSEP values indicate that the mean prediction error is more similar to the observed 
measurement range. To test whether additional hydrological processes significantly 
improved model performance, we tested the formal null-hypotheses that extra 
parameters in more complex model structures significantly reduced the prediction error 
of a simpler model using likelihood ratio tests (Lewis et al., 2011).

To further facilitate model selection we calculated an overall Akaike Information 
Criterion (AIC; Akaike, 1973) for each model to check if additional hydrological 
processes reduced prediction error, while penalizing for additional parameters. For a 
single variable, the AIC can be calculated from the sum of squared differences between 
simulations (Si)and observations (Oi) as

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑛𝑛  𝑙𝑙𝑙𝑙
1
𝑛𝑛 𝑂𝑂! − 𝑆𝑆! !

!!

!!!

+ 2  𝐾𝐾                                                                                                                                                                                     5.18                          	 (5.18)

where n is the number of observations and K the number of parameters (Burnham 
& Anderson, 2001). Next, the overall AIC was calculated by summing the range-
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standardized squared differences for all three variables j and correcting for the total 
number of observations

𝐴𝐴𝐴𝐴𝐴𝐴!"#!"## = 3  𝑛𝑛  𝑙𝑙𝑙𝑙
1
3  𝑛𝑛

𝑂𝑂!" − 𝑆𝑆!"
𝑂𝑂!",!"# − 𝑂𝑂!",!"#

!!

!!!

!
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+ 2  𝐾𝐾                                                                                  (5.19)                   	 (5.19)

The model with lowest AIC is the optimal model given the empirical data, although 
simpler models deviating ≤ 2 AIC may perform equally well (Burnham & Anderson, 
2001).

5.2.6	 Climate change impact assessment

5.2.6.1	 Regional climate projections

After assessing the performance of the different model variants, it was checked to what 
extent hydrological complexity affects drought impact projections in a future climate. 
Climate simulations were downloaded from the ENSEMBLES project database (Van 
der Linden & Mitchell, 2009). An ensemble of 15 different regional climate model 
(RCM) projections for daily rainfall and potential evaporation was created for current 
(1991 – 2020) and future climate (2061 – 2090). All RCM projections were based on 
the A1B scenario in the IPCC Special Report on Emissions Scenarios (Nakicenovic et 
al., 2000). Rainfall time series were used directly as provided in the database. Potential 
evaporation on the other hand was calculated with the Penman-Monteith formulation 
(Eq. 5.15) based on net radiation, wind speed, daily mean air temperature, relative 
humidity and air pressure, which were all provided by the ENSEMBLES data archive 
(Van der Linden & Mitchell, 2009). 

For all variables, values were obtained from the RCM grid cell with centre coordinates 
closest to the study site. However, the employed RCMs had a grid resolution of 25 km 
and, thus, the area of a single grid cell clearly exceeded the size of the study catchment. 
This spatial mismatch in combination with systematic model errors (Teutschbein & 
Seibert, 2012) provided biased representations of observations during a 12 year period 
from Degerö Stormyr (2001 – 2012) (Fig. 5.2). Therefore, we applied a bias correction 
procedure (Ehret et al., 2012; Teutschbein & Seibert, 2013) using the distribution 
scaling method (Block et al., 2009; Piani et al., 2010), which is based on the idea to 
adjust the fitted theoretical cumulative distribution functions (cdfs) of RCM-simulated 
climate values to match the observed cdfs. We assumed the Gamma distribution to 
be suitable for precipitation events (Watterson, 2003). For potential evaporation, the 
best fitting theoretical cdf depended on the season and was therefore determined with 
χ2 tests separately for summer (May – Aug), winter (Dec –Jan) and shoulder seasons 
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(March, April, September, October). Gaps in the observed time series were filled using 
a seasonal regression relationship or with data from a nearby (1 km) meteorological 
station (rainfall) (Peichl et al., 2014). We further assumed that the median of all ensemble 
projections corresponds to the most likely climate change scenario.

The resulting downscaled, bias-corrected climate projections indicated that mean 
growing season length is projected to increase with about one month and mean 
temperature increased with 1.3 °C (Table 5.4). Total rainfall during the growing season 
was projected to increase more than potential evapotranspiration, resulting in a larger 
rain surplus (Table 5.4; Fig. 5.2).

The bias-corrected climate projections were used as forcing variables to simulate 
mean daily water content throughout the growing season for all model variant (4) · 
year (60) · climate ensemble member (15) combinations. The growing season start and 
end were defined as the first day of a 5 day period of which the mean temperature is 
> 5 °C or < 5 °C. Assuming the growing season started at the time all melting water was 
discharged, the initial groundwater level of all simulations was at the peat surface and 
the water content at saturation. For these simulations we used an initial peat thickness of 
5 meter, representative for the calibration site.

(a) (b)

Figure 5.2. Downscaled, bias-corrected mean daily rainfall (a) and mean daily potential reference 
evapotranspiration (ETo; b) based on 15 different regional climate models (RCMs). ETo was 
calculated with the Penman-Monteith equation based on climate variables from the RCMs. The 
black circles are observed values for the period 2001 – 2012, the dashed line the bias corrected 
RCM median for current climate (1991 – 2020). For the future climate (2061 – 2090), the 
continuous line represents the bias-corrected RCM median, the light shaded area the minimum-
maximum range of all 15 RCMs, the dark shaded area the 25th – 75th percentile range.
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5.2.6.2	 Defining peatmoss drought stress

In this study a drought was defined as the time period during which the volumetric water 
content (VWC) drops below a threshold of 0.49 cm3 cm-3. This threshold corresponds 
to the VWC at which photosynthetic efficiency of Sphagnum balticum decreases sharply 
and photosynthesis practically ceases (Nijp et al., 2014). 

We used drought frequency, mean drought length and mean drought severity to 
characterize drought for each growing season, to check for differences between model 
variants and climate periods. Drought frequency was calculated as the number of 
drought events per simulated growing season; mean drought length by summing the 
duration of all drought periods and dividing by the number of droughts; mean drought 
severity (Ds) was quantified as the time averaged moisture deviation from the drought 
threshold (during drought), averaged over all drought events m
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where ttot is the drought length of the event, θi the water content at time i, and ∆t the 
time period. To test whether differences between model variants and climates were 
significantly different, we set up an analysis of variance (ANOVA) with model variant 
and climat period as fixed factors and three drought indicators as dependent variables. 
We checked for normality and homoscedasticity to validate ANOVA assumptions.

Table 5.4. Overview of mean growing season characteristics (± 95% confidence intervals) for 
current and future climate projections.

Variable Unit Current climate 
(1991 – 2020)

Future climate 
(2061 – 2090)

Growing season length days 141 ± 2 174 ± 2

Temperature °C      11.5 ± 0.09   12.8 ± 0.1

Sum rainfall mm 366 ± 9   461 ± 11

Sum potential evapotranspiration mm 263 ± 3 306 ± 4

Sum potential rainfall surplus mm   103 ± 10   155 ± 13

5.2.7	 Sensitivity analysis
We set up a univariate sensitivity analysis to test how the predicted number of drought 
days (nd) changes as function of model parameter values p. The parameter range was 
chosen as plus and minus 50% of the calibrated parameter, except for saturated and 
residual water content (See Appendix 5.4 for parameter sensitivity ranges). We selected 
the 10 years of current climate for which the time averaged VWC during the drought 
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sensitive period (DOY = 165 and 205) was closest to the defined drought threshold 
of 0.49 cm3 cm-3. For these years the sensitivity to drought is most relevant. First, a 
response curve of number of drought days nd as function of parameter values p was 
obtained. Next, the elasticity at parameter value i was calculated as the first-order 
numerical derivative of the response curves at i = 1…30 equidistant parameter values 
in the specified range. To compare the effect of parameter changes on nd , this numerical 
derivative was standardized by multiplying with the factor p/n ( Janssen, 1994)

𝐸𝐸 𝑝𝑝 ! =
𝑝𝑝!
𝑛𝑛!,!

∆𝑛𝑛!,!
∆𝑝𝑝!

=
𝑝𝑝
𝑛𝑛!
𝑛𝑛!,!!! − 𝑛𝑛!,!!!
𝑝𝑝!!! − 𝑝𝑝!!!

                                                                                                                                                                              (5.21)           	 (5.21)     

The elasticity at the parameter value used in the model is hereafter referred to as local 
sensitivity. The inter-quartile range (75% percentile – 25% percentile) of calculated 
elasticities provides an estimate of elasticity in regions of the parameter space beyond 
the parameter value used in the model, and is referred to as global sensitivity.

5.3	 Results

5.3.1	 Effect of hydrological complexity on model performance
Model performance was assessed in terms of temporal transposability by comparing 
simulated volumetric water content (VWC), groundwater table (GWT) and peat 
thickness (PT) with observations for Site 1 during period 2, while period 1 had been 
used to calibrate parameter values. Sequentially increasing hydrological complexity 
improved overall model performance, as indicated by the decreased overall normalized 
root mean square error of prediction (NRMSEP) (Table 5.5) and significant differences 
between model variants (Table 5.6). Accordingly, the model structure including both 
moss water storage and peat volume change (M1V1) has highest model performance and 
was able to capture the dynamics in volumetric water content, groundwater table and 
peat thickness throughout the growing season (Appendix 5.3). The largest reduction of 
prediction error was achieved by including moss water storage in the model structure 
(Table 5.5). 

Although overall model performance was considerably lower at validation Site 2, 
indicating low spatial transposability, the ranking of the model performance of the 
four models was identical to that for calibration Site 1. Overall model performance 
was highest for the most complex model (NRMSEP = 0.26, indicating that the mean 
prediction error equals 26% of the measurement range).
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Table 5.5. Model performance of the four models for volumetric water content (VWC), 
groundwater table (GWT) and peat thickness (PT) for Site 1. The absolute model performance 
is presented by the root mean square error of prediction (RMSEP), the relative overall model 
performance with range-normalized RMSEP (NRMSEP = RMSEP/observed range), and overall 
AIC. For each variable the model complexity with largest performance is shown in bold. The overall 
model performance is provided with the overall NRMSEP, the average of all NRMSEP values per 
model complexity. 

Model complexity Overall 
NRMSEP

Overall 
AIC

RMSEP

VWC (cm3 cm-3) GWT (cm) PT(cm)

1    M0V0 0.27 -3571 0.15 2.5 0.4

2    M0V1 0.21 -4034 0.12 1.8 0.3

3    M1V0 0.16 -4810 0.04 2.2 0.4

4    M1V1 0.13 -5107 0.05 2.0 0.2

Table 5.6. Likelihood ratio test results per state variable, to test the null hypotheses that the 
additional hydrological process and associated parameters in the more complex model significantly 
enhance model performance as compared to the simpler model. These tests are based on the 
parameterization site for the validation period. The column df shows the difference in number of 
parameters between the two models being compared, χ 2 is the likelihood ratio and P is the level of 
significance. For peat thickness, the likelihood ratio test for the comparison of M0V0 with M1V0 was 
not performed because peat thickness is not modelled but constant through time.

Simpler 
model

Complex 
model df

VWC GWT PT

χ 2 P χ 2 P χ 2 P

M0V0 M0V1 1 227 < 0.001 55 < 0.001 562 < 0.001

M0V0 M1V0 3 1283 < 0.001 68 < 0.001 - -

M0V1 M1V1 3 942 < 0.001 86 < 0.001 151 < 0.001

M1V0 M1V1 1 -114 1 72 < 0.001 713 < 0.001

5.3.2	 Effect of model complexity on drought projections
Increasing model complexity significantly decreased simulated drought length, drought 
severity, and number of droughts in the current as well as the future climate (Table 5.7; 
Fig. 5.3). Especially including moss water storage in the model structure resulted in a 
large reduction of simulated mean number of droughts per growing season (-42%), 
drought length (-45%) and drought severity (-48%). Including peat volume change did 
not reduce mean drought length but significantly decreased the number of droughts per 
growing season and drought severity (Fig. 5.3).

Projected climate change did not affect the simulated mean number of droughts per 
growing season and mean drought length, as was indicated by no significant difference 
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between the current and future climate (Table 5.7). Climate significantly modified 
drought severity, but the magnitude of the simulated future increase in mean drought 
severity of 0.003 m3 m-3 is almost negligible. This suggests that, based on the employed 
climate projections, the future impact of drought on peatmoss growth will be similar to 
the impact in current climate. 

Table 5.7. Analysis of variance for projected drought length, drought severity and number 
of droughts with Model complexity and Climate as fixed factors. The Model variant  Climate 
interaction was excluded for drought length and number of droughts because the main effect of 
climate was not significant; the number of replicates was 30. Significant effects (P < 0.05) are 
indicated in bold; see Fig. 5.3 for pairwise comparisons.

Variable Factor F df P

Number of droughts Model variant 103.287 3 < 0.001

Climate 0.338 1 0.56

Drought length Model variant 43.866 3 < 0.001

Climate 1.908 1 0.17

Drought severity Model variant 131.607 3 < 0.001

Climate 4.765 1 0.03

Model variant  Climate 1.085 3 0.35

100 

Figure 5.3. Effect of climate (groups) and model variant (bar colours) on number of droughts (a), 
drought length (b) and drought severity (c). Characteristics represent mean values of the 30 simulated 
growing seasons per climate period. The effect of the factor regional climate model is eliminated by 
averaging the characteristics over all climate ensemble realizations for each year. Error bars 
represent one standard error and letters represent homogeneous subgroups of model variants 
(Benjamini-Hochberg corrected multiple comparisons); see Table 5.7 for significance of main and 
interaction effects. 

5.3.3 Sensitivity of drought projections to model parameters 
The simulated number of drought days was influenced most by the saturated water content, the crop 
factor, and the λ shape parameter in the water retention function (Fig. 5.4, local sensitivity). The 
simulated number of drought days decreased with larger saturated water contents and increased with 
larger crop factors and larger λ (i.e. lower retention capacity). The processes related to these most 
influential parameters were moss evaporation and water retention. 

In contrast, parameters associated with peat volume change (i.e. specific storage and peat thickness) 
had a small effect on the number of drought days. The parameters of the hydraulic conductivity 
function also have little impact on the simulated number of drought days. The λ shape parameter, 
which is also included in the water retention function, theoretically affects drought impact through 
altering unsaturated hydraulic conductivity. Within the employed parameter range, however, λ
maximally increased K(h) with 0.0067%, demonstrating that the sensitivity to λ was mainly mediated 
by water retention characteristics.  

The relatively low local sensitivity accompanied with large global sensitivity of  and λ indicates that 
the sensitivity to those parameters will change if the values of these parameters change. For proper 
estimation of these parameters experiments are required to observe the range of values field 
conditions. 

(a) (b) (c)

Figure 5.3. Effect of climate (groups) and model variant (bar colours) on number of droughts (a), 
drought length (b) and drought severity (c). Characteristics represent mean values of the 30 simulated 
growing seasons per climate period. The effect of the factor regional climate model is eliminated by 
averaging the characteristics over all climate ensemble realizations for each year. Error bars represent 
one standard error and letters represent homogeneous subgroups of model variants (Benjamini-
Hochberg corrected multiple comparisons); see Table 5.7 for significance of main and interaction effects.
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5.3.3	 Sensitivity of drought projections to model parameters
The simulated number of drought days was influenced most by the saturated water 
content, the crop factor, and the λ shape parameter in the water retention function 
(Fig. 5.4, local sensitivity). The simulated number of drought days decreased with larger 
saturated water contents and increased with larger crop factors and larger λ (i.e. lower 
retention capacity). The processes related to these most influential parameters were 
moss evaporation and water retention.

In contrast, parameters associated with peat volume change (i.e. specific storage and 
peat thickness) had a small effect on the number of drought days. The parameters of 
the hydraulic conductivity function also have little impact on the simulated number 
of drought days. The λ shape parameter, which is also included in the water retention 
function, theoretically affects drought impact through altering unsaturated hydraulic 
conductivity. Within the employed parameter range, however, λ maximally increased 
K(h) with 0.0067%, demonstrating that the sensitivity to λ was mainly mediated by 
water retention characteristics. 

The relatively low local sensitivity accompanied with large global sensitivity of θr and 
λ indicates that the sensitivity to those parameters will change if the values of these 
parameters change. For proper estimation of these parameters experiments are required 
to observe the range of values field conditions.

5.4	 Discussion

5.4.1	 Model performance increases with complexity
We showed that including peat volume change or moss water storage significantly 
improved model performance, and that model performance was best if both processes 
were included (Table 5.5). These results illustrate the importance of including peat 
volume change, moss water storage, and potentially also other ecohydrological feedbacks 
that may help to maintain high water content in the living moss layer during droughts. 
Peatlands as a whole are often regarded as self-regulating, complex adaptive systems 
(Belyea & Baird, 2006). It is likely that including more ecohydrological feedbacks 
results in an even larger stabilization of the water content and in a further enhancement 
of model performance. For example, at low water content the albedo may increase and 
reduce evaporative water losses (Waddington et al., 2015) and vertical heterogeneity of 
soil physical properties may affect groundwater table dynamics through affecting e.g. 
lateral groundwater flow (Morris et al., 2011; Waddington et al., 2015).



133

Predicting peatmoss drought stress: The impact of hydrological complexity

5
Testing model performance for a second site within the studied peatland resulted in 
the same ranking of model performance. Here, the most complex model including peat 
volume change and moss water storage significantly outperformed models excluding 
peat volume change or moss water storage. Although the ranking remained the same, 
overall performance of all models decreased, suggesting limited spatial transposability 
of the predictions. The low model performance for the second site may originate from 
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Figure 5.4. Local and global scaled sensitivity of number of drought (VWC < 0.49 cm3 cm-3) 
days to relevant model parameters for the model variant with highest performance (M1V1). 
The local sensitivity (x-axis) represents the sensitivity of number of drought days to a change 
in parameter at the parameter value used in the model, where larger deviations from 0 indicate 
larger sensitivity of drought to this parameter. The global sensitivity (y-axis) indicates whether the 
sensitivity to a parameter varies within the pre-specified range of parameter values (Appendix 5.4), 
and is expressed as the interquartile range of sensitivity to a specific parameter (IQR; 75th – 25th 
percentile). A large global sensitivity indicates that parameter sensitivity depends on the parameter 
value itself. Sensitivity was calculated by dividing the change of number of drought days (Δn) by 
the change in parameter value (Δp) and multiplied by p/n to allow comparison among different 
parameters. Symbols represent different model variants and their included hydrological processes:  
= all models;  = moss water storage variants only (M1);  = peat volume change only (V1). Only 
current climate projections (1991 – 2020) were used.
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1) differences in site characteristics as expressed by parameter values or 2) differences in 
hydrological processes between sites. 

As demonstrated by the sensitivity analysis, the occurrence of droughts is most sensitive 
to the parameterization of moss evaporation and the water retention function (Fig. 5.4). 
It can therefore be anticipated that especially differences in peatmoss morphological 
traits (Luken, 1985; Rydin, 1993) and species identity are sources for spatial variation. 
While the species composition of the two validation sites was similar, the specific growth 
form and water retention capacity of peatmoss are highly variable and depend on local 
hydrological conditions (Luken, 1985; Rydin, 1995). The sensitivity analysis indicates 
that, with all other parameters being equal, a shift from lawn to hummock peatmoss 
species, which have higher water retention (Hayward & Clymo, 1982) (i.e. smaller λ 
shape parameter), likely reduces drought occurrence while a shift to hollow species 
would increase drought frequency. This finding is coherent with previously reported 
higher drought tolerance of hummock species relative to hollow species (Hájek & 
Beckett, 2008; Nijp et al., 2014; Robroek et al., 2007b).

The limited spatial transposability may also result from differences in leading hydrological 
processes among the two sites. Some of such processes are not included in our model 
structure and it remains to be tested whether including other ecohydrological processes 
further improves model performance. Especially processes that impact groundwater 
table depth may enhance model performance, considering the relatively poor fit of 
groundwater table as compared to the other variables (Appendix 5.3). Prospective 
processes that may improve the spatial transposability include for example lateral (sub)
surface transport and spatial discretization (Endrizzi et al., 2014; Spieksma et al., 1996), 
or vertical heterogeneity of hydrophysical characteristics (Frolking et al., 2010; Morris 
et al., 2011).

5.4.2	 Implications for future modelling 
In this paper we provide a start in systematically testing the effect of model complexity 
in peatland hydrology models. By employing a working hypothesis testing procedure as 
outlined in this paper, other ecohydrological processes, such as those provided above 
and in an overview by e.g. Waddington et al. (2015), can be systematically evaluated for 
their impact on model performance and relevance for assessing climate change impact. 
In addition to testing whether additional processes enhance model performance, also 
the formulation (i.e. constitutive relations) of the various processes requires further 
systematic testing.
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By doing so an integrated computationally efficient hydrological module applicable for 
peatlands in different ecohydrological settings can be developed. Comparing climate 
change impact among sites with different simulation models is obstructed by the 
impossibility to disentangle model effects from site effects. We therefore recommend 
to systematically test alternative representations of the hydrological component as 
working hypotheses on multiple peatland sites to define a computationally efficient 
and spatiotemporal transposable model before doing such impact assessments. Easily 
accessible long-term time series of volumetric water content from multiple peatland 
sites are of fundamental importance in these model comparisons, but are currently 
very scarce. The availability of such data can be improved by creating a citable, quality-
controlled, open-access online database. 

5.4.3	� Increasing hydrological complexity reduces drought 
occurrence

In this study we demonstrate that drought occurrence is systematically overestimated 
if moss water storage and peat volume change are excluded from the model structure. 
Including peat volume change, and especially moss water storage, significantly decreased 
the number of drought days for the projected future climate (2061 – 2090) (Fig. 5.3). 
The frequency of droughts and consequently the number of wetting cycles are lower in 
the most complex model variant that includes both processes. This is likely advantageous 
for lawn peatmoss species, of which photosynthesis responds only slowly to rewetting 
(McNeil & Waddington, 2003; Nijp et al., 2014; Proctor & Tuba, 2002). 

The reduction in drought days was largest for the models that included moss water 
storage, illustrating the impact of these processes for moisture supply to the living moss 
layer. To explore the relative importance of these two mechanisms, we compared the 
response of moss moisture content to a rain event between the two model variants 
including (M1V1) and excluding (M0V1) moss water storage. Both models showed the 
same increase in moisture content after rain, suggesting differences between the models 
results from capillary water supply. The importance of including moss water storage 
is supported by the high sensitivity of the number of drought days to water retention 
function parameters (Fig. 5.4). Sensitivity analyses for the Holocene Peat Model 
indicated that peat physical characteristics play an important role in peat accumulation 
support this finding (Quillet et al., 2013). 

Including peat volume change in the model structure also significantly reduced the 
number of drought days as compared to the reference model. The elastic storage 
component increased total aquifer storativity with about 25%, buffering changes in 
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water table and therefore considerably boosting water content during droughts. The 
number of droughts turned out to be relatively insensitive to either specific storage or 
peat thickness (Fig. 5.4). Including peat volume change therefore seems more important 
than estimating accurate parameter values of specific storage or peat thickness.

The earth surface is rapidly warming, which is generally projected to have large impact 
on the hydrological cycle through less frequent but more intense rainfall, although the 
exact effect depends on the climate scenario and global circulation model considered 
(Allen & Ingram, 2002; Chen et al., 2015; IPCC, 2013; Tebaldi et al., 2006). We found 
no significant increase of the number of peatmoss droughts and drought length due to 
climate change for the used peatmoss species, climate scenario, regional climate model 
ensemble, and peatland in northern Sweden (Fig. 5.3; Table 5.7). 

5.4.4	� Implications of neglecting hydrological processes for 
ecosystem processes

Water content in the topsoil is one of the key controls on biogeochemical processes, 
greenhouse gas exchange and interactions between the land-surface and atmosphere. 
In this study we show that if moss water storage and peat volume change are neglected 
in climate change impact assessments for northern peatlands, drought occurrence 
is overestimated. This implies that the climate change impact on northern peatland 
ecosystem processes may be less severe than predicted in cases where these processes are 
omitted. Moreover, our results suggest that peatmoss drought occurrence will remain 
unmodified in similar climatic regions (classified as boreal climate cf the Köppen-Geiger 
classification system (Peel et al., 2007)) with comparable climate change projections 
(IPCC, 2013). In these regions, where precipitation is expected to increase, other factors 
related to environmental change, such as decreased light availability (Letts et al., 2005; 
Nijp et al., 2015; Wild et al., 2009), may be more important. 

In conclusion, our results highlight the need for including moss water storage and peat 
volume change in peatland models to adequately assess climate change impacts on 
peatland hydrology and carbon sink strength of northern peatlands.
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Appendix 5.1.	 Model parameterization

A5.1.1	Water retention
We used the sandbox method (Klute, 1986) to parameterize the Brooks-Corey water 
retention function (Eq. 5.4). Eight samples of homogeneous Sphagnum balticum 
material (top 10 cm, diameter 20 cm) were carefully sawn from four representative lawns 
in Degerö Stormyr with a serrated knife. To remain the pore structure intact the samples 
were frozen and transported with a cooling van (T < 0°C) to Wageningen (NL), where 
a subsample (top 5 cm, diameter 5 cm) of the frozen peat sample was taken. On the 
sandbox, the water retention was determined in the suction pressures range from 0 to 
100 cm, the most relevant part for peatmosses. Repeated weighing ensured that water 
content was in equilibrium with the applied suction pressure. 

The Brooks-Corey function was fitted through empirical data using the nls function in 
R (R Core Team, 2014). The saturated water content was set at maximum measured 
field water content because fitting parameters were not significant and visually incorrect. 
Furthermore, as the measured (oven dry) residual water content was < 0.01 cm3 cm -3 
we used this value as residual water content. Due to the large correlation between shape 
parameter λ and air entry pressure hb, we fixed hb at -0.5 cm based on the shape of the 
empirical water retention curve. Consequently only λ was calibrated.

A5.1.2	Saturated hydraulic conductivity
Values of the saturated hydraulic conductivity (Ks) are often experimentally obtained 
using the constant-head, falling-head, and constant-flux method (Klute, 1986). For the 

Figure A5.1. Example illustrating the dependence of hydraulic conductivity on the hydraulic head 
difference.
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highly porous living top layer of Sphagnum peat, we encountered some issues. In the 
conventional Ks instrumentation, tubing systems under a sample are used to collect and 
transport water to an outlet. These tubes have only a restricted capability to transport 
water. At higher flow rates, resistance with the tube wall non-linearly decreases the 
velocity at which water is reaching the outlet, resulting in biased estimates of Ks. The flow 
resistance to tube walls is in a non-linear manner dependent on flow rate and thereby on 
the employed hydraulic head difference (See Fig. A5.1). 

For this reason we modified the standard method by discarding all tubing systems and 
using an open outflow, with a low resistance to water flow. A peatmoss sample (diameter 
= 10 cm, height = 10 cm) in a PVC ring was placed on top of a mesh in a bucked filled 
with water (Figure A5.2). Another PVC ring was placed (water-tight) onto the sample 
ring. A pump transported water to the top of the peatmoss sample to create a hydraulic 
head difference, which induced water flow. The hydraulic head (H1) was remained 
fixed with an overflow tube. The water flowed through the sample, over the rim of the 
bucket (H2) in the overflow reservoir, and the outflow rate was measured. The hydraulic 
conductivity was calculated using Darcy’s law

𝑄𝑄 = −𝐾𝐾!  𝐴𝐴
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑                                                                                                                                                                                                                                       (𝐴𝐴5.1)         	 (A5.1)    
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Figure A5.2. Schematic (a) and representational (b) overview of the modified measurement setup 
to experimentally determine the saturated hydraulic conductivity (Ks). 1: peatmoss sample, 2: 
bucket, 3: mesh upon which the sample is placed, 4: overflow reservoir, 5: overflow tube to maintain 
the hydraulic head difference fixed.
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where Q is the outflow rate (m3 d-1), A the area of the peatmoss sample (m2), dz the 
height of the sample (0.1 m), and dH the hydraulic head difference. Ks was calculated 
from the measured outflow Q and known parameters in Eq. A5.1. The geometric mean 
of 10 Ks estimates of intact Sphagnum balticum cores (collected as described in A5.1.1) 
was used to parameterize the model.

A5.1.3	Evaporation moisture reduction function
An evaporation experiment was used to obtain parameters in the moisture reduction 
function of evaporation (Eq. 5.2). An intact Sphagnum balticum core (height 10 cm, 
diameter 15 cm) was placed on a balance. The weight change through time provided 
both the evaporation rate and the weight of the Sphagnum core, which was transformed 
in a volumetric water content using the bulk density.

A5.1.4	Calibrated parameters
For the crop factor (Kc), specific yield (Sy), the shape parameter λ in the water retention 
function, and the Ka and Kb shape parameters in the hydraulic conductivity function no 
parameter values were available. These parameters were calibrated using the time series 
of water content, water table and peat thickness of Site 1. The first half of the Site 1 time 
series is used for calibration, the second half for validation. Optimal parameter estimates 
P were obtained by minimizing a multi-objective function φ(P) in which residuals 
between observed (O) and simulated (S) values at time t for variable i were weighed 
(wi), squared and summed (Eq. A5.2). 

𝜑𝜑(𝑷𝑷) =
𝑂𝑂!,! − 𝑆𝑆!,!(𝑷𝑷)
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The weights wi represent estimated mean measurement error for water content, water 
table, and peat thickness, and are used to give them equal weight in the calibration. The 
multi-objective has the advantage that optimal parameter estimates are not merely based 
on a best fit between observed and simulated water content. Instead, the criterion also 
includes how well the processes beyond are simulated, which is essential. The multi-
objective function was evaluated with the Powell conjugate direction method, in which a 
local minimum of a continuous but complex function is determined without knowledge 
of the derivative (Powell, 1964). To increase the chance of finding a global minimum, 
ten restarts with random initial parameter settings within the pre-specified range were 
employed (See Appendix 5.4).
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Appendix 5.2.	� Field measurements peat volume 
change

Figure A5.3. Schematic and representational overview of field measurement setup. The linear 
position sensor was installed in a frame, which was anchored into the mineral deposit underlying 
the peat. Changes in peat surface elevation (hence peat volume) were detected by the position sensor 
as a change in voltage, induced by altered position of the magnet (connected to the elevation rod; 
dark grey) along the sensor rod (light grey). See main text for information on measurements of 
water table and volumetric water content. 
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Appendix 5.3.	� Model validation of 
parameterization site

Figure A5.4. Time series of weather, observations and simulations during the validation time 
period (2 August – 3 September, 2012). Fig. A5.4a shows daily sums of rainfall and simulated 
actual evaporation, and the cumulative rainfall surplus (line). Figs. A5.4b-d show observed and 
simulated volumetric water content (b), groundwater table (c) and peat thickness (d) with the four 
model variants including ( 1) or excluding (0) moss rain water retention (M) and/or peat volume 
change (V). The horizontal line in Fig. A5.4b at 0.5 cm3 cm-3 represents the critical moisture 
threshold. See Table 5.5 in main text for model performance.

(a)

(b)

(c)

(d)
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Appendix 5.4.	� Range of parameter values in 
sensitivity analysis

Table A5.4. Range of parameter values used in the univariate sensitivity analysis.

Parameter Meaning Value in model Min Max Unit

θsat Saturated water content 0.975 0.7 1 m3 m-3

θres Residual water content 0 0 0.3 m3 m-3

hb Air entry value -0.005 -0.0075 -0.0025 m

λ Shape parameter θ-h 0.28 0.14 0.42 -

Ks Saturated hydraulic conductivity 1.5 · 10-3 7.5 · 10-4 2.26 · 10-3 m s-1

Ka Shape parameter K(h) 1.0031 0.5 1.5 -

Kb Shape parameter K(h) 0.0001 5.0 · 10-5 1.5 · 10-4 -

Ss Specific storage 2.0 · 10-6 8.0 · 10-7 3.0 · 10-6 m-1

Sy Specific yield 0.38 0.19 0.57 -

KC Crop factor 1.5 0.75 2.25 -

PTINI Peat thickness 5.0 2.5 7.5 m
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6.1	� The relevance of fine scale ecohydrological 
processes for the carbon cycle of northern 
peatlands 

Northern peatlands accumulated an equivalent of 20% of total terrestrial soil carbon 
throughout the Holocene (Kleinen et al., 2012; Turunen et al., 2002; Yu, 2011). As such, 
these northern wetlands represent a significant long-term sink for atmospheric CO2, 
resulting in a cooling of the earth and its atmosphere (Frolking & Roulet, 2007). The 
long-term net carbon uptake of northern peatlands depends on the balance between 
carbon losses through decomposition and carbon uptake through photosynthesis, 
mainly of peatmosses (Sphagnum spp.). Climate change may alter both decomposition 
and photosynthesis rates and result in a net release of CO2 from peatlands into the 
atmosphere, which could accelerate climate change (Dise, 2009; Limpens et al., 2008). 

This thesis presents results of experiments under controlled lab conditions, field 
monitoring and mathematical modelling aimed to understand how fine scale 
ecohydrological processes in northern peatlands may be affected by climate change, and 
how such changes may feed back to the global climate by altering photosynthetic carbon 
uptake. The fine scale ecohydrological processes addressed in this thesis are rainwater 
retention by peatmosses and peat volume change for three peatmoss species (Sphagnum 
fuscum, S. balticum and S. majus) from hydrologically distinct microhabitats (hummock, 
lawn, hollow).

Our results show that ecohydrological processes operating at fine spatial or temporal 
scales modify the carbon uptake by photosynthesis of peatmosses in northern peatlands. 
These processes are to our knowledge not yet all implemented in models simulating 
feedbacks between peatlands and climate and their impact on feedback strength 
between peatland and atmosphere is unknown. Current model projections on climate 
change therefore include additional uncertainty. This additional uncertainty can be 
reduced by incorporating the ecohydrological processes presented in this thesis. Below 
we synthesize the results of this thesis and provide an overview of future research needs.

6.2	 Rain: carbon loss or carbon gain?
One of the main aims in this thesis was to determine how a shift in temporal distribution 
of rain impacts photosynthesis of three peatmoss species characteristic for three 
contrasting microsites (Sphagnum fuscum, S. balticum and S. majus). To assess the 
effect of rain at different groundwater tables, we developed water retention cylinders, 
a device to simulate a summer groundwater table draw down extending well below the 
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peat samples (Chapter 2). Using water balance measurements we quantitatively showed 
that rainwater becomes an important source of water supply for Sphagnum at deep 
groundwater tables where, dependent on species, 66 to 92% of the evaporated water 
originated from rainwater.

In accordance with our hypothesis (Chapter 1), the temporal distribution of rainfall 
did not significantly affect peatmoss carbon uptake in moist conditions. The timing 
of rain events controlled photosynthetic activity, but its effect was species-specific. 
The hummock species quickly switched to a photosynthetic active state during a post-
drought rain event, and thus was able to take advantage of temporary rewetting by rain 
after drought. In contrast, hollow and lawn species seem to be adapted to consistently 
wet conditions. These ‘high inertia species’ (cf Proctor & Tuba, 2002) were not able 
to take advantage of the temporary rewetting by rain. We conclude that lawn and 
hollow peatmosses can only maintain a positive carbon balance with frequent rain or 
long periods of rewetting, allowing for complete drought recovery, and minimizing 
leaching of valuable cell constituents of damaged cells (Dilks & Proctor, 1976; Gupta, 
1977; Proctor et al., 2007b). Frequent occurrence of drying-wetting cycles can thus 
be detrimental for survival and competitive strength of lawn and hollow peatmosses. 
This implies that hollow and lawn peatmosses only thrive in conditions with either 
continuously shallow water tables or very frequent rain. These observations support 
the view that hummock species are more drought tolerant than lawn or hollow species 
(Hájek & Beckett, 2008; Rydin, 1985; Wagner & Titus, 1984). A theoretical modelling 
framework to further improve simulation and prediction of peatmoss photosynthesis to 
climate induced alterations in water balance dynamics is provided in Section 6.6.2. 

Peatmoss morphological traits in relation to water retention
In addition to species-specific differences in the ecophysiological response to rain, 
Sphagnum morphological traits are also species-specific and may affect peatland 
resilience to rain regime shifts in a future climate (Turetsky et al., 2012). Accordingly, 
accounting for species-specific differences in morphological traits can further improve 
predictions of peatmoss response to episodic rewetting by rain (Elumeeva et al., 2011). 
The morphological traits characterize the capillary network (Luken, 1985; Rydin, 1985, 
1993), which define capillary rise from the groundwater table (hydraulic conductivity), 
and the moisture retention characteristics. Hummock species, occurring at sites with 
deep groundwater tables, have smaller shoots, grow in higher densities, and have lower 
metabolic rates than lawn and hollow species (Hayward & Clymo, 1982; Laing et al., 
2014; Luken, 1985; Rydin, 1995). The dense packing of hummock peatmosses results 
in smaller capillary spaces and is frequently asserted to increase water retention, and 
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increase capillary rise of groundwater (Rydin, 1986).

A predictive relationship between morphological traits and Sphagnum water retention 
capacity is not yet available. We assessed (Gerard, 2011; Thill, 2011) morphological 
traits of intact cores of three peatmoss species (Sphagnum fuscum, S. balticum and 
S. majus). Next, these traits were related to Sphagnum water retention at a range of suction 
pressures (i.e. groundwater tables) (e.g. Bouma, 1989; Schaap et al., 2001; Wösten et 
al., 2001). These analyses suggest that morphological traits can be used as predictors of 
water retention capacity (Fig. 6.1). Macroscopic traits, such as bulk density and shoot 
density, are mainly correlated to water retention at low suction pressures (i.e. shallow 
water tables). At larger suction pressures, where only smaller pores retain water, the 
length of branches, distance between fascicles (branching points) and number of stem 
leaves were related to water retention. At even larger suction pressures, submicroscopic 
characteristics, such as the size of hyaline cell pores, likely play an important role in water 
retention capacity (Hayward & Clymo, 1982).

TAKE HOME MESSAGE

Whereas frequent rain at deep water tables boosts photosynthesis of all 
peatmosses, no rain at all is more beneficial for lawn and hollow peatmosses than 
infrequent rain.

Fig. 6.1. Observed and fitted water 
content at various suction pressures 
(colours) using stepwise multiple 
regression. Explanatory variables 
were bulk density, shoot density, 
shoot overlap, shoot diameter, 
distance between fascicles (branching 
points), length of spreading and 
hanging branches, overlap of hanging 
branches and stem leaf density. Trait 
information was based on samples 
of the top 5 cm (diameter 5 cm), 
collected from mono-specific patches 
of S. fuscum (n=9), S. balticum (n=7) 
and S. majus (n=9).
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6.3	 Effect of rain at field scale
The experiment in controlled conditions illustrated the prominent role of rain and 
its temporal distribution for peatmoss carbon uptake (Chapter 2). To determine 
whether this conclusion also holds for field conditions we assessed the response of net 
carbon uptake of a northern peatland to individual rain events using 11 years of eddy-
covariance and meteorological data. In contrast to our hypothesis (Chapter 1) and the 
results of the experiment (Chapter 2), our analysis of long-term eddy-covariance data 
(Chapter 3) showed that rain characteristics and preceding moisture conditions had a 
minor effect on peatland carbon uptake. In contrast to the experiment, the reduction 
in light availability due to increased cloud cover associated with rain reduced net CO2 
uptake with 0.2 – 0.5 gC m-2 per individual rain event. On an annual basis, this reduction 
corresponds to about 24% of annual net CO2 uptake. As light availability was kept 
constant in the controlled experiment, these effects associated to rain showers were not 
observed. 

Does peat volume change diminish the rain effect?
The rewetting effect of rain observed in the growth chamber experiment was only weakly 
supported by the analysis under field conditions, which raises the question which factor 
could explain this difference. In addition to the difference in light conditions, another 
major difference between the chamber experiment and the field is the presence of 
a thick peat deposit beneath the living moss layer in field conditions. The open pore 
structure and high compressibility of fibrous material (Price et al., 2005; Waddington 
et al., 2010) allows peat to expand in wet periods and to compress during dry spells. As 
a result, variability in the depth of the groundwater table is reduced and the capillary 
water supply to the living moss layer may be stabilized, reducing peatmoss water stress 
(Kennedy & Price, 2005). At the eddy-covariance footprint in Degerö Stormyr, peat 
volume change reduced the decline in groundwater table throughout the growing 
season with 7.8 cm (Chapter 4). Especially for hollow and lawn peatmosses, abundantly 
present in the footprint (> 95% cover) and growing at habitats with shallow groundwater 
tables (Andrus et al., 1983; Nilsson et al., 2008), such stabilization effects may maintain 
peatmoss photosynthesis during drought. This buffering of extremes due to peat volume 
change may also have prevented rain events to have a direct rewetting effect on peatmoss 
photosynthesis (Chapter 3). The groundwater table was, however, frequently well below 

TAKE HOME MESSAGE

Daytime rain events decrease northern peatland net CO2 uptake by reducing light 
availability, rather than increasing it by rewetting.
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the optimal range of groundwater tables for the species in the eddy-covariance footprint 
(Andrus et al., 1983; Rydin & McDonald, 1985b), making it likely that drought stress 
occurred and that the direct rewetting effect should have been present. This suggests 
that the light reduction effect of rain over the footprint is indeed more important than 
the rewetting effect, and stresses the importance of separating cloudiness and rainfall in 
analysing effects of climate change on carbon exchange.

The stabilization effect of expansion and compression is expected to be spatially 
heterogeneous given that peat depth and peat material are spatially variable. In the 
simplest explanation, expansion and compression are related to current local vegetation 
composition. To better understand the response of net carbon uptake to wetting 
and drying events, spatial variability of expansion and compression, and vegetation 
composition were analysed along a 571 m transect comprising the eddy-covariance 
footprint area in Degerö Stormyr (Chapter 4).

We used a Structure-from-Motion algorithm ( Jebara et al., 1999) to create high-
resolution height maps from multiple images with different viewpoints taken. The 
magnitude of peat volume change throughout the growing season varied considerably 
through space. Geostatistical analysis showed furthermore that peat volume change was 
highly spatially structured, and spatial correlations became negligible at a characteristic 
spatial scale of about 40 m. The spatial variability of peat volume change was mainly 
related (R2 = 51%) to changes in absolute groundwater tables, which controls the 
mechanical stress on the peat matrix (Terzaghi, 1943). Vegetation composition only 
marginally explained (R2 = 7.3%) the spatial variability of peat volume change. However, 
point measurements at other locations in the Degerö Stormyr peatland indicate that peat 
volume change magnitude increases clearly in the sequence hummock < lawn < hollow 
(Fig. 6.2). 

Both the transect analysis and the point-measurement time series provide further 
evidence that vegetation cannot be the sole predictor for peat volume change magnitude, 
as the response of peat elevation to rain events varies considerably within microsites 
(Fig. 6.2). Moreover, considerable overlap in seasonal range of peat surface position 
among microsites occurs. As indicated by the transect study, spatial variability in peat 
volume change is likely driven by spatial variability in absolute groundwater level 
fluctuations. Especially for the hollow site located near the main discharge (Site 2), 
where upstream infiltrated water may accumulate, considerable volume change was 
observed (Fig. 6.2). This suggests that lateral groundwater redistribution may be an 
important control of changes in absolute groundwater table, peat volume change, and 
net carbon response.
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Figure. 6.2. Time series of peat surface elevation (DOY 179 – 247 in 2012) obtained with linear 
position sensors for different microsites (a-c) and locations (lines) within the Degerö Stormyr 
peatland. Daily rainfall sums are presented with vertical bars (secondary y-axis). The mean 
distance (D) from the main discharge outlet and mean peat thickness (PT) are given in Fig. 6.2a. 
Coloured line segments in the right plot margin show the range of the minimum and maximum 
peat volume. The four locations are shown on the map in (d). Map source: 64°10’N 19°33’E, 
© Google Earth, 31 December 2009. Last accessed in August 2015.

TAKE HOME MESSAGE

Peat volume change is highly spatially structured, and spatial patterns are (in the 
studied peatland) mainly related to spatial variation in absolute groundwater table 
change through time and to a lesser extent also to microsite, with magnitude of 
peat volume change  increasing from hummock < lawn < hollow < flark.
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Figure. 6.2. Time series of peat surface elevation (DOY 179 – 247 in 2012) obtained with linear 
position sensors for different microsites (a-c) and locations (lines) within the Degerö Stormyr 
peatland. Daily rainfall sums are presented with vertical bars (secondary y-axis). The mean distance 
(D) from the main discharge outlet and mean peat thickness (PT) are given in Fig. 6.2a. Coloured line 
segments in the right plot margin show the range of the minimum and maximum peat volume. The four 
locations are shown on the map in (d). Map source: 64°10’N 19°33’E, © Google Earth, 31 December 
2009. Last accessed in August 2015. 

6.4 Importance of moss water storage and peat volume change for 
peatmoss water availability 

We concluded that both rainwater retention and peat volume change are important processes 
regulating water availability in the living moss layer. The importance of these fine scale 
ecohydrological processes for peatmoss photosynthesis was quantified in a modelling study 
(Chapter 5). We built a simulation model and extended it with peatmoss rainwater retention, peat 
volume change, or the combination of both. These model extensions significantly reduced the number 
of droughts experienced by peatmoss with 33%, 11% and 51%. Moreover, model performance was 
best if both processes were incorporated. So, the numerical model simulations in Chapter 5 further 
support our laboratory and field observations, and stress the importance of including peat volume 
change and a moss water storage reservoir to accurately simulate water availability for peatmoss.  

Using an ensemble of climate projections (bias-corrected and downscaled) for current and future 
climate, we showed that including peat volume change and moss water storage reduced the projected 
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6.4	� Importance of moss water storage and 
peat volume change for peatmoss water 
availability

We concluded that both rainwater retention and peat volume change are important 
processes regulating water availability in the living moss layer. The importance of 
these fine scale ecohydrological processes for peatmoss photosynthesis was quantified 
in a modelling study (Chapter 5). We built a simulation model and extended it with 
peatmoss rainwater retention, peat volume change, or the combination of both. These 
model extensions significantly reduced the number of droughts experienced by peatmoss 
with 33%, 11% and 51%. Moreover, model performance was best if both processes were 
incorporated. So, the numerical model simulations in Chapter 5 further support our 
laboratory and field observations, and stress the importance of including peat volume 
change and a moss water storage reservoir to accurately simulate water availability for 
peatmoss. 

Using an ensemble of climate projections (bias-corrected and downscaled) for current 
and future climate, we showed that including peat volume change and moss water storage 
reduced the projected number of droughts. In this modelling study, climate change did 
not affect the number of peatmoss droughts. Furthermore, increasing model complexity 
by including ecohydrological feedback mechanisms improved model predictions, 
illustrating the resistance of peatlands to drought.

6.5	 Implications

6.5.1	 Ecosystem functioning
It is generally accepted among peatland ecologists that hummock species are better 
able to cope with dry conditions than lawn and hollow species simply because their 
capillary network and the resulting hydraulic properties stabilize their moisture content 
(Hayward & Clymo, 1982; Luken, 1985; Robroek et al., 2007a; Rydin & McDonald, 
1985b). Current climate projections for the boreal zone indicate that summer rainfall 
amount will increase (IPCC, 2013). Although these wetter conditions may seem to be 

TAKE HOME MESSAGE

Including rainwater retention and peat volume change improves simulations of 
water content in the living moss layer and results in lower projected droughts in 
both current and future climate, suggesting that including more ecohydrological 
feedbacks in peatland models buffers the impacts of climate change.
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in favour of hollow and lawn species, this may not be correct if we neglect the ability 
of species to deal with the projected less frequent but more intense rainfall (Allen & 
Ingram, 2002; IPCC, 2013). The results of Chapter 2 suggest that in a scenario with 
less frequent but more intense rain events, hummock species will have a competitive 
advantage over lawn species. On the longer term, hummock species may thus intrude 
the lawn microsite and outcompete lawn peatmosses. Assuming hollow species are also 
less capable to deal with intermittent rainwater supply than lawn species, hollow species 
would be replaced by lawn species. 

When rain becomes even less frequent, also hummock Sphagna may lose the competitive 
advantage at the hummock site. As trees and vascular plants are more resilient to droughts 
and intermittent water supply due to their roots and xylem tissue than peatmosses, they 
are able to exploit these brief rewetting events. Hence, this extreme future rain regime 
could further increase the abundance of trees and other vascular plants on hummock 
sites (Heijmans et al., 2013; Limpens et al., 2014b).

A species-specific ability to deal with intermittent rainwater supply has to our knowledge 
not been included in any dynamic vegetation model (Heijmans et al., 2008; Krinner 
et al., 2005). The absence of an ecophysiological component describing the ability of 
plants to deal with transient rewetting limits current evaluation of drought impact on 
species competition. In Section 6.6.2 we provide a conceptual model to include such 
transient rewetting effects.

The model study in Chapter 5 demonstrates that peat volume change significantly 
reduced the frequency of droughts by 11 – 26% for lawn microsites during the growing 
season. Peat volume change therefore is an indispensable mechanism stabilizing surface 
wetness and peatmoss photosynthesis, and hence increases peatland resistance to 
climatic perturbations. 

6.5.2	 Hydrological functioning

Simulating peatmoss water availability

The model study (Chapter 5) clearly demonstrates that including both peat volume 
change and rainwater retention improved predictions of water content in the living 
moss layer with 50%. Moreover, the number of simulated droughts is significantly 
reduced by including these processes (from 2.25 to 1.1 droughts per average growing 
season, with drought being defined as a volumetric water content below 0.49 cm3 cm-3, 
Chapter 2 and 5), and the water content in the moss layer is stabilized. This suggests that 
including more hydrological processes controlling moss water availability may result in 
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even larger stabilization of moss water availability and reduction of drought occurrence 
(Waddington et al., 2015).

The results of Chapter 5 suggest that lateral groundwater flow may be one of these 
hydrological processes currently missing in models. The spatial variability of peat volume 
change was mainly related to spatial variation in absolute groundwater table fluctuations, 
which in turn was ascribed to lateral groundwater redistribution. Increased awareness 
of the importance of lateral groundwater flow and the functioning of peatlands as 
self-regulating, spatially structured complex adaptive systems (Belyea & Baird, 2006; 
Eppinga et al., 2008) triggered recent development of spatially explicit peatland models 
including lateral groundwater flow (Baird et al., 2012; Eppinga et al., 2009; Sonnentag et 
al., 2008; Tang et al., 2015). Using the Structure-from-motion technique (Chapter 4), 
we found that a grid size of maximally 40 m would be required to adequately represent 
spatial patterns in peat volume change over the growing season in such models. Spatially 
explicit models are important to understand the functioning of individual peatlands, 
but are computationally demanding at such fine grid sizes. This makes spatially explicit 
models difficult to couple to atmospheric circulation models working with grids at 
the km scale. In Section 6.6.3 we describe a way to couple peatland ecohydrology to 
atmospheric processes. 

Consequences for land-surface – atmosphere feedbacks

In addition to controlling peatmoss photosynthesis, the water content in the living 
moss layer regulates the evaporative water flux and partitioning of the energy balance 
(Seneviratne et al., 2010). The inclusion of peat volume change and moss water 
retention in the model structure reduced simulated drought frequency which, in turn, 
could cause moss evaporation to be less frequently limited by water, and more frequently 
by net radiative energy. Current land-surface – atmosphere models do not (yet) include 
fine scale ecohydrological processes (species response, peat volume change, and 
groundwater dynamics), and may therefore underestimate the latent heat flux at high 
latitudes areas with large peatland cover. Especially in the boreal zone, where peatlands 
cover is substantial (15 – 30% of the land surface cf Joosten & Clarke, 2002), including 
fine scale ecohydrology in land-surface schemes will have a yet unknown impact on 
regional atmospheric circulation. An increased surface wetness could for example 
amplify a local positive soil moisture – rainfall feedback, where larger surface wetness 
enhances cloud formation and increases precipitation, which in turn increases surface 
wetness (Ek & Holtslag, 2004; Eltahir, 1998; Eltahir & Bras, 1996). The impact and 
strength of feedbacks between ecohydrological processes and regional climate can be 
tested by incorporating the peatmoss processes as described in Chapter 5 in land-surface 



155

Synthesis

6

models (e.g. HTESSEL, Balsamo et al. (2011) or SURFEX, Masson et al. (2013)). In a 
next step, such land-surface models can be coupled to a one-dimensional (e.g. Chang et 
al., 1999) or spatially explicit mesoscale (104 – 106 km2) weather prediction model with 
fine spatial resolution (≤ 2.5 km; e.g. HARMONIE, Seity et al. (2010) or HIRLAM, 
Undén et al. (2002)). 

Currently, climate projections frequently focus on shifts at coarse temporal scales, such as 
the total rain amount per winter and summer season, or per month. However, fine scaled 
projections on shifts in temporal distribution, intensity and duration of rain events will 
be required to adequately model feedbacks between the land surface and atmosphere. 
This thesis provides insight as to why such fine scale projections are required for the 
specific case of northern peatlands.

6.5.3	 Carbon budget functioning 

Consequences of less frequent but more intense rain

The results of the growth chamber experiment demonstrate that the temporal distribution 
of rainfall has an important effect on atmospheric carbon uptake. In peatlands with large 
cover of lawn and hollow microsites, a future climate with less frequent but more intense 
rainfall may significantly reduce net peatland carbon uptake. As described in Section 
6.5.1, shifts in the rain regime will also likely modify species composition in the longer 
term. Such shifts may, due to species-specific carbon assimilation rates, be accompanied 
with shifts in net carbon uptake rates (Granath et al., 2010; Hájek & Beckett, 2008; 
Laing et al., 2014). Due to complex interactions with other environmental variables, 
no clear relationship seems to exist between microsites and net carbon accumulation 
rates (Alm et al., 1997; Belyea & Clymo, 2001; Bubier et al., 1998; Leppälä et al., 2011; 
Waddington & Roulet, 2000). If – as expected – encroachment of vascular plants and 
trees occurs at the hummocks (Section 6.5.1), this likely reduces net carbon uptake due 
to the larger decomposability of vascular plants compared to peatmosses (Aerts et al., 
1999; Verhoeven & Toth, 1995). A model coupling the biogeochemical, hydrological, 
and dynamic vegetation components would be required to assess how the feedbacks 
between different facets of northern peatlands affect the carbon budget given climate 
change scenarios. Our results (Chapter 2) indicate that such models should include the 
non-linear complex relation between water availability and peatmoss growth to produce 
realistic predictions of drought impacts on peatmosses (See Section 6.6.2). 

Rain events reduce carbon uptake at field scale

The results presented in Chapter 3 indicate that rain events, rather than increasing the 
net carbon uptake of Degerö Stormyr, decrease peatland net carbon uptake through 
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reducing light intensities. This finding highlights that the ecosystem carbon balance of 
peatlands is sensitive to future shifts in the rainfall regime or changes in cloud cover. 
Several studies pointed to ‘global dimming’ from 1960s to late 1980s (Dutton et al., 1991; 
Stanhill & Cohen, 2001), caused by an increased concentration of atmospheric aerosols 
from anthropogenic pollution. After that period, the global dimming has stopped and 
seemed to turned into, on average, a global brightening (Wild et al., 2005; Wild et al., 
2009). Although multimodel future projections consistently show increased total cloud 
amount, detailed projections on future shifts in cloud cover are ambiguous (IPCC, 2013). 
Given the results in Chapter 3, the ambiguity in this information seriously hampers 
projections of peatmoss carbon sequestration rates as affected by global change. With a 
projected rain regime with less frequent but more intense rainfall, light availability will 
be reduced less frequently by rain showers, and may therefore increase carbon uptake of 
northern peatlands. Of course, care should be taken when extrapolating these results to 
other locations, and to different peatland types. The studied peatland can nonetheless be 
regarded as representative for vast peatland areas at high latitudes (Nilsson et al., 2001; 
Riley, 2011).

The large sensitivity of peatland carbon uptake to rain events at field scale (Chapter 3) 
strongly suggests that peatland models should take the decreased light availability during 
rain events into account. To correctly capture rain effects on carbon exchange in northern 
peatlands, a fine temporal discretization (e.g. hourly time step) is required. Neglecting 
these suggestions may result in biased climate change impact assessments on northern 
peatland carbon uptake. Although multimodel climate projections consistently predict 
increased cloud cover, it is not clear yet how cloud cover, type, and variability will 
change (IPCC, 2013). We conclude that including cloud cover and type in scenarios for 
future climate change is essential to predict peatland – atmosphere feedbacks, as cloud 
cover directly affects light availability and peatland CO2 uptake. This is closely related 
to aerosol emission projections, as aerosols influence cloud formation and incoming 
radiation (Bréon, 2006; Charlson et al., 1992; Ramanathan et al., 2001).

Hydrological model complexity and carbon exchange simulations

The modelling study indicates that including peat volume change and moss rainwater 
retention in a point-scale hydrological model decreases peatmoss drought frequency. 
This suggests that models excluding such hydrological complexity will overestimate the 
(negative) impact of drought on peatmoss CO2 uptake. The increased complexity will, 
considering the importance of surface moisture, not only affect peatmoss photosynthesis 
but also other biogeochemical processes related to greenhouse gas emissions. For 
example, simulated methane emissions are likely larger with increased hydrological 
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complexity due to higher water contents (Larmola et al., 2010).

6.6	 Outlook
In this thesis we showed how climatic changes may affect peatland water and carbon 
budgets. We identified two areas in which scientific knowledge is currently missing, 
but which are of fundamental importance to fully assess climate change impacts 
on ecohydrological functioning of northern peatlands. These two research topics 
are the ecophysiological ability of poikilohydric plants, such as bryophytes, to deal 
with intermittent rainwater supply and the quantification of lateral groundwater flow 
impact on local groundwater table dynamics (Fig. 6.3). We start with an overview of 
recommendations for future empirical research.

6.6.1	 Directions future empirical research 
We consider it very likely that the net carbon uptake response of peatmoss to rain in 
our empirical studies mainly originates from photosynthesis or autotrophic respiration 
(Chapter 2, 3). However, our studies provide no empirical evidence that this is not a result 
of heterotrophic respiration, which may also be affected by rain and drought (Huxman 
et al., 2004; Lee et al., 2004; Meisner et al., 2013). Observational field and growth 
chamber experiments separating heterotrophic respiration, autotrophic respiration, and 
photosynthesis at fine temporal resolution are required to determine how the different 
carbon flux components respond to rain events. This separation is impossible with eddy-
covariance data only, stressing the necessity for controlled (field) experiments. 

In Section 6.2 we quantified the relation between peatmoss morphological traits and 
their capacity to retain water. The applicability of these results is, however, limited to 
one study area and mono-specific patches of three peatmoss species. Given the high 
potential of peatmoss traits to describe water retention, it seems productive to extend 
the established relationship to other peatmoss species and other peatlands. More 
analyses are required to not only predict specific points of interest of the water retention 
characteristic, but also to predict parameters that describe the water retention – suction 
pressure – hydraulic conductivity relationship (Gupta & Larson, 1979; Wösten et al., 
2001).

While field experiments with rain shelters may be useful to identify how ecosystems 
respond to extreme drought events, more subtle changes in the temporal distribution of 
rain may be as important, as we show in this thesis (Chapter 2). By definition, extreme 
events do not occur frequently, which limits the relevance of experiments comparing 
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rain – no rain treatments. Future experiments should therefore be set up testing 
different rain and drought regimes instead of establishing rain shelters. Moreover, the 
light reduction effect of rain should be included in controlled lab experiments, as it is a 
dominant control on net CO2 uptake and co-varies with rain occurrence (Chapter 3).

The finding that light is more important than water for photosynthesis is currently 
based on one northern peatland only. We strongly recommend repeating the analysis 
for multiple peatlands using long-term eddy-covariance data. Moreover, cloud cover is 
shown to profoundly affect global terrestrial gross primary production (Nemani et al., 
2003) and clouds associated with the rainy season limit tropical rainforest production 
(Graham et al., 2003). Using eddy-covariance time series from e.g. Fluxnet (Baldocchi et 
al., 2001), we may apply a standardized version of our analysis for multiple ecosystems 
around the world. This way, general patterns of ecosystem response to individual 
events could be distinguished. Our study indicates that CO2 uptake is very sensitive to 
individual rain events. Averaging over rain events may consequently bias the relationship 
between net ecosystem CO2 exchange and rainfall.

Water storage living moss layer

Atmosphere

Groundwater table

R EΔPV

C

Q
Groundwater reservoir

Hydrophysical
characteristics
Water retention
Hydraulic

conductivity
Compressibility

Lateral flow 
(6.6.3)

Photosynthesis

Decomposition

Water cycle Carbon cycle

Physiology
(6.6.2)

Species identity (6.6.1)
Morphological traits

P D

Figure 6.3. Conceptual overview of ecohydrological processes in the living peatmoss layer as in the 
introduction, extended with a peatmoss identity component (Section 6.6.1), an eco-physiological 
component (Section 6.6.2), and a lateral groundwater flow component (Section 6.6.3). R = 
rainfall, E = evaporation, C = capillary flow, Q = lateral groundwater flow, ΔPV = peat volume 
change, P = photosynthesis, D = decomposition.
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6.6.2	� Modelling the water-photosynthesis relation for 
poikilihydric plants 

A key finding of the growth chamber experiment is that, for rain to have a positive effect 
on carbon uptake, peatmosses must be ecophysiologically adapted to take advantage of 
temporary increases in water content in the living moss layer. Hence, even though the 
water content increases due to rain, photosynthetic carbon uptake may be negligible. 
This implies that there is not a direct relation between photosynthetic activity and 
water availability (Chapter 2). Current peatland models, dynamic global vegetation 
models and land-surface schemes including carbon cycling assume a direct link between 
moisture availability and net carbon uptake (e.g. Bonan et al., 2003; Boussetta et al., 
2013; Frolking et al., 2010; Krinner et al., 2005; St-Hilaire et al., 2010). Especially 
when we attempt to predict drought impacts on ecosystem carbon fluxes and peatmoss 
competition, including the ability of peatmoss to deal with intermittent moisture supply 
becomes an important component.

For semi-arid environments, concepts linking the physiological plant response to rain 
events are relatively well-developed compared to peatlands. This is due to the clear rainy 
seasons, where distinct rain pulses markedly trigger observable plant growth (Huxman 
et al., 2004; Reynolds et al., 2004; Schwinning & Ehleringer, 2001; Schwinning & Sala, 
2004). The threshold-delay model, developed for semi-arid ecosystems by Ogle & 
Reynolds (2004) provides a valuable basis to establish a more mechanistic representation 
of drought impacts on peatmoss in northern peatlands. An adapted version of this 
conceptual model is described below (Fig. 6.4). 

The following processes may be relevant for simulating the peatmoss response to rainfall, 
and could result in a non-linear and complex relation between peatmoss water content 
and photosynthesis:
1)	� After drought, drought damage needs to be repaired before photosynthesis can 

start. This may introduce a lagged photosynthetic response to rewetting (Williams 
et al., 2009).

2)	� The duration of this lag is hypothetically a function of the cumulative drought 
damage, which in turn is be determined by preceding moisture conditions (Cable et 
al., 2013). In other words, peatmosses may have a ‘hydrological memory’.

3)	� A minimum amount of rain may be required to trigger photosynthesis or repair. In 
the original model proposed by Ogle & Reynolds (2004) this amount is species-
specific but fixed through time. However, this amount likely equals the amount 
required to replenish the water content above the minimum water content at which 
photosynthetic activity takes place, and therefore needs to be included dynamically.
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4)	� After the beginning of a drought period, photosynthetic activity ceases. As indicated 
in Chapter 2, the ability to switch between the photosynthetically active/inactive 
states seems to be species dependent. A species-specific decay rate of photosynthetic 
activity after drought commences thus needs to be included.

The non-linearity and differential response of photosynthesis in a drying and wetting 
trajectory may cause hysteresis in the moss water content – photosynthetic activity 
relation. Hysteresis is a recognized mechanism introducing catastrophic shifts between 
alternative stable states (Scheffer et al., 2001), represented by the shift between a 
photosynthetically active and inactive state. Although the occurrence of hysteresis is 
hypothetical and needs to be validated, Fig. 2.5b in Chapter 2 suggests that hysteresis 
in the water content – photosynthesis relation may occur (See Fig. 6.5). Both at low 
and high volumetric water contents, the variability in photosynthetic efficiency is small, 
representing the photosynthetically inactive and active state. In the water content 
range of 0.40 – 0.65 m3 m-3, large variability occurs, representing hysteresis loops. 
Additional laboratory experiments are required to test this hypothesis and parameterize 
the ecophysiological component for different functional species groups with different 
ecophysiological drought-response traits. 
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Figure 6.4. Hypothetical response of photosynthesis to rewetting based on experimental findings 
in Chapter 2. The horizontal dashed line in the top figure represents the moisture level at which 
photosynthesis switches on/off. Based on Ogle & Reynolds (2004).
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Integration of the ecophysiological non-linear complex processes in peatland models or 
land-surface schemes will improve climate change impact assessments in an important 
part of the world, where abundance of poikilohydric plants, such as bryophytes, is high 
(Daniels & Eddy, 1985; Proctor & Tuba, 2002; Turetsky et al., 2012).

6.6.3	 Towards an improved peatland ecohydrological model
In many scientific disciplines the comparison of models varying in complexity to verify 
which processes are relevant is relatively common (Ajami et al., 2004; Eitzinger et al., 
2004; Henderson-Sellers et al., 1993; Taylor et al., 2012). Though model comparison is a 
crucial component in model development, to our knowledge no comparisons of models 
varying in complexity and focussing on the (eco)hydrology of northern peatlands 
are currently available. As a result, many models are available (e.g. Baird et al., 2012; 
Frolking et al., 2010; Granberg et al., 1999; Heijmans et al., 2008; Kennedy & Price, 
2004; St-Hilaire et al., 2010; Wu & Blodau, 2013; Yurova et al., 2007), which are often 
employed at different peatland sites. This seriously impedes differentiating model effects 
from site effects and obstructs establishing general concepts for peatlands in different 
hydro-climatic settings. It is therefore essential to develop a unified peatland model by 
systematically comparing various complexities. Comparison of the output of models 
with various complexities with field data from multiple peatlands plays a vital role in 
this context. A central and accessible database, such as the peat properties database 
established by Loisel et al. (2014), would be valuable in stimulating the peatland 
community performing such model comparisons.

Figure 6.5. Relation between volumetric 
water content and photosynthetic efficiency 
for Sphagnum balticum. Points represent 
observations of multiple mesocosms exposed 
to various drought conditions, the black lines 
represent a logistic fit (and 95% confidence 
intervals; Chapter 2). A hypothetical 
hysteresis effect arising from a non-linear 
and complex response of photosynthesis to 
rewetting is presented with the blue and red 
lines. The blue and red lines represent the 
wetting and drying curve.
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In this thesis we provided a start in unifying model concepts by systematically testing 
the importance of peat volume change and rainwater retention for water content in the 
living moss layer (Chapter 5). Our results stress the importance of also including lateral 
groundwater flow in predicting groundwater table fluctuations and its consequent effects 
on peatmoss water availability (Chapter 5) and peat volume change (Chapters 4 and 5). 
Several model approaches exist to simulate lateral groundwater flow at multiple spatial 
scales smaller than grid cells used in atmospheric circulation models. These approaches 
are either based on explicit flow routing procedures (Chen et al., 2005b; Tang et al., 
2014; Wigmosta et al., 1994), implicit statistical procedures (Beven et al., 1984; Quinn 
et al., 1995; Tague & Band, 2001), or physically based lateral groundwater flow in point-
models (van Dam et al., 2008; Yurova et al., 2007). Although spatially explicit simulations 
where water is routed from cell-to-cell would be beneficial from peatland hydrological 
perspective, it is currently computationally unrealistic to simulate mesoscale climate 
with e.g. a 40 ∙ 40 m grid resolution. Moreover, data requirements are very large and 
the geohydrological parameters are difficult to obtain, especially for remote northern 
peatlands. Conversely, the absence of a process-based description in implicit statistical 
procedures and point models may bias lateral groundwater flow estimates.

We advocate adopting an approach in which several simplifying modelling concepts 
are compared with a complex spatially explicit model (using Chapter 5 as a guideline). 
The performance of these lateral groundwater flow concepts can be assessed using 
observational data of a set of representative, data-rich peatlands differing in hydrological 
setting. To simulate lateral flows, measurements of saturated hydraulic conductivities, 
groundwater tables and discharge are required. Given the strong relationship between 
peat volume change and change in absolute groundwater table (Chapter 4), spatially 
explicit changes in groundwater table may be potentially derived from changes in 
surface elevation using Structure-from-Motion and airborne or terrestrial laser scanning 
techniques (Andersen et al., 2011; Anderson et al., 2010; Jebara et al., 1999; Lode & 
Leivits, 2011). Applying Structure-from-Motion on digital images collected with 
unmanned aerial vehicles (UAVs) is a cost-effective and accurate method to determine 
fine scale topographic differences over time (Chapter 4). Especially combining 
photogrammetry with ground observations makes it possible to take peatland hydrology 
models one step further by adopting a 3D approach. This allows determining how peat 
volume change affects groundwater dynamics and local flow paths during a growing 
season in a peatland.



163

Synthesis

6

6.7	 Conclusion
In this thesis we show that rainwater retention and peat volume change, operating at 
fine spatiotemporal resolution (square meters; hourly), play an essential role in carbon 
and water exchange between peatland and atmosphere. Hence, taking these fine scale 
ecohydrological processes in account is essential to predict whether northern peatlands, 
carbon pools of global importance, may shift from carbon sink to carbon source in a 
future climate.
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Summary

Summary 
Northern peatlands, wetland ecosystems occurring in the boreal and arctic zones 
of our planet, store large amounts of carbon, corresponding to 34 – 46% currently 
stored in the atmosphere as carbon dioxide (CO2). Northern peatlands are therefore 
an essential component in the global carbon cycle. The carbon in northern peatlands 
mainly originates from peatmosses (Sphagnum) that fix atmospheric CO2 through 
photosynthesis, and of which the (partially) decomposed material accumulates as peat. 
Peatmoss photosynthesis, i.e. CO2 uptake from the atmosphere, strongly depends on the 
water availability in the living moss layer. The water availability to peatmosses will likely 
change in the future as a consequence of climate change, which is projected to result 
in increased evapotranspiration and changed rainfall regimes. However, the magnitude 
of change in peatmoss water availability and the effect of such changes on the living 
moss layer are uncertain and unknown. Therefore, it remains highly uncertain whether 
peatlands will continue to sequester carbon in future. By combining climate chamber-, 
field-, and modelling studies, we show that rainwater retention and peat volume change 
play a crucial self-regulating and stabilizing role in the interactions between climate 
and exchange of water and carbon between peatland and atmosphere. Through these 
processes, northern peatlands seem to be more resilient to changes in evapotranspiration 
and rain regimes than generally assumed.

In a growth chamber experiment we assessed the sensitivity of peatmoss photosynthesis 
to temporal rainfall patterns during a stepwise decrease in groundwater table, resembling 
progressively drier conditions. CO2 exchange was measured for intact moss cores of 
three peatmoss species (Sphagnum majus, S. fuscum and S. balticum) from contrasting 
peatland habitats (wet hollows, dry hummocks, and lawns in between). Carbon uptake of 
the hummock species increased linearly with precipitation frequency in dry conditions, 
whereas carbon uptake by the lawn and hollow species was reduced at intermediate 
rainfall frequencies. The experiment highlights that the ability to deal with transient 
water supply differs among species and that the temporal distribution of rainfall controls 
peatmoss carbon uptake during droughts. 

To determine whether the findings of the growth chamber experiment are also valid 
in field conditions, we analysed an 11 year eddy-covariance and meteorological time 
series of a northern peatland to explore the response of net carbon uptake to individual 
rain events. Daytime rain events systematically decreased the sink strength of peatlands 
for atmospheric CO2. This reduction corresponds to 24% of the annual net CO2 uptake 
of the studied peatland, and was caused by reduced light availability due to increased 
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cloud cover during rain events. Reduced light availability was a more important factor in 
explaining the net carbon uptake response to rain events than changes in water availability 
and timing of rain. Our results show that peatland CO2 uptake is highly sensitive to 
changes in cloud cover and to altered rainfall regimes. The results of the growth chamber 
experiment and field study may seem contradictory, which very likely originated from 
differences in light conditions. While light was maintained at constant level in the growth 
chamber experiment, it co-varied with rain events under field conditions.

Additionally, the presence of a compressible peat layer beneath the living moss layer 
in field conditions may have reduced drought impact on peatmoss photosynthesis by 
stabilizing the distance between the groundwater table and the moss surface. How 
the magnitude of this peat volume change varies through space, and which processes 
controlled its magnitude is, however, unknown. We therefore explored the fine scale 
spatial structure of peat volume change in a northern peatland, and its relationship with 
vegetation and hydrology using spatially continuous data of surface elevation change 
and point measurements of vegetation and geohydrology. The magnitude of peat volume 
change over the growing season varied spatially from -6 cm (compression) to +1.2 cm 
(expansion). Peat volume change over the growing season emerged at a spatial scale of 
about 40 m. It was mainly related to changes in aquifer thickness, and to a lesser extent 
to larger scale vegetation units such as flarks and hollows. This suggests that the spatial 
representativeness of simulation models including peat volume change is restricted, and 
that peat volume change cannot be derived merely from vegetation units.

Both peat volume change and retention of rainwater seem to be key factors controlling 
the water content in the moss layer. Current peatland models vary in the degree of 
hydrological detail included, and do not necessarily include these processes. At present, 
the consequences of excluding these processes for peatmoss drought predictions are 
unknown. In a modelling study we therefore systematically tested whether including 
these fine scale ecohydrological processes biases future predictions of peatmoss 
drought stress. Peatmoss drought projections were compared among four model 
concepts including or excluding peat volume change or moss water storage. Our 
results demonstrated that including peat volume change as well as moss water storage 
significantly increased model performance and reduced frequency of peatmoss drought 
stress (from 2.25 to 1.1 droughts per average growing season). Ignoring these processes, 
which are important in hydrological self-regulation, may thus lead to overestimation of 
future climate change impacts on peatlands. 

In this thesis we show that, although rainwater retention and peat volume change occur 
at a fine spatiotemporal scale (< 1 m2; hourly), these processes play a self-regulating 

Summary
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and stabilizing role in the exchange of water and carbon between peatland and 
atmosphere. Through these feedbacks, peatlands seem to be more resilient to changes 
in evapotranspiration and precipitation than generally assumed. Hence, accounting for 
these processes is essential in predicting whether northern peatlands, carbon pools of 
global importance, may shift from carbon sinks to carbon sources in a future climate.

Summary
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De noordelijke veengebieden, moerassige ecosystemen in de boreale en arctische 
klimaatzones, zijn gezamenlijk een enorme koolstofopslag die overeenkomt met 34 – 46% 
van het in de atmosfeer opgeslagen koolstof (als koolstofdioxide; CO2). Noordelijke 
venen vormen daarmee een essentiële component van de mondiale koolstofkringloop. 
De in deze venen vastgelegde koolstof is voornamelijk afkomstig van veenmossen 
(Sphagnum), die CO2 uit de atmosfeer opnemen middels fotosynthese, en waarvan 
het (gedeeltelijk) afgebroken plantenmateriaal ophoopt als veen. De fotosynthese 
van veenmos, en daarmee de opname van CO2 uit de atmosfeer, is sterk afhankelijk 
van de vochtbeschikbaarheid in de levende moslaag. De vochtbeschikbaarheid voor 
veenmos zal als gevolg van klimaatverandering door verhoogde evapotranspiratie en 
gewijzigde neerslagpatronen waarschijnlijk veranderen. De mate van de verandering 
in vochtbeschikbaarheid en het effect van deze verandering op de levende moslaag is 
echter onzeker en onbekend. Daardoor blijft het erg onzeker of venen zullen blijven 
functioneren als belangrijke koolstofopslag in de toekomst. Door klimaatkamer-, veld- en 
modelstudies te combineren laten we zien dat regenretentie en veenvolumeverandering 
een cruciale zelfregulerende en stabiliserende rol spelen in de interacties tussen 
klimaat en de uitwisseling van water en koolstof tussen veen en atmosfeer. Noordelijke 
veengebieden blijken daardoor beter bestand te zijn voor wijzigingen in evapotranspiratie 
en neerslagpatronen dan algemeen werd aangenomen. 

In een klimaatkamer experiment hebben we onderzocht hoe gevoelig de fotosynthese 
van veenmos is voor temporele variatie in neerslag bij verschillende grondwaterstanden. 
We hebben het experiment uitgevoerd met drie veenmossoorten (Sphagnum majus, 
S. fuscum en S. balticum) van hydrologisch contrasterende veenhabitats (natte slenken, 
droge bulten, en tapijten ertussenin). De respons verschilde per waterstand en per 
soort. Bij een ondiepe grondwaterstand speelde regenfrequentie geen rol voor de 
koolstofopname van veenmos, terwijl bij een diepe grondwaterstand de regenfrequentie 
belangrijk werd. Bij diepe grondwaterstanden nam de koolstofopname van S. fuscum 
lineair toe met regenfrequentie, terwijl koolstofopname van S. balticum en S. majus 
afnam bij gemiddelde regenfrequenties. Dit experiment laat zien dat het vermogen van 
veenmossen om met wisselende vochtbeschikbaarheid om te gaan soortafhankelijk is, 
en dat de temporele verdeling van regen een belangrijk niet-lineair effect heeft op de 
koolstofvastlegging bij diepe grondwaterstanden. 

Om te bepalen of de bevindingen in het klimaatkamer experiment ook geldig zijn in 
veldcondities, hebben we een 11-jarige tijdreeks van CO2 uitwisseling van een Zweeds 
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veen gekoppeld aan meteorologische waarnemingen. Onze resultaten laten zien dat buien 
(overdag) de opname van CO2 uit de atmosfeer systematisch verlaagden. Deze reductie 
komt op jaarbasis overeen met 24% van de netto koolstofopname van het bestudeerde 
veengebied. Dit onverwacht negatieve effect van regenbuien op koolstofopname werd 
waarschijnlijk veroorzaakt door de lagere lichtbeschikbaarheid tijdens regenbuien en niet 
door regenfrequentie of waterstand, zoals we vonden in het klimaatkamer experiment. 
De contrasterende resultaten van de klimaatkamer- en  veldstudie kunnen waarschijnlijk 
verklaard worden door de verschillende lichtregimes. Terwijl de lichthoeveelheid in de 
klimaatkamerstudie gehandhaafd werd op een constant niveau, varieerde deze met de 
aanwezigheid van regenbuien in veldcondities. Onze resultaten geven aan dat de opname 
van CO2 door venen erg gevoelig is voor toekomstige veranderingen in wolkvorming en 
neerslagregimes.

Een andere mogelijke oorzaak voor het verschil in resultaten tussen de klimaatkamer- 
en veldstudie is dat in veldcondities krimp van het veenpakket de invloed van droogte 
op veenmosfotosynthese beperkt heeft door het stabiliseren van de afstand tussen de 
het grondwater en het veenoppervlak. Hoe deze veenvolumeverandering varieert in de 
ruimte en of het samenhangt met is echter grotendeels onbekend. Daarom verkenden 
we de fijnschalige ruimtelijke structuur van veenvolumeverandering en haar relatie 
met vegetatie en hydrologie. Hiertoe combineerden we ruimtelijk continue data van 
veranderingen in het veenoppervlak en puntmetingen van vegetatiesamenstelling 
en geohydrologie. De mate van veenvolumeverandering over het groeiseizoen 
varieerde ruimtelijk van -6 cm (krimp) tot +1.2 cm (zwel). Ruimtelijke patronen 
van veenvolumeverandering over het gehele groeiseizoen manifesteren zich op een 
ruimtelijke schaal van ongeveer 40 m, en waren met name gerelateerd aan veranderingen 
in de dikte van het watervoerende pakket, en in mindere mate aan grotere vegetatie-
eenheden, zoals bulten en slenken. Dit betekent dat de ruimtelijke representativiteit 
van simulatiemodellen van veenvolumeverandering slechts zeer beperkt is en 
veenvolumeverandering niet alleen op basis van vegetatietypering bepaald kan worden.

Onze experimenten en veldmetingen lieten zien dat fijnschalige processen voor een 
belangrijke mate de vochthuishouding en koolstofopname van veenmossen bepalen. De 
retentie van regenwater of veenvolumeverandering worden echter niet tot nauwelijks 
meegenomen in huidige simulatiemodellen van veenhydrologie. De consequenties van 
het opnemen of weglaten van deze processen voor verwachtingen van droogtestress, en 
daarmee de potentiele koolstofopname, van veenmos is onbekend. Met vier modellen 
hebben we daarom getest hoe het al dan niet in begrip nemen van regenretentie en 
veenvolumeverandering droogtestress beïnvloedt, door gesimuleerd vochtgehalte te 
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vergelijken met veldwaarnemingen uit een Zweeds veen. De vier modellen verschilden 
in hydrologische complexiteit, waarbij veenvolumeverandering en opslag van water in 
de veenmoslaag al dan niet opgenomen waren in de modelstructuur. Het meenemen 
van zowel veenvolumeverandering als opslag van water in de veenmoslaag bleek de 
modelkwaliteit significant te verbeteren. Verder geven simulaties met klimaatprojecties 
aan dat het aantal voorspelde momenten van droogtestress voor veenmos significant 
lager wordt (van 2.3 droogtes per gemiddeld groeiseizoen in 1991 – 2020 naar 1.1 
droogtes in 2061 – 2090). Het negeren van ecohydrologische zelfregulatie door 
veenvolumeverandering en opslag van water in de veenmoslaag zou dus tot een 
overschatting van het effect van klimaatverandering op noordelijke venen kunnen leiden.

In dit proefschrift laten we zien dat, alhoewel regenretentie en veenvolumeverandering 
plaatsvinden op een fijne spatiotemporele schaal (< 1 m2; uurlijks), deze een cruciale 
zelfregulerende en stabiliserende rol spelen in uitwisseling van water en koolstof tussen 
veen en atmosfeer. Door deze terugkoppelingen lijken venen beter bestand te zijn tegen 
wijzigingen in evapotranspiratie en neerslagpatronen dan algemeen werd aangenomen. 
Het meenemen van deze fijnschalige ecohydrologische processen is dus essentieel om te 
voorspellen of de koolstofbalans van noordelijke venen, koolstofbronnen van mondiaal 
belang, zal verschuiven van opslag naar emissie in een toekomstig klimaat.
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