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Abstract 

Peatlands are the most space-efficient terrestrial carbon sink on earth, storing more carbon than 

all other vegetation types in the world combined. The amount of carbon input into peatlands is 

determined by the primary production and decomposition of plants. The fragile relationship 

between these two processes is massively disturbed by intensive land use and the associated 

drainage of large peatland areas, releasing as much carbon dioxide annually as global air travel. 

Aiming for the substantial reduction of greenhouse gas emissions, rewetting measures have been 

initiated worldwide to protect and sustainably manage peatlands by restoring the waterlogged 

conditions required for peat formation. However, the increase in droughts across Europe adds 

another threat for peatlands by lowering water tables and affecting plant productivity, litter 

decomposition and phenology, which can reduce their potential for carbon storage.  

Fens are minerotrophic peatlands that make up over a third of the peatland area in Europe. The 

growth and turnover of root biomass is particularly important for the formation and degradation 

of peat in fens; thus, a special focus should lie on root dynamics research. However, despite their 

pivotal role for peat formation, we still lack knowledge about root responses to environmental 

changes caused by rewetting or drought in fens. This thesis aims to advance our knowledge about 

root processes as well as their abiotic drivers in drained and rewetted fen peatlands of NE 

Germany, and how they may be affected by an extreme drought. For this purpose, destructive 

(i.e. in-growth cores, litter bags, soil coring) along with non-destructive measurements (i.e. 

minirhizotrons, NDVI) were used in situ in forested (alder forests) and graminoid-dominated 

(sedges and grasses) plant communities representative of the prevailing fen peatlands of Central 

Europe.  

In this thesis, I investigate the environmental drivers of root growth (Chapters I-III), the annual 

production and decomposition (Chapter II), phenology and temporal dynamics of root growth 

(Chapters I and III), and the response of root biomass distribution and their functional traits to 

environmental changes linked to rewetting (Chapter IV). To understand the fundamental 

differences in productivity of plant communities on mineral and organic soils, above-and 

belowground phenology and their environmental drivers were compared among different 

temperate ecosystems (i.e. a beech forest, a forested peatland and two graminoid-dominated fen 

peatlands) in Central Europe (Chapter I). The study provides evidence that generalizations of 

aboveground to belowground production are not likely to reflect seasonal dynamics in temperate 

fen peatlands. Furthermore, the study shows that fine root production can be up to 10 times 

higher for peatland plant communities than for a beech forest on mineral soil, highlighting the 
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importance of roots for contributing substantially to the formation of organic soils. By comparing 

annual productivity and decomposition between drained and rewetted fens, it is shown that 

rewetted fens maintained their productivity under the drought conditions experienced in Central 

Europe in the year 2018, leading to a higher carbon storage potential despite similar 

decomposition rates (Chapter II). A deeper understanding on the drivers of this high 

productivity in the rewetted sites is provided by the analysis of temporal dynamics of root growth 

and their potential abiotic drivers (Chapter III). Here, the important role of root phenology in 

the maintenance of productivity of rewetted fens under drought conditions is revealed, since 

higher root productivity in response to rewetting was driven by an extension of the growing 

season rather than through a higher growth rate (Chapter III). This thesis shows that rewetting 

can be beneficial for plant production under drought conditions, which is central to the 

maintenance of the carbon sink function of peatlands (Chapters II and III). Rewetting 

maintained high water tables, favouring a plant community adapted to water saturation and also 

to fluctuating environmental conditions, and thus a community able to cope with periodic water 

table drawdowns that might increase in the future. Contrarily, drainage caused water tables to 

constantly drop below rooting depth of plants that might be adapted to drier conditions, but not 

drought. To gain a deeper understanding of the changes that roots undergo with rewetting and 

their potential effects on soil carbon storage, a fourth study focuses on the changes in biomass 

distribution and functional traits of roots along the soil profile (Chapter IV). Together with root 

age determination the study indicates higher rates of carbon turnover in shallow soil layers and 

higher belowground carbon investments with rewetting compared to drainage in a forested 

peatland.  

This thesis demonstrates that generalizations of phenological events from plant communities of 

mineral to organic soils, even though they face the same macroclimatic conditions, are 

misleading, as they are not subject of the same environmental controls (Chapter I). Rewetting 

of forest and graminoid-dominated fen peatlands supports their function as carbon sink by 

enhancing renewed carbon sequestration in form of root biomass (Chapters II-IV). Knowledge 

about root phenology is crucial to understand plant productivity of peatlands, one of the main 

drivers of organic matter accumulation (Chapter III). Even though roots are pivotal for 

mediating the input of carbon into the soil, their dynamics remain one of the least understood 

aspects of plant function. This thesis contributes to fill this knowledge gap by shedding light on 

root processes that contribute to the formation of peat and the complexity of the underlying 

abiotic drivers in rewetted and drained fens in face of a warmer and drier climate.  
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Thesis Summary 

Introduction 

Peatlands as hotspots of carbon storage 

When we think about carbon (C) storage, we tend to think about forests. However, peatlands 

contain twice as much carbon (500 ± 100 Gt C) as all the biomass of the World’s forests 

(Pan et al. 2011; Yu 2012; Joosten et al. 2016). While peatlands cover less than 3% of the 

land surface (about 4 million km2) (Joosten 2009; Joosten et al. 2016) they store around 20% 

of the global soil carbon (Joosten et al. 2016). This makes them the largest and most space-

efficient terrestrial carbon store on earth. Intact peatlands accumulate peat from dead plant 

material, thereby removing carbon dioxide (CO2) from the atmosphere (Succow and Joosten 

2001; Rydin et al. 2013). The large storage of carbon results from organic matter (OM) 

accumulation under water saturated and anoxic conditions, which inhibits the activity of 

aerobic decomposers (Freeman et al. 2001; Wieder et al. 2006; Moore et al. 2007). Thus, 

primary production that exceeds low decomposition rates are the driving forces of peat 

formation that enable the carbon sink function of peatlands (Fig. 1A). By sequestering about 

0.37 Gt CO2 per year worldwide (Joosten 2015), peatlands contribute considerably to 

reducing the release of greenhouse gases (GHG), thus, being important for climate change 

mitigation. Besides, peatlands fulfil numerous important ecosystem functions, including 

water regulation (i.e. water storage, groundwater recharge and discharge), water purification 

(i.e. retention, recovery and removal of excess nutrients and pollutants), erosion protection 

(i.e. regulation of soil conditions), and provision of unique habitats for highly specialised 

species, thus, favouring biodiversity (Joosten and Clarke 2002; Page and Baird 2016). 

Consequences of draining peatlands and the chances of rewetting  

Drainage and degradation of peatlands for agriculture, forestry or peat extraction presents a 

great threat for the ecosystem functions of peatlands. Drainage causes the water table to drop 

and the resulting aeration of the soil promotes the decomposition of OM, causing the release 

of significant amounts of GHG as CO2 (IPCC, 2014; Wilson et al. 2016). Still, most of the 

mitigation pathways for countering climate change do not take emissions from degraded 

peatlands into account (Rogelj et al. 2018; Huppmann et al. 2018; Smith et al. 2019). About 

10% (43–51 Mha) of the global peatland area is degraded resulting in global GHG emissions 

that corresponds to roughly 5% of total global anthropogenic GHG emissions (Joosten et al. 

2016; Leifeld and Menichetti 2018). The substantial emissions caused by drainage switch 
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peatlands from a carbon sink to a net carbon source, jeopardizing their climate change 

mitigation function (Fig. 1B, Wilson et al. 2016; Leifeld et al. 2019; Loisel et al. 2021). 

Besides the protection of intact peatlands, the restoration of drained peatlands through 

rewetting is urgently needed to reverse this trend (Barthelmes et al. 2015; Wilson et al. 

2016). At present, the most effective option to reduce losses from large organic carbon stocks 

is to change hydrological conditions and to increase soil moisture and surface wetness 

(Regina et al. 2015), as water table depth is one of the key regulators controlling GHG 

emissions and soil subsidence in peatlands (Couwenberg et al. 2010). Net GHG emissions 

from rewetted peatlands are in many cases considerably lower compared to drained 

peatlands (Hiraishi et al. 2014; Barthelmes et al. 2015; Wilson et al. 2016). However, despite 

rewetted peatlands do not equal the low emissions of pristine peatlands (i.e. prior to 

drainage), their GHG emissions are considerably mitigated in comparison with their drained 

status (Knox et al. 2015; Wilson et al. 2016; Günther et al. 2020). Long-term GHG 

monitoring in temperate and boreal peatlands has demonstrated that rewetting noticeably 

reduce emissions compared to degraded drained sites and can restore the carbon sink 

function when vegetation is re-established (Hiraishi et al. 2014; Wilson et al. 2016; Nugent 

et al. 2018). Humpenöder et al. (2020) estimated that the land system would turn into a 

global net carbon sink by 2100, as projected by current mitigation pathways, if about 60% 

of present-day degraded peatlands would be rewetted in the coming decades, next to the 

protection of intact peatlands.  

 

Figure 1 (A) In intact peatlands, a high water table close to the surface induces anoxic soil conditions. This 

leads to primary production and the assimilation of carbon (represented as orange C) through photosynthesis 

exceeding the release of carbon through aerobic respiration from decomposers. This results in a carbon sink. 

Rewetting aims on re-establishing these conditions. (B) Lowered water tables due to drainage of peatlands 

leads to higher decomposition and respiration rates and the release of carbon from the soil to the atmosphere 

as CO2. This results in a carbon source. 
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In Europe, about 5.4% of the land surface is covered by peatlands, but due to anthropogenic 

disturbance, only less than half of the peatlands in Europe are still accumulating peat 

(Joosten and Clarke 2002; Tanneberger et al. 2017), causing disproportionally high CO2 

emissions. About two thirds of the peatland area in Europe are fens (i.e. groundwater-fed 

peatlands) (Joosten et al. 2017), in which the peat is primarily formed by roots and rhizomes 

of vascular plants (Succow and Joosten 2001; Rydin et al. 2013). Thus, the primary 

production and decomposition of roots in particular determine the amount of carbon input 

into these peatlands. So far, we know too little about the actual effects of rewetting on peat-

forming processes, such as production and decomposition with respect to roots. Fens are 

particularly understudied in this respect compared to, for example, ombrotrophic (i.e. 

rainwater-fed) bogs. In order to improve our ability to predict ecosystem responses to 

environmental changes, and the consequences of rewetting of formerly drained peatlands, 

we need to broaden our understanding of root dynamics (i.e. timing of growth, production, 

decomposition, and functional traits), its environmental drivers and its linkages to the water 

regime in temperate fen peatlands.  

Roots as the main element of organic matter accumulation in fens 

Roots are pivotal elements in soil carbon cycling and storage and represent the main peat 

forming element in sedge-dominated fen peatlands of Central Europe (Succow and Joosten 

2001; Rydin et al. 2013). With their short lifespan, high nutrient content and high respiration 

rates, fine roots are more important in terms of carbon and nutrient budgets than larger 

diameter roots (Iversen et al. 2015). The production of fine roots controls, besides nutrient 

and water uptake, a large flux of carbon from plants into the soil in form of root exudates 

and fine root turnover (Pendall et al. 2004; McCormack et al. 2013). In fact, fine roots 

consume up to 22% of the worldwide annual net primary production (McCormack, Dickie, 

et al. 2015). Yet there is little understanding of the factors controlling root dynamics, namely 

phenology, production, decomposition, and turnover in graminoid-dominated fens, even 

when their soils are mainly comprised of roots. In order to evaluate the potential of rewetting 

for peat accumulation and climate mitigation, we need to advance our understanding of the 

contribution of roots to the carbon cycling in these understudied systems.  

Phenology 

Root phenology (i.e. the timing of root growth) strongly influences the season for potential 

plant resource acquisition, and carbon fluxes from roots into the soil (McCormack et al. 
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2014; Finzi et al. 2015), and can drive large changes in root production in response to 

changes in the environment (Malhotra et al. 2020). Despite the great importance of roots for 

ecosystem functioning, most phenological studies focused only on the aboveground part of 

the plants (Piao et al. 2008; Richardson et al. 2018) and did not take into account that above- 

and below-ground phenology often do not follow the same patterns (Chapter I, Steinaker et 

al., 2009; Abramoff & Finzi, 2015; Blume‐Werry et al., 2016).  

Temperature, besides photoperiod, is considered the most important factor controlling plant 

phenology in seasonal systems, and this relationship has been well studied for aboveground 

plant parts (Richardson et al. 2013; Delpierre et al. 2016; Keenan et al. 2020). For roots that 

inhabiting soils, soil temperature rather than air temperature is the primary driver of their 

metabolic activities (Tierney et al. 2003). However, air and soil temperature can differ 

substantially in the spring and autumn ‘shoulder’ seasons (Ernakovich et al. 2014). Although 

it is known that soil temperature is a strong driver of root growth in many seasonal 

ecosystems (Pregitzer et al. 2000; Abramoff and Finzi 2015; Radville, McCormack, et al. 

2016), fluctuating water tables in peatlands comprised of plants with special adaptations to 

waterlogged soils suggest that water table depth might be of equal importance as temperature 

or even override any temperature clues. It becomes evident that we need to improve our 

knowledge about the drivers of root phenology to better understand peatland responses to 

environmental changes (Chapter III).  

While root phenology is largely influenced by exogenous factors such as temperature, water 

and nutrient availability, endogenous factors such as the supply of newly fixed carbon from 

photosynthesis also have an important role (Pregitzer et al. 2000; Steinaker and Wilson 

2008; Radville, McCormack, et al. 2016). This suggests that above- and belowground 

phenology must be at least partially linked. However, asynchrony in the timing of above- 

and belowground phenology has been repeatedly observed, with root growth lagging behind 

or preceding shoot growth in spring (McCormack, Gaines, et al. 2015; Radville, Post, et al. 

2016), and root growth exceeding the aboveground growth in autumn (Steinaker et al. 2010; 

Blume‐Werry et al. 2016; Schwieger et al. 2018). Start, end and length of the growing season 

control the timing of carbon uptake through photosynthesis, the uptake of water and 

nutrients, as well as the carbon input into the soil (Pregitzer et al. 2000; Piao et al. 2008; 

Richardson et al. 2013). Thus, understanding the timing and drivers of root growth 

(Chapters I and III), and the relationships between root growth and leaf growth in different 

ecosystems (Chapter I) is necessary, as it will help to improve our overall understanding of 
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the linkages between above- and belowground phenology and their impact on ecosystem 

carbon and nutrient cycling.  

Plant phenology (i.e. the timing of recurring life-history events) in temperate regions is 

generally thought to be synchronous above- and belowground (Abramoff and Finzi 2015), 

an observation based primarily on well-studied forest ecosystems. Even though forests 

account for 80% of Earth’s total plant biomass (Kindermann et al. 2008) and contain more 

carbon in biomass and soils than is stored in the atmosphere (Pan et al. 2011), they cannot 

compete with the space efficiency of peatlands in terms of carbon storage (Joosten 2009; Yu 

2012). A typical example for a broadleaved forest species is the European Beech (Fagus 

sylvatica L.), which is the naturally dominant tree in Central European forests (Leuschner 

and Ellenberg 2017). Despite the fundamental differences between graminoid-dominated 

fens on organic soils and the widespread beech forests, which grow on mineral soils, they 

can be found in close proximity to each other. Considering the complexity of phenological 

controls, temporarily (spring and autumn) and spatial (above-and belowground), 

environmental controls of these contrasting systems most likely differ from each other 

despite experiencing the same macroclimatic conditions. This would mean that 

generalizations from other ecosystems, even though they face the same macroclimatic 

conditions will not allow accurate predictions of phenological events, which allows false 

conclusions on carbon and nutrient cycling in these different ecosystems. Still, comparisons 

in phenology between plant communities on peatlands and forest communities on mineral 

soil remain an exception (Chapter I). 

Production and decomposition  

The balance between primary production and plant decomposition determines the 

accumulation of OM and the amount of carbon input into peatland soils, and is thus a key 

factor in the overall assessment of the carbon budget. Water saturation reduces oxygen 

availability in the soil, which slows down the decomposition of OM and mitigates the release 

of CO2 through aerobic respiration (Freeman et al. 2001). Low decomposition rates are 

almost exclusively considered to be the decisive factor for peat formation (Clymo 1978; 

Moore et al. 2002). In order to grow under waterlogged conditions, plants need special 

adaptations, such as aerenchyma (i.e. tissue containing enlarged gas spaces) that enables 

them to transport oxygen into the otherwise anoxic rhizosphere (Blom and Voesenek 1996; 

Evans 2004; Voesenek et al. 2006). Plant communities growing in periodically flooded or 

even permanently water saturated soils with anoxic conditions are composed of plant species 
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with such adaptations that allow them to thrive and even have high production rates 

(Chapter II). So far, our knowledge about productivity and decomposition in peatlands is, 

to a great extent, based on studies of ombrotrophic bogs, while almost nothing is known 

about these processes in graminoid-dominated fen peatlands (Laiho et al. 2003; Mäkiranta 

et al. 2018).  

Apart from abiotic factors, such as water table depth (Wieder et al. 2006) and soil 

temperature (Moore et al. 2007), the plant community has also a strong influence on 

decomposition rates in peatlands. Litter quality alone explains about 65% of litter 

decomposition rates (Thormann and Bayley 1997; Parton et al. 2007; Zhang et al. 2008; 

Djukic et al. 2018), and even within a single plant species, litter decomposability can differ 

depending on the plant part, with roots often decomposing slower than shoots (Chapter II, 

Zhang et al., 2008; Freschet et al., 2013). This is promoted by the fact that roots in 

(waterlogged) peatlands, in contrast to shoots grow and die primarily under anoxic 

conditions, which inhibits their decay. Thus, root production is potentially more important 

for peat formation than aboveground production. However, despite the major role of 

belowground litter as a driver of ecosystem OM dynamics (Freschet et al. 2013), many 

decomposition studies focus only on leaf litter (Aerts and de Caluwe 1997; Zhang et al. 

2008) or standard material (Laiho et al. 2004; Domisch et al. 2006). Those studies describe 

the effects of environmental factors on decomposition without considering the effect of litter 

quality and species identity itself (Hartmann 1999; Laiho 2006). A better understanding of 

the relationship between production and decomposition in rewetted and drained fens and 

their abiotic controls can only be gained by using local plant material, including not only 

shoots and leaves, but also roots from different soil depths (Chapter II). 

Peatlands in face of a warmer and drier world  

The frequency and intensity of extreme weather and climate events have increased as a 

consequence of global warming and are predicted to continue due to anthropogenic GHG 

emissions (IPCC, 2019). Global mean temperatures will continue to rise over the 21st century 

if GHG emissions continue unabated (Collins et al. 2013). In 2018, Central Europe 

experienced one of the most extreme droughts recorded, with temperatures 3.3°C higher 

from April to October than the long-term average from 1961 to 1990 (Schuldt et al. 2020). 

Considering that drought frequency and intensity is projected to increase in Central Europe 

especially during summer months (IPCC, 2019), we need to improve our ability to predict 

responses of fens to such exceptional climatic conditions. One step towards this goal is to 
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expand our understanding of the root processes that contribute to peat formation (i.e. 

decomposition, production, and phenology) and of the complexity of underlying 

environmental factors in rewetted and drained peatlands in the face of a warmer and drier 

climate. Increasingly warm and dry conditions lower water tables and introduce oxygen into 

these systems, stimulating microbial growth and raising the breakdown of OM and the 

release of carbon (Fenner and Freeman 2011). In order to maintain the peatlands ecosystem 

function, water tables must remain high for most of the year, even under these increasingly 

dry conditions (Moen et al. 2017). By studying the processes that control the carbon input 

into organic soils and define peat formation, namely the production and decomposition of 

plant material, this thesis shed light on the peat forming potential of rewetted fens under 

drought conditions (Chapters II-III). 

Functional Traits 

Functional traits are a powerful tool for studying plant responses to environmental changes 

and how such changes affect ecosystem processes (Bardgett et al., 2014; Díaz et al., 2016). 

The study of root traits in fen soils that are mainly comprised of root remnants is crucial to 

understand plant adjustments to drainage and rewetting and their potential effects on soil 

carbon storage (Chapter IV). Even though it is increasingly recognized that root traits are 

pivotal for ecosystem processes like carbon and nutrient cycles (Iversen et al. 2015; 

McCormack, Dickie, et al. 2015; Laliberté 2017; Klimešová et al. 2018; Freschet et al. 

2020), most trait-related research focused on aboveground plant traits so far. 

Traits such as specific root area and root biomass may reveal much about plant functioning 

and carbon storage, as they are traits that influence the rates of resource uptake (Jackson et 

al. 1997; Makita et al. 2012; McCormack et al. 2012; Bardgett et al. 2014). Specific root 

area (SRA, root surface area per mass) is a proxy for the volume of soil under influence by 

the root and it is related to soil resource uptake efficiency. Roots with a greater surface area 

per biomass are able to explore larger soil volumes more efficiently (Hajek et al. 2013; 

Freschet et al. 2020). Root biomass distribution indicates the presence of roots in the soil 

profile and the space affected by the roots (i.e. the rhizosphere) where nutrients are acquired, 

carbon is released, and oxygen is provided by the roots (Armstrong et al. 1992). Root 

biomass distribution throughout the soil profile is strongly related to soil properties (e.g. 

oxygen content, soil moisture, nutrient availability, and temperature) in a bidirectional way: 

roots have an effect on soil characteristics and the soil has an effect on the roots. Since soil 

properties vary with depth (Jobbágy and Jackson 2000, 2001; Schenk and Jackson 2005), 
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characterizing biomass distribution and root traits at different depths as in Chapter IV is 

necessary to accurately link them to plant and soil functioning. In combination with root age 

estimates, root biomass distribution may provide information on root longevity and root 

turnover, which are related to the input of carbon from roots into the soil and the persistence 

of OM as living roots before they decompose and are converted into soil organic matter 

(Eissenstat and Yanai 1997; De Deyn et al. 2008).  

Aims of this thesis 

This thesis aims to advance our knowledge about root processes as well as their abiotic 

drivers in drained and rewetted fen peatlands of north-eastern Germany, and how they are 

potentially affected in respect to an extreme drought. Even though roots are pivotal for 

mediating the input of carbon into the soil, their dynamics remain one of the least understood 

aspects of plant function. This thesis contributes to fill this knowledge gap by shedding light 

on root dynamics associated with processes that determine carbon sequestration and 

contribute to the formation of peat in drained and rewetted fen peatlands in Central Europe, 

namely the timing of root growth (Chapters I and III), annual production and 

decomposition (Chapter II), biomass distribution and turnover (Chapter IV).  

This work was accomplished within the framework of a large multidisciplinary project 

named WETSCAPES, which aimed at increasing our understanding of rewetted, 

agriculturally used fen peatlands in order to make recommendations for their sustainable use 

(Jurasinski et al. 2020). In this collaborative, interdisciplinary approach, scientific principles 

for the sustainable cultivation of rewetted peatlands were investigated with strong integration 

across disciplines (e.g. plant ecology, microbiology, paleoecology, soil physics, and 

greenhouse gas fluxes) to provide important insights into the processes relevant for peat 

formation in drained and rewetted peatlands. 

Experimental design 

All study sites (Chapters I-IV) are located in the German federal state of Mecklenburg-

Western Pomerania in the North European Plain of north-eastern Germany with an average 

elevation of less than 6 m a.s.l. The study region has a maritime climate with a mean annual 

temperature of 8.8°C and mean annual precipitation of 565 mm. January is the coldest month 

with a mean temperature of 0.6°C and a mean precipitation of 40 mm, while July is warmest 

with a mean temperature of 16.7°C and a mean precipitation of 62 mm (meteorological data 

provided by Germany's National Meteorological Service from 1981 – 2010). The period 
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from 2015-2018 was, compared to the average climate over the last 30 years, dry and warm 

(WMO, 2019), with annual temperatures of 10-11°C and mean annual precipitation ≤ 450 

mm (Germany's National Meteorological Service). The study in Chapter I was conducted 

on additional study sites to the official WETSCAPES sites. The here compared four 

ecosystems were a beech forest that consisted exclusively of Fagus sylvatica L., a forested 

peatland dominated by Alnus glutinosa (L.) GAERTN. and by Carex acutiformis EHRH. in the 

understory, and two graminoid-dominated fen peatlands, one dominated by Phragmites 

australis (CAV.) STEUD and one by Carex riparia CURTIS. The experiments in Chapters II-

IV were conducted on the official experimental sites of WETSCAPES in the year 2018. 

Those sites consisted of three different fen types with peats mainly consisting of root 

remnants: an alder forest, a percolation fen, and a coastal fen (Fig. 2). For each type, we 

studied a drained site and a site that has been rewetted for ~25 years after being drained for 

almost a century (Jurasinski et al. 2020). Within each study site, a representative study area 

with a size of 10 m × 35 m was set up and fenced to exclude pasture and wild animals. Five 

plots (3 × 3 m) were evenly distributed in approx. 10 m distance from each other inside the 

study area with three plots located at the north side and two plots located at the south side of 

a central longitudinal boardwalk. For the study in Chapter IV, only the forested peatlands 

with Alnus glutinosa (L.) as dominant tree species were sampled.  

Root phenology (Minirhizotrons) 

We used minirhizotrons to monitor the seasonal timing of root growth (Chapters I and III). 

Thereto, transparent tubes were installed at an angle of 45° in the soil to insert a root image 

scanner (CI-600 In-Situ Root Imager; CID Bio-science Inc., Camas, WA, USA), taking 

c. 350° scans (image size: 21.6 × 19.6 cm) of the tube-soil interface and thus capturing roots 

at three depths (0–15, 15–30, and 30–45 cm; Fig. 3A). The great advantage of the 

minirhizotron system is that it provides a non-destructive in situ method to observe root 

growth, root phenology, and lifespan (Johnson et al. 2001; Rewald and Eprath 2013).  

Aboveground phenology and biomass 

Aboveground phenology was measured by estimating the normalized difference vegetation 

index (NDVI) as a proxy for photosynthetic capacity (Fig. 3B, Chapter I). Aboveground 

biomass production of herbaceous plants and shrubs was measured by harvesting biomass 

within the plots at each respective site (Chapter II). 

  



Invisible to the eye 

12 

 

Figure 2 Locations of the main study sites of WETSCAPES, alder forest (A), percolation fen (P) and coastal 

fen (C), either in drained (D) and rewetted state (W). Across all sites, production and decomposition (Chapter 

II), and phenology (Chapter III) were measured. In the alder forests, soil cores were taken to analyse biomass 

distribution in different depths as well as functional traits (Chapter IV). Map from Jurasinski et al. (2020). 
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Production (Ingrowth cores) 

In Chapter II, ingrowth cores were used to asses annual fine root production in two soil 

depths (0-5 cm and 15-20 cm). Ingrowth cores were made out of plastic mesh (mesh size of 

2 mm) with a 5 cm diameter and a length of c. 72 cm (Fig. 3C). They were filled with 

autochthonous peat taken in the field from each of the two respective depths (at original bulk 

densities) and freed from live roots. Homogenized soil from different depths would present 

a physical and chemical artificial and less competitive soil environment that might affect the 

results (Majdi 1996). The ingrowth cores were incubated for 12 months at an angle of 45 

to better estimate vertical root distribution (Fig. 3C). 

Decomposition (Litter bags) 

For the decomposition study in Chapter II, autochthonous root material was collected at 

each site from 0-10 cm and 10-20 cm depth; roots sampled at different depths were kept 

separated in processing and incubation. Root material together with freshly senesced 

aboveground litter (i.e. shoots, leaves) was incubated for 12 months in nylon mesh bags 

(mesh size 0.14 mm) in their respective depths (i.e. above ground, 0-10, and 10-20 cm, Fig. 

3D). In addition, commercially available tea bags containing green and rooibos tea (Lipton, 

Unilever) were used as standard materials following the protocol by Keuskamp et al. (2013). 

Tea bags were installed in the same ‘litter frames’ as below- and aboveground litter bags 

(Fig. 3D).  

Biomass distribution and functional traits (soil cores) 

In Chapter IV soil cores (ø = 18.8 cm, length = 50 cm) were taken at 80 cm distance to an 

individual tree, each at 80 cm distance to individual trees. Soil cores were extracted with a 

plastic pipe (PVC) and divided into five slices spanning 10 cm depth intervals (0-10 cm, 10-

20 cm, 20-30 cm, 30-40 cm, and 40-50 cm; Fig 3E). Undecomposed roots were assigned to 

a diameter class: very fine roots < 1 mm, fine roots of 1-2 mm or coarse roots of 2-5 mm. 

Large structural roots were avoided with our sampling method and roots with a diameter >5 

mm were discarded in further analysis. We calculated specific root area (SRA) by using a 

unit of acquisition (i.e. root area in cm²) to resource investment (i.e. mass in g). Further we 

analysed root age by preparing cross sections of a subsample, counted the annual growth 

rings and measured root diameter. 
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Figure 3 Scheme of techniques used in this thesis to assess root dynamics in drained and rewetted fens in situ. 

Methods included non-destructive minirhizotrons to study timing of root growth (A, Chapters I and III) and 

NDVI (B, Chapter I), destructive litter bags (C) and in-growth cores (D, Chapter II) as well as soil cores (E, 

Chapter IV).  
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Synopsis 

Peatlands and forests are both ecologically important ecosystems in Central Europe that 

absorb CO2 from the atmosphere and mitigate global warming. As plant phenology has 

shown to be very sensitive to changes in climate (Menzel 2002), accurate predictions of plant 

growth responses to environmental change require a thorough understanding of the factors 

driving phenology. Chapter I addresses this issue by assessing how environmental controls 

on phenology vary among peatland plant communities (i.e. alder forested peatland, reed and 

sedge-dominated peatland) and a beech forest on mineral soil. Despite co-existing in close 

proximity, the peatlands and the beech forest differed in their environmental controls among 

phenological events (i.e. on-and offset of growing season), and showed asynchrony in above-

and belowground spring and autumn phenology. This suggests that to generalise 

phenological events across different ecosystems facing the same macroclimatic conditions 

cannot lead to precise predictions of plant growth responses to environmental change. Even 

among the three compared peatlands, controls of root growth initiation and cessation were 

not the same. Water table is an essential factor in peatlands, since anoxia created by high 

water tables determines the rate of decay of OM in peatlands and therefore its potential for 

carbon storage. Therefore, it could be assumed that the controls of water level are similar 

among different peatland types, especially when they are all comprised of graminoids as in 

Chapter I. Plant communities on these sites are usually adapted to high water levels and 

should be able to initiate root growth also under water saturated conditions. However, water 

level has shown to exert a strong control on spring root growth in the two non-forested 

peatlands, but not in the forested peatland. This does not necessarily mean that water level 

in these peatlands has no effect on root growth per se, just not on the onset of growth in the 

spring. Indeed, we found a significant correlation of the end of root growth with rising water 

tables in autumn for all three peatland sites. These results imply that the control of root 

growth varies with season and cannot be generalized between different peatland systems (i.e. 

forested vs. non-forested peatlands). Still, the compared peatland sites showed higher 

similarity in phenological patterns and their drivers compared to the beech forest. Here, 

coupling of above-and belowground phenology with environmental drivers was less strong 

compared to the peatlands in both seasons. As it has been shown that endogenous controls, 

such as carbon allocation from aboveground organs are highly relevant for root production 

in diverse central European forests (Keel et al. 2006), this suggests that endogenous controls 

may also be of greater importance in the beech forest studied here. Evidence exists that the 
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importance of exogenous controls, such as water level or temperature, and endogenous 

controls, such as photosynthate supply, on root growth can vary between ecosystems (Burke 

and Raynal 1994; Joslin et al. 2001; Tierney et al. 2003; Steinaker and Wilson 2008; 

Steinaker et al. 2010). The comparison of these fundamental different ecosystems in 

Chapter I highlights the complexity of the underlying drivers of root phenology in systems 

under the same macroclimatic conditions. 

The high variability of above-and belowground phenology between forest and peatland 

ecosystems presented in Chapter I showed that belowground phenology cannot be projected 

from aboveground phenology alone. Evidently, measuring root phenology is crucial to 

understand temporal dynamics of production and carbon fluxes, as roots contribute 

substantially to the formation of the organic soil and mediate the accumulation of carbon as 

peat in typical fen peatlands of Central Europe. The proportion of plant tissue carbon 

incorporated into soil organic matter is greater for belowground biomass than for 

aboveground litter inputs (Jackson et al. 2017). This was underlined here by our finding that 

fine root production of graminoids on organic soils was ten times higher than that of beech 

on mineral soils.  

Yet, a peatlands’ potential for the accumulation of peat cannot be assessed by measuring 

plant production alone, but by the balance between production and decomposition of plant 

material, investigated in Chapter II. The focus in the Chapters II and III was on the 

comparison of drained and rewetted fens (i.e. minerotrophic peatlands), namely alder forest, 

percolation fen, and coastal fen (Fig. 2) under drought conditions. While drainage and the 

combined use as intensive grassland, production forest or for cattle grazing shaped the plant 

composition on drained fen sites, rewetting aims to establish high water levels that allow 

only a plant community that can cope with water saturation. The plant community 

composition of a site has a strong influence on its decomposition rates (Thormann and 

Bayley 1997; Parton et al. 2007; Zhang et al. 2008; Djukic et al. 2018). Still, there is not 

always consensus on whether one should use local litter material for litter decomposition 

studies (Aerts 1997; Zhang et al. 2008), which reflect realistic ecosystem decomposition 

rates but make cross-site comparisons difficult, or whether one should use standardized 

material to allow predictions of decomposition rates in response to environmental change at 

regional or even global scales (Keuskamp et al. 2013; Djukic et al. 2018). Here, we 

combined both methods and used local plant material, including roots of different soil 

depths, along with standard material to disentangle the effect of environmental factors and 

the site-specific litter quality for a given site (Chapter II). We found evidence that litter 
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quality of the vegetation present can have strong effects on litter decomposition and even 

overrides the effects of environmental factors, such as soil temperature and water table 

(Hartmann 1999; Laiho et al. 2004). This was indicated by the fact that decomposition of 

standard material differed largely in drained and rewetted sites, while the decomposition of 

local root and leaf material did not differ between drained and rewetted sites. However, 

higher decomposition rates were found for shoots on the drained sites, showing that the 

importance of litter type for peat accumulation cannot be generalised or only projected from 

aboveground litter for those fens.  

Consistent with these contrasting results, increase, decrease, and no change were observed 

in the few field experiments studying drainage-induced changes in decomposition rates 

(Lieffers 1988; Minkkinen et al. 1999; Domisch et al. 2000; Laiho et al. 2004; Mäkiranta et 

al. 2008). We would have expected to find overall significantly higher decomposition rates 

with drainage. However, we are not the first who found that water table drawdown in 

peatlands does not necessarily enhance decay of OM (Lieffers 1988; Laiho et al. 2004). 

Drought stress on the drained sites, which experienced low water tables throughout the year 

might have caused lower decomposition rates. On the other hand, the drought conditions that 

prevailed in 2018 lead even in the rewetted sites to a drawdown in water tables in summer 

months, which might have enhanced their decomposition rates, as more oxygen was 

available for microorganisms, facilitating the decay of OM (Freeman et al. 2001; Moore et 

al. 2007). Understanding the interactions of land use (i.e. drainage and rewetting) and 

extreme climatic events, such as drought on OM decomposition is pivotal for understanding 

and predicting carbon cycle responses to environmental change at ecosystem and global 

scales in face of climate change.  

The question arises what consequences these results have for the peat forming potential of 

the rewetted sites under drought conditions. Generally, low decomposition rates are held 

responsible for the imbalance between production and decomposition, which lead to 

accumulation of peat (Clymo 1978; Moore et al. 2002). However, we present evidence that 

high rates of biomass production and not exclusively low litter decomposition are an 

important driver of organic matter accumulation in rewetted fens (Chapter II). Especially 

the graminoid-dominated rewetted fens maintained their productivity under drought 

conditions, leading to a higher carbon storage potential compared to the drained sites despite 

similar decomposition rates. This emphasizes the importance of rewetting those systems 

with respect to carbon storage, in particular, during drought periods with low water tables.  
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Phenology is an important factor in explaining productivity of ecosystems, as high 

productivity can be a result of either higher growth rates, or a prolonged time of growth 

(Malhotra et al. 2020). Longer growing seasons are expected in the face of climate warming 

(Linderholm 2006), but it is unclear how these effects might be modulated by the impacts of 

intensified human land use. In Chapter III we discovered that the high productivity in 

graminoid-dominated fens under drought conditions revealed in Chapter II was driven by 

an extension of the belowground growing season rather than higher growth rates compared 

to their drained counterparts. Since longer growing seasons allow plants to sequester more 

carbon, in this case in the form of root biomass, over a longer period of time, they thus 

promote the carbon sink function (Churkina et al., 2005; Dragoni et al., 2011; Keenan et al., 

2014). We suspect that rewetting, as contrast to draining, created wetter conditions that were 

favourable to plant productivity under these extreme drought conditions in 2018. Our results 

highlight that rewetting may not only be beneficial for peat formation and climate change 

mitigation during ‘normal’ weather conditions, but also or even in particular under warm 

and dry conditions, which are predicted to increase in the future in Central Europe (IPCC, 

2014).  

Differences in plant composition and litter type (i.e. shoots, leaves and roots) have been 

shown to be relevant for decomposition patterns at the respective sites (Chapter II). It is 

very likely that differences in plant composition and their adaptations also influence the 

responses of phenology and production to drainage and rewetting under drought conditions, 

as different species have different strategies to deal with inter-annual variability in resource 

supply (e.g. water availability) and environmental stressors  (McCormack et al. 2014), such 

as droughts. Higher water tables promoted by rewetting mitigated the extreme water stress 

conditions to which the plants on the drained sites were exposed (Chapter III). In addition, 

the plant species at the rewetted sites are adapted to fluctuating water tables. Their special 

adaptations to waterlogged conditions allow them to root deeply under anoxic conditions 

and in turn provide access to water at lower water tables when facing drought conditions. 

Therefore, a deeper understanding on the drivers of the high productivity found on the 

rewetted sites in Chapter II could be gained by describing the timing of root growth along 

with potential abiotic drivers in Chapter III. 

As already noted, rewetting may help alleviate drought stress and thus maintain a higher 

production/decomposition ratio under drought conditions, which is driven by an extension 

of the root growing season (Chapters II and III). As Chapter II showed that decomposition 

rates did not differ between rewetted and drained sites under drought conditions, this might 
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suggest higher potentials for peat formation with rewetting due to a higher biomass 

production caused by a longer belowground growing season (Chapter III). However, while 

high peat forming potentials were found for the graminoid-dominated fens in our study, the 

forested peatland dominated by Alnus glutinosa had a comparably low peat forming potential 

(Chapter II). This is in line with previous observations that alder forested peatlands have a 

high degree of decomposition (Barthelmes et al. 2006), potentially due to the improved 

nutrient availability due to the symbiotic relationship of A. glutinosa with nitrogen-fixing 

bacteria Frankia alni (Barea and Azcon-Aguilar 1983; Orfanoudakis et al. 2010). This 

‘fertilization’ of the soil promotes turnover and leads to high rates of decomposition 

(Swanston and Myrold 1997) and therefore a low potential for peat accumulation (Chapter 

II). Still, we provide evidence that rewetting potentially supports the carbon sink functions 

in these forested peatlands, as almost three times higher root biomass (of roots ≤5 cm in 

diameter) in the rewetted alder stand compared to the drained stand indicate larger tree 

carbon stocks below ground under rewetting (Fig. 4, Chapter IV). To gain a deeper 

understanding of the changes that roots of A. glutinosa undergo with rewetting and their 

potential effects on soil carbon storage, Chapter IV focused on the changes in biomass 

distribution and functional traits of roots along a soil profile. Even though rates of 

decomposition and production (Chapter II) and phenology (Chapter III) showed no 

difference between the drained and the rewetted alder stand, a closer look on root types (i.e. 

fine vs coarse roots), their biomass distribution and functional traits revealed size-dependent 

opposite patterns for A. glutinosa under drainage and rewetting (Fig. 4, Chapter IV). Fine 

root biomass was higher in the rewetted stand than in the drained stand, while coarse root 

biomass did not differ between the stands. Additionally, fine root biomass decreased with 

increasing soil depth (where water saturation was more frequent) across stands, while coarse 

root biomass slightly increased in deeper soil layers (Fig. 4). Root age distribution studied 

in Chapter IV indicated similar root turnover rates between drained and rewetted sites, but 

higher rates of turnover in shallow soil layers. More carbon invested in larger, longer living 

coarse roots that have slower turnover rates in combination with lower decomposition rates 

due to anoxic conditions favours a slower cycling of carbon in deeper soil layers. Therefore, 

the study shows that focusing on trait responses of a single root type might provide an 

incomplete picture of plant functions, responses to environmental change and effects on 

ecosystem functions in forested peatlands. 
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Figure 4 Visualisation of the size-dependent opposite patterns between root biomass (fine roots decreased, 

coarse roots increased with increasing soil depth) and their functional characteristics (higher SRA in coarse 

roots under drainage but no change in fine roots) under drainage and rewetting presented in Chapter IV. The 

results highlight the differences between fine and coarse roots in their response to environmental changes and 

the importance of considering the root system in a more refined way. 

In general, depth distribution of roots is important in peatland ecosystems, due to large 

fluctuations in water tables and soil properties with depth (e.g. nutrient availability, moisture, 

temperature). Therefore, root depth distribution played a role throughout the chapters 

presented in this thesis (Fig. 3, Chapters I-IV). With increasing depth root production 

decreased (Chapters I and II), however, the length of the growing season did not differ 

between depths, despite a later shift in the start of the season with increasing soil depth 

(Chapter III). We relate these results to changes in soil properties with increasing depth, 

for example, the buffer function of the soil causes the temperature at deeper depths to warm 

up later in the spring and stay warm longer in the autumn and thus a affects root growth in 

different soil layers. This was underlined by our findings that soil temperature was an 

important factor to describe root growth (Chapters I and III). In addition, the deeper soil 

layers were more likely to be at least seasonally waterlogged and thus depleted of oxygen, 

especially under rewetting (Chapters II-IV). Deep-rooting species, such as graminoids, 

extend into these anoxic soil areas, the conditions of which impede their decomposition after 

death and favour OM accumulation. Rewetting can therefore facilitate OM accumulation by 
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maintaining the water table permanently, or at least seasonally, at a level that are reached by 

roots even under drought conditions. Thus, these results emphasize the importance of 

rewetting peatland ecosystems to support its carbon sink function and suggest that rewetted 

peatlands are better able to cope with drought conditions, which are expected to occur more 

frequently in the future (IPCC, 2014).  

Research Implications 

Although hidden in the soil and mainly invisible to our eyes, roots are essential elements in 

ecosystem functioning and influence terrestrial carbon and nutrient fluxes. Yet, roots do not 

receive the attention in research that is necessary to significantly broaden our understanding 

of ecosystem function in relation to carbon storage. This is because roots are difficult to 

access, in particular under field conditions. Root dynamics in their natural environment 

cannot be measured without disturbing the system in one way or the other, which may affect 

the results (Milchunas 2009). Minirhizotrons provide a window into these hard-to-access 

environments - a non-destructive in situ method for directly studying roots (Johnson et al. 

2001). The great advantage of this technique is the possibility of continuous measurements 

of root growth over time compared to ingrowth cores or soil coring (Fig. 5). By using 

minirhizotrons, we created a unique dataset about root growth dynamics in temperate fens, 

covering the whole vegetation season in a biweekly-interval under in situ conditions. 

Collecting such ‘root images’ is comparatively easy and thus a large amount of data on root 

length, growth, mortality, lifespan, phenology, and depth distribution can be collected with 

a relatively small effort. However, here lies one of the drawbacks of this technique, the 

manual evaluation of large amounts of root images can become very time-consuming and 

often limits the number and size of experiments that can reasonably be analysed (Rewald 

and Eprath 2013). The automated analysis of image data is rapidly advancing and aims at 

removing these limitations and facilitate the analysis and study of root dynamics through 

minirhizotrons. The study in Chapter III already profited from such advancements by using 

artificial intelligence and a self-learning algorithm ("Deep Convolutional Neural Networks") 

that analyse minirhizotron images automatically. Further advancement of these methods will 

enable larger field experiments over long-term periods in the future and will allow for more 

detailed and accurate data on root dynamics in situ and their response to environmental 

changes.  
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Figure 5 Time series of minirhizotron recordings over several months. Images are from the rewetted 

percolation fen in 15-30 cm soil depth. 

In field ecology, it is not unlikely that unexpected events take well-designed experiments in 

a different direction than originally planned. The exceptional warm and dry conditions of 

2018 represented such an unexpected event. However, while weather conditions were 

exceptional compared to the years prior to 2018, they match the predictions of higher drought 

frequencies and intensities in Central Europe over the 21st century (IPCC, 2014). I was thus 

able to evaluate plant responses to drainage and rewetting under these drought conditions. 

Knowledge about such responses under ‘normal’ conditions might not help us to predict the 

peatlands’ potential for peat formation and long-term carbon storage in the face of climate 

change. Although the studies included in this thesis only cover the onset of these warmer 

conditions and may not reflect long-term effects, they provide valuable insights into plant 

responses on drained and rewetted peatlands under drought conditions that are closely 

related to their peat-forming potential. For instance, the importance of productivity besides 

decomposition for peat forming potentials in graminoid-dominated percolation and coastal 

fens under drought. Therefore, these results are highly relevant for designing further 

experiments that aim at assessing the effects of drought on the peat formation potential of 
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peatlands, taking land use into account. Consequently, these unexpected extreme events 

provide unique opportunities that can broaden our view of the bigger picture. 

Concluding remarks 

Roots are certainly among the most overlooked plant parts in ecosystems, but, as shown in 

this thesis, they are an essential component in peatlands, as they contribute significantly to 

the formation of organic soils. Methodological difficulties associated with the study of roots 

in their natural environment, interactions of different environmental drivers, and also the 

difficulty to relate small-scale observations to ecosystem or even global scale processes are 

certainly reasons why many plant researchers still do not dare to “go belowground”. 

Peatlands in which the carbon fluxes are mediated by vascular plants, such as sedges, shrubs 

or trees, make up a large part of the peatland cover in Europe (Laiho et al. 2003; Tanneberger 

et al. 2017; Mäkiranta et al. 2018). Consequently, root-associated carbon fluxes, such as root 

production and decomposition rates in peatlands, are of global importance but are still not 

well understood. Therefore, an in-depth comprehension of the root-associated processes 

leading to peat formation is needed. This PhD-thesis contributes to this understanding by 

shedding light on root processes that drive peat formation and on the complexity of the 

underlying abiotic drivers in rewetted and drained fens in face of a warmer and drier climate. 

By demonstrating that root phenology, production and decomposition cannot be projected 

from aboveground plant parts in temperate fen peatlands, the results of this thesis emphasize 

that roots must be explicitly considered when attempting to predict the effects of global 

change (i.e. land use and warming) on plant growth and carbon cycling. Certainly, it would 

be beneficial to identify easily measurable, cost-effective, aboveground traits that capture 

belowground carbon dynamics, but it appears that aboveground and belowground plant traits 

involved in carbon cycling are weakly coupled across different spatial and temporal scales 

(De Deyn et al. 2008). Similarly, generalizations from different ecosystems, such as 

peatlands and forests, are misleading even though they face the same macroclimatic 

conditions, as their root dynamics are not subject of the same environmental controls. 

Drainage of peatlands for intensive land use by humans present a great threat for the 

ecosystem function of peatlands as carbon sink. Extreme weather events, like the drought 

experienced in Central Europe in 2018, further stress these already highly disturbed 

ecosystems. Rewetting allowed the study sites to remain wet enough to maintain their 

productivity even under drought conditions and supported the carbon sink by enhancing 

renewed carbon sequestration in the form of root biomass. High productivity despite similar 
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decomposition rates lead to a higher carbon storage potential than in drained sites. This was 

possible due to a less pronounced drop in the water table under rewetting and the extension 

of the period during which growth was possible. Based on the findings in this thesis, it can 

be assumed that rewetted peatlands cope better with extreme weather conditions, such as 

droughts, which are projected to occur more frequently in face of climate change (IPCC, 

2014). Therefore, rewetting of drained peatlands can be seen a crucial step if the world is to 

tackle climate change, and should be a top priority to mitigate CO2 emissions from peat 

oxidation (Knox et al. 2015).  
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Thesis outline 

Chapter I: Phenology above-and belowground in forests vs peatland 

sites  

Chapter I showed how environmental controls differ among phenological events (i.e. on-

and offset of growing season), between above-and belowground plant parts and among 

different temperate ecosystems of Central Europe, namely a beech forest, a forested peatland 

(alder carr) and two graminoid-dominated (Carex and Phragmites) fen peatlands. Even 

though co-existing in close proximity and sharing the same macroclimatic conditions, these 

ecosystems are fundamentally different. Still, there is a lack of comparisons between these 

systems.  

Root production of the peatland plant communities was ten times higher compared to the 

beech forest, highlighting the importance of roots in the sequestration of carbon through 

enhanced biomass production. Furthermore, controls on plant phenology varied substantially 

between peatlands and the forest. This highlights that generalizations across different 

ecosystems even under the same macroclimatic conditions are misleading when predicting 

plant growth responses to environmental change, as they are not subject to the same 

environmental controls. The high variability of above- and belowground phenology between 

forest and peatland ecosystems showed that belowground phenology cannot be projected 

from aboveground phenology alone. Evidently, measuring root phenology is crucial to 

understand temporal dynamics of production and carbon fluxes, as roots contribute 

substantially to the formation of the organic soil and mediate the accumulation of carbon as 

peat in typical fen peatlands of Central Europe.  

Chapter II: Wetter is better – high production in rewetted peatlands 

supports carbon sink function under drought 

Chapter II measured two of the most important processes that control the carbon input into 

organic soils and define peat formation: the production and decomposition of plant material. 

The focus in this study was the comparison of drained and rewetted fens with peat mainly 

consisting of root remnants (i.e. alder forest, percolation fen, and coastal fen) under drought 

conditions. By measuring annual production and decomposition in both drained and rewetted 

fens the aim was to draw conclusions about the peat forming potential of above-and 

belowground vegetation of the different fen types.  
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Rewetted fens maintained their productivity even under drought conditions, leading to a 

higher carbon storage potential than in drained sites despite similar decomposition rates. 

This emphasizes the importance of rewetting those systems with respect to carbon storage, 

in particular, during drought periods with low water tables. We present evidence that high 

rates of biomass production and not exclusively low litter decomposition are an important 

driver of organic matter accumulation in rewetted fens. Environmental factors, such as 

temperature and water saturation, were important drivers of litter decomposition in these 

systems, but were offset by changes in local plant material. The type of litter determined 

largely its decomposability, for example, roots decomposed slower than shoots. This shows 

that the importance of litter type for peat accumulation cannot be generalised or only 

projected from aboveground litter for those fen ecosystems. On the contrary, we revealed 

the importance of roots as main peat forming element in graminoid dominated fen peatlands 

and their crucial role in carbon cycling.  

Chapter III: Rewetting prolongs belowground growing season and 

mitigates negative drought effects 

As shown in Chapter I and II, roots play a crucial role in the productivity of peatlands, 

therefore, the focus of Chapter III is exclusively on root growth dynamics and their drivers 

in drained and rewetted fens under drought conditions. Here, a unique dataset about root 

growth dynamics and its related drivers (i.e. soil temperature and water table depth) in 

temperate fens was created, covering the whole vegetation season in a biweekly-interval 

under in situ conditions. 

We found that the high productivity in graminoid-dominated fens under drought conditions 

revealed in Chapter II was driven by an extension of the belowground growing season 

rather than higher growth rates, compared to their drained counterparts. Longer growing 

seasons allow plants to sequester more carbon in form of root biomass for a longer period 

and thus promote the carbon sink function of these ecosystems. For this purpose, a 

maintenance of high water tables is crucial to mitigate the negative effects of droughts to 

these already degraded systems. Hence, these results highlight the importance of rewetting 

peatland ecosystems for the carbon sink function under drought conditions and the 

importance of phenology for explaining productivity in peatlands. 
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Chapter IV: Functional traits of roots under rewetting and drainage 

Chapter IV focused explicitly on forested peatlands with Alnus glutinosa (L.) as dominant 

tree species to improve our understanding of the distribution and functioning of fine-root 

biomass under different water regimes in forested peatland ecosystems. The aim was to gain 

a deeper understanding of the changes that roots undergo with rewetting and their potential 

effects on soil carbon storage. 

Root age distribution indicated similar root turnover rates between drained and rewetted 

sites, while higher root biomass in the rewetted site clearly indicated larger tree carbon stocks 

belowground under rewetting, supporting the carbon sink function of the ecosystem. Fine 

root biomass decreased, while coarse root biomass increased with increasing soil depth 

where water saturation was more frequent. More carbon invested in larger, longer living 

coarse roots that have slower turnover rates in combination with lower decomposition rates 

due to anoxic conditions favours a slower cycling of carbon in deeper soil layers. The size-

dependent opposite patterns between root biomass (fine roots decreased, coarse roots 

increased with increasing soil depth) and their functional characteristics (no change in fine 

roots, higher SRA in coarse roots under drainage) under drainage and rewetting pointed to 

the differences between fine and coarse roots in their response to environmental changes 

(Fig. 4). Therefore, focusing on trait responses of a single root type may provide an 

incomplete picture of plant functioning and effects on ecosystem functions.  
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Abstract

Background and aims Start and end of the growing

season determine important ecosystem processes, but

their drivers may differ above-and belowground, be-

tween autumn and spring, and between ecosystems.

Here, we compare above-and belowground spring

and autumn phenology, and their abiotic drivers (tem-

perature, water level, and soil moisture) in four temper-

ate ecosystems (beech forest, alder carr, phragmites

reed, and sedge reed).

Methods Root growth was measured in-situ with

minirhizotrons and compared with aboveground phe-

nology assessed with dendrometer data and NDVI.

Results Synchrony of above- and belowground phenol-

ogy depended on ecosystem. Onset of root growth was

later than shoot growth in all three peatlands (12–

33 days), but similar in the beech forest. The growing

season ended earlier belowground in the two forested

ecosystems (beech forest: 27 days, understory of the

alder carr: 55 days), but did not differ in the phragmites

reed. Generally, root production was correlated with soil

temperature (especially in spring) and water level in the

peatlands, while abiotic factors were less correlated with

leaf activity or root production in either spring or au-

tumn in the beech forest.

Conclusions Root production on organic soils was ten

times higher compared to the zonal broadleaf deciduous

forest on mineral soils, highlighting the importance of

peatlands. Belowground phenology cannot be projected

from aboveground phenology and measuring root phe-

nology is crucial to understand temporal dynamics of

production and carbon fluxes.

Keywords Plant phenology . Growing season . Root

growth . Beech forest . Alder carr . Peatland

Introduction

The start of growing season in spring and its end in

autumn are phenological events of crucial importance

for ecosystem processes and functions, namely carbon

(C), nutrient and water cycling, of temperate and colder

ecosystems (Pregitzer et al. 2000; Piao et al. 2008;

Richardson et al. 2010, 2013). Most studies that identi-

fied the on-and offset of the growing season focused

only on the aboveground part of the plants (Liu et al.

2018; van der Maaten et al. 2018), ignoring below-

ground processes. However, fine root production ac-

counts for at least 22% of net primary production

(McCormack et al. 2015a) and controls, besides nutrient

and water uptake, a large flux of C from plants into the
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soil (Pendall et al. 2004; McCormack et al. 2013). Root

phenology is crucial for water and nutrient uptake and it

may have different phenological controls than above-

ground phenology (Steinaker and Wilson 2008;

Steinaker et al. 2010; Abramoff and Finzi 2015;

Blume-Werry et al. 2016; Delpierre et al. 2016; Radville

et al. 2016b). Thus, there is growing recognition that

understanding the timing and control of root growth,

and the relationships between root growth and leaf

growth is essential for improving overall understanding

of ecosystem carbon and nutrient cycling (Pregitzer

et al. 2000; McCormack et al. 2014; Sloan et al.

2016). The physiological coupling of above-and below-

ground plant parts suggests that above-and below-

ground phenology must, at least in part, be related to

each other (Steinaker and Wilson 2008). However,

asynchrony in the timing of above-and belowground

phenology has been repeatedly observed, with root

growth lagging behind shoot growth by several weeks

in some and preceding it in other systems early in the

season (McCormack et al. 2015b; Radville et al. 2016b),

as well as root growth extending beyond the above-

ground season by up to 50% in autumn (Steinaker

et al. 2010; Blume-Werry et al. 2016; Schwieger et al.

2018). This observed asynchrony is up to now mainly

attributed to temperature as controlling factor with

shoots being affected by air temperature (Delpierre

et al. 2016) and roots by soil temperature (Tierney

et al. 2003). Also, allocation of C from above- to be-

lowground organs determine root phenology, because

roots depend on a great extent on aboveground parts for

newly fixed C from photosynthesis (Pregitzer et al.

2000; Steinaker and Wilson 2008; Abramoff and Finzi

2015; Radville et al. 2016a) and temperature plays an

important role in regulating changes in allocation pat-

terns (Farrar 1988; Ericsson et al. 1996; Vogel et al.

2008). Soil moisture is known as a driver of photosyn-

thetic activity in deciduous forests, but also affects the

growth of tree fine roots (Pregitzer et al. 2000). The

growth of Fagus sylvatica L., in particular, shows a

strong dependency to water availability, especially dur-

ing early summer (Scharnweber et al. 2011).

It is further assumed that controls of phenological

stages in spring (e.g. bud burst, leaf unfolding, root

elongation), are different from those in autumn (e.g. leaf

senescence, root growth cessation; Delpierre et al. 2016;

Radville et al. 2016a). While temperature is considered

as the most important environmental factor controlling

the timing of aboveground spring phenology (Radville

et al. 2016a), the timing of autumn senescence is pro-

posed to be stronger controlled by photoperiod or to be

linked to the timing of spring budburst (Keenan and

Richardson 2015), with temperature generally being less

important than during spring (Barichivich et al. 2013;

Delpierre et al. 2016; Liu et al. 2018).

However, while aboveground plant phenology and

its drivers are well studied, very little is understood

about the drivers of root phenology. As root growth is

limited below 5 °C in temperate environments (Burke

and Raynal 1994; Alvarez-Uria and Körner 2007), soil

temperature may be a direct control on root initiation in

spring and limit root growth in autumn while photope-

riod most likely does not exert strong control on autumn

root phenology (Radville et al. 2016a).

The degree of synchrony of temporal dynamics of

above-and belowground production have been shown to

vary between woody plant and graminoid-dominated

vegetation, at least in the sub-Arctic (Sloan et al. 2016)

and even among temperate tree species the timing of

root production can differ highly (McCormack et al.

2014). This provides evidence that synchrony of

above-and belowground phenology varies among spe-

cies and ecosystems and that generalizations from other

ecosystems or projections of aboveground to below-

ground production are not likely to reflect seasonal

dynamics in different ecosystems (Blume-Werry et al.

2016).

Phenology is thought to be generally in sync in

temperate regions (Abramoff and Finzi 2015), an obser-

vation that is primarily based on forests which hold

about 20% of the world’s plant biomass and up to 10%

of terrestrial C (Bonan 2008). However, the temperate

regions comprise a heterogeneous set of environmental

conditions, resulting in contrasting ecosystems. Al-

though covering only 3% of the terrestrial surface, with

18.5 Mha in the temperate zone (Leifeld and Menichetti

2018), peatlands store twice the amount of carbon as the

whole biomass of all forests on earth (Joosten et al.

2008). Thus, peatlands are the most space efficient C-

storages of the terrestrial biogeosphere and highly cli-

mate relevant. In addition, anoxia due to high water

levels may inhibit root growth (Finér and Laine 1998),

and water level may thus be an equally –or more-

important driver of root phenology than temperature in

these peatland ecosystems. Studying root phenology in

the peatlands of lowland Europe is of special importance

as these organic soils are formed by graminoid roots and

rhizomes (Succow and Joosten 2001), and while
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comparisons of root phenology have been done between

forests and grasslands (Gill and Jackson 2000; Steinaker

and Wilson 2008; Steinaker et al. 2010; Sloan et al.

2016), comparisons between forests on mineral soils

and forested and graminoid-dominated peatlands on

organic soils are missing.

In this study, we compare above- and belowground

phenology of four typical natural ecosystems of the

Pleistocene lowlands of temperate Europe, i.e. broad-

leaved forests on mineral soil, forested peatlands and

two graminoid-dominated (Poaceae and Cyperaceae)

fen peatlands. We investigate how environmental con-

trols differ among phenological events (on-and offset of

growing season), between above-and belowground

plant parts and among the different ecosystems. The

objectives of this study were (i) to discover whether

above- and belowground phenology are coupled in im-

portant natural ecosystems of Central Europe. We as-

sumed that aboveground growing season starts, in gen-

eral, earlier then belowground, due to allocation of

carbon from photosynthesis and transport to roots. Fur-

thermore, we aimed to (ii) determine how above- and

belowground phenology in spring and autumn were

related to abiotic factors, i.e. temperature and water table

depth/ soil moisture, and to (iii) determine if patterns of

root production phenology varied among four different,

but common, temperate ecosystems: a beech forest, the

understory of a forested peatland (alder carr) and two

graminoid dominated fen peatlands (Poaceae and

Cyperaceae). We expected distinct differences between

the four ecosystems with the greatest difference between

the beech forest and the three peatland sites.

Material and methods

Study sites

All study sites were located within a 9 km radius around

the city of Greifswald in the Pleistocene lowlands of

northeastern Germany (54°5’ N, 13°23′ E). The study

region has a maritime climate with a mean annual tem-

perature of 8.8 °C and mean annual precipitation of

565.0 mm. January is the coldest month with a mean

temperature of 0.6 °C and a mean precipitation of

40.3 mm, while July is warmest with a mean tempera-

ture of 16.7 °C and a mean precipitation of 62.5 mm

(meteorological data provided by the Deutscher

Wetterdienst from 1981 to 2010).

The four compared ecosystems consisted of a beech

forest, the understory of a forested peatland (alder carr)

and two graminoid dominated fen peatlands, a phrag-

mites reed and a sedge reed. Phragmites reed and sedge

reed were located in close proximity to each other (app.

50 m direct distance) and shared same hydrological and

local climate conditions. The beech forest consisted

exclusively of Fagus sylvatica L. in the canopy (ca.

30 m height, 80% canopy cover, approx. 80 years old),

with F. sylvatica and occasionally Oxalis acetosella L.

and Impatiens parviflora DC. in the understory (< 1%

cover). The alder carr was dominated byAlnus glutinosa

(L.) GAERTN. in the canopy (ca. 25 m height, 60%

canopy cover, app. 60 years old) and Carex acutiformis

EHRH. (ca. 1 m height, 80% cover), and less abundant,

Impatiens parviflora DC. and Urtica dioica L. in the

understory. The phragmites reed was dominated by

Phragmites australis (CAV.) STEUD (app. 2.5 m height,

app. 90% cover), but Calystegia sepium L., Lysimachia

vulgaris L. and Urtica dioica L. occurred occasionally,

while the sedge reed was dominated by Carex riparia

CURTIs (app. 1 m height, appr. 70% cover) and

Lysimachia vulgaris L. occurring occasionally.

Plant phenological parameters

Aboveground phenology

Photosynthetic capacity for the herbaceous vegetation

was monitored in the alder carr, the phragmites reed and

the sedge reed by measuring the normalized difference

vegetation index (NDVI). The NDVI is the ratio of the

difference between the reflectance in the red and the

near-infrared regions of the spectrum and the summa-

tion of these two values:

NDVI ¼
ρnir−ρred

ρnir þ ρred
ð1Þ

where ρnir is the reflectance in the near-infrared region

of the spectrum (0.7 to 1.1 μm), and ρred is the reflec-

tance at red wavelengths (0.6 to 0.7 μm). We measured

NDVI with Spectral Reflectance Sensors (Decagon De-

vices, Pullman, WA, USA). For that purpose, we

mounted upward-facing hemispherical sensors together

with downward-facing field stop sensors on poles at

heights that allow a monitoring of 1 m2 of the vegetation

cover with a field view of 36° (2.46 m in the alder carr

and sedge reed, 3.66 m in the phragmites reed). The
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sensors were installed in highly homogeneous vegeta-

tion at all sites, directly at the same location as the

minirhizotrons (see below). Measurements were taken

hourly and data was stored on Em50 Loggers (Decagon

Devices, Pullman, WA, USA). In the sedge reed only a

field stop sensor could be installed. Therefore, the NDVI

for the sedge reed was calculated using the measured

field stop data and an approximated incident NIR to red

ratio (α) of 1.86, as is described in the devices’ manual

(Decagon Devices Inc. 2017).

Due to a lack of herbaceous vegetation in the beech

forest, we used stem size variation obtained by

dendrometers (Radius DR, Ecomatik, Dachau/Munich,

Germany) instead of NDVI to estimate aboveground

growing season length (Deslauriers et al. 2007; van

der Maaten et al. 2018). Thereto, sensors were installed

in May 2016 in the beech forest at 3 m above ground

level on the north face of three tree stems, to prevent

direct exposure to sunlight. Measurements were taken

every 30 min and data was stored on HOBO UX120-

006 M 4-Channel Analog Loggers (Onset Computer

Corporation, Bourne, MA, USA).

Belowground phenology

To estimate the exact timing of fine root (< 2 mm

diameter) growth and productivity over the seasons,

we used minirhizotrons. Destructive methods, such as

soil coring, do not follow the same roots through time

and therefore most likely miss the precise occurrence of

new root growth over a greater temporal scale (Johnson

et al. 2001). Thereto, transparent tubes were installed at

an angle of 45° in the soil to insert a root image scanner

(CI-600 In-Situ Root Imager; CID Bio-science Inc.,

Camas, WA, USA), taking 360° scans (image size:

21.6 × 19.6 cm) of the tube-soil interface and thus roots

at three depths (0–15 cm, 15–30 cm and 30–45 cm). The

aboveground part of the tubes was insulated to reduce

thermal differences and covered with a cap to exclude

light from the tubes. Five tubes were installed in each of

the three peatland sites (total of 15 tubes), from which

we could only use four in the phragmites reed and alder

carr, and six tubes in the beech forest, from which only

four tubes could be used due deformation of the tube or

wild boar damage. Tubes were installed in the beech

forest in April 2016, in the alder carr and phragmites

reed in June 2016 and in the sedge reed in July 2016,

giving roots time to recolonize and allow soil properties

to restore after disturbance (Johnson et al. 2001).

Sampling was conducted approximately every

10 days during two separated campaigns. The spring

measurements were conducted between March 10th

(DOY 69) and June 10th 2017 (DOY 161), and the

autumn measurements between September 5th (DOY

248) and November 21st 2017 (DOY 325). Determina-

tion of fine root length and production was performed

using the program ‘RootSnap!’ (version 1.3.2.25, Copy-

right 2011–2013 CID Bio-Science, Inc.). We deter-

mined mean root length density and root length produc-

tion for each of the four sites. Root length density,

expressed as the total length of roots per minirhizotron

viewing area (mm/cm2), was calculated for each

minirhizotron image, then averaged for all tubes within

the three depth classes (0–15 cm, 15–30 cm and 30–

45 cm) as well as of the entire length of the tubes when

estimating mean values for the four ecosystems. To

normalize irregular sampling intervals, root length pro-

duction is expressed as the change in root length per area

per day (mm/cm2d). Production was defined as the sum

of the length of new roots formed and any increase in

length of existing roots since the previous sampling

event (Johnson et al. 2001).

Start and end of the growing season

As suggested by Radville et al. 2016a, we used a quan-

titative approach to determine growing season, where

the start of the growing season (SOS) was defined as day

of the year (DOY) at which 10% of the total annual

increase was reached, while the end of the growing

season (EOS) was defined as DOY at which 90% of

the total annual increase was exceeded.

For root phenology, root density inmm/cm2was used

to determine maximum annual root density and estimate

SOS and EOS belowground. We narrowed down to the

exact date when 10% and 90% of the total annual

increase was reached by using a linear model to inter-

polate between two measurement dates. The estimated

dates did not always lie in our measuring periods (see

alder carr: 0–5 cm, phragmites reed: 0–5 cm, sedge reed:

0–5 cm and 15–20 cm), which may have led to a slight

under- or overestimation of the belowground growing

season. To consider the different distribution of root

biomass at the three depth levels, the proportions of root

lengths at the different depths from total root length of

the tubes were determined and weighted accordingly.

The aboveground growing season was determined using

the NDVI data. Since this data fluctuated, we fitted a

Plant Soil

39 



smoothing spline (spar = 0.55) and calculated SOS and

EOS based on this. NDVI data in the sedge reed showed

overall strong fluctuations and an unexpected increase

in the end of season, probably due to an algal bloom in

the then standing water despite visual observations of

senescence of the sedge leaves. Therefore, we were not

able to clearly detect EOS for the sedge reed above-

ground. In the alder carr, aboveground season was esti-

mated onNDVI data of mainlyCarex acutiformis, while

belowground season was estimated based by

minirhizotron pictures which usually do not allow for

differentiation between species. However, the location

of our minirhizotron tubes in dense Carex-patches and a

minimal distance to the closest alder trees of 2 m sug-

gests that we captured to a great amount the phenology

of Carex rather than Alnus. We verified that the vast

majority (>80%) of the belowground data collected in

the alder carr was, in fact, from fine roots of Carex

acutiformis and not from Alnus glutinosa, recognizable

by their bright color and sparsely branched morphology,

while fine roots ofAlnus appear dark to black and have a

widely branched structure. Taken together, this implies

that a comparison to the NDVI of only the understory is

fair and that the data from the alder carr is valid for its

understory only and not for the alder trees.

Due to a lack of understory, low-level NDVI mea-

surements in the beech forest were not meaningful. The

necessity of different approaches to estimate above-

ground phenology reflects the fundamental differences

of these communities in physiological characteristics

and plant species composition. As a proxy for start and

end of the growing season in the beech forest, we used

the period when the tree starts and ends to transpire

actively. Tree transpiration occurs through the stomatal

apertures of the leaves, therefore, the detection of the

start of transpiration is supposed to occur along with the

shoot of leaves in spring, while shedding of leaves result

in a stop of transpiration in autumn.We quantified active

transpiration of the beech trees by dendrometers mea-

suring daily stem size variation (μm) of two trees in

close proximity to theminirhizotron tubes. The variation

in tree stem diameter results from processes such as

reversible shrinking and swelling and irreversible radial

growth, which are all influenced by tree water status

(Deslauriers et al. 2007). The dendrometer signal detects

them as diurnal oscillations of the stem radial variation

around its trend. To extract the growth signal from these

oscillations we used segmented linear models with the

segment length of 2 days. We extracted the signal to

noise ratio from those oscillations, calculated their cu-

mulative distribution and set the corresponding dates of

10% and 90% of the cumulative values as start and end

of the growing season.

Abiotic parameters

Temperature

Air- and soil temperatures were measured hourly with

TRIX-8 Temperature-Loggers (LogTag, CiK Solutions

GmbH, Karlsruhe, Germany). Air temperature loggers

were placed in plastic radiation shields to prevent direct

exposure to sunlight and mounted on the north facing

sides of wooden poles at 50 cm above ground surface.

Loggers for soil temperatures were buried 10 cm below

surface. Soil temperature loggers from the sedge reed

had water damage and could not be read. Due to the

sedge reeds close proximity to the phragmites reed site

(app. 50 m direct distance) and the strong correlation

between average (Spearman’s rank correlation rho =

0.99, p < 0.001), minimum (rho = 0.95, p < 0.001) and

maximum air temperatures (rho = 0.90, p < 0.001) be-

tween the sites, we used soil temperature data from the

phragmites reed to correlate it with the spring pheno-

logical data.

Water level and soil moisture

Water levels were determined using groundwater pipes

in the alder carr and phragmites reed (data also used for

sedge reed) on the same dates as minirhizotron images.

In the beech forest soil moisture was measured hourly

with three ECH2O 5TM Soil Moisture and Temperature

Sensors (Decagon Devices, Pullman, WA, USA) and

stored on Em50 Loggers (Decagon Devices).

Statistical analysis

Testing for significant differences between above-and

belowground SOS and EOS was based on non-

overlapping 95% confidence intervals (Fig. 1). To test

for differences between the start and end of the growing

season within the three belowground depth classes (0–

15 cm, 15–30 cm, 30–45 cm) and between the four

ecosystems (beech forest, understory of the alder carr,

phragmites reed, sedge reed) and their interactions, a

linear mixed-effects model ANOVA (R packages

‘lmerTest’) was used with plant community and depth
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as interacting explanatory variables and block (i.e. plot

design within a plant community) as a random factor. To

estimate differences in root production for the vegeta-

tion types and the belowground depths over time, a

repeated measure ANOVA was conducted with time

(day of the year) as additional interacting explanatory

variable to the ones previously mentioned. These were

performed for spring and autumn data separately to test

for seasonal differences. A Tukey’s HSD test (R pack-

ages ‘emmeans’ and ‘multcompView’) was used to test

for differences between the sites and the single depth

classes.

All data used in the linear models was analysed

graphically (R packages ‘sciplot’) to test the assump-

tions of normality and homogeneity of variance. Thus,

the residuals were plotted with normal q-q-plots and

residual vs. fitted plots of the model. Additionally, a

Shapiro-Wilk test of normality was performed to con-

firm assumptions of normality. If necessary, data was

rank transformed. A Spearman’s rank correlation was

used to test if above-and belowground phenology (stem

size variation, NDVI, root production) was correlated

with abiotic parameters (i.e. air temperature, soil tem-

perature, water level, soil moisture). Again, correlation

was performed separately for spring and autumn data to

check if drivers of above-and belowground phenology

differ between the seasons. All statistical analyses were

performed using R version 3.4.3 (R Core Team, R

Foundation for Statistical Computing, Vienna, Austria,

2017).

Results

Start and end of the growing season above-and

belowground

In spring, aboveground season in the understory of the

alder carr started 12 days (DOY 121) earlier (non-over-

lapping 95%-CI: p < 0.025) than the belowground sea-

son (DOY 133 ± SE 5). The difference in SOS was even

more distinct in the phragmites and sedge reeds where

the aboveground season was 25 days ± SE 4 ahead of

the belowground season in the phragmites reed and

33 days ± SE 3 in the sedge reed (Fig. 1). In addition,

growing season of the sedge reed started about one

month (DOY 95) earlier aboveground compared to the

other two peatlands, however, belowground growing

season started at similar dates at all four sites (Fig. 1).

The beech forest was the only ecosystem in this study

where aboveground season did not significantly precede

belowground growing season (above: DOY 117 ± SE 4;

below: DOY 116 ± SE 10; Fig. 1).

In autumn, aboveground season exceeded the below-

ground season significantly (p < 0.025) by 27 days ± SE

5 for the beech forest and 55 days ± SE 17 for the

understory of the alder carr. While belowground EOS

was estimated to be in mid-August (DOY 230 ± SE 17)

in the understory of the alder carr and in mid-September

(DOY 263 ± SE 5) in the beech forest, the aboveground

growing season of the beech forest and the understory of

the alder carr lasted until mid-October (alder carr: DOY

285, beech forest: DOY 290 ± SE 9; Fig. 1). For the

phragmites reed, however, the end of above-and below-

ground season were similar and aboveground EOS was

not available for the sedge reed. Although belowground

season stopped at almost the same day, the start of

growing season differed strongly between phragmites

reed and sedge reed, both, above-and belowground (Fig.

1).

However, the four ecosystems did not differ signifi-

cantly in start (mixed model ANOVA: F = 2.78, p =

0.086) and end (F = 0.89, p = 0.472) of the belowground

growing season.

Abiotic factors influencing phenological parameters

In spring, root growth at all depths was significantly and

positively correlated to soil temperature in all ecosys-

tems (rho 0.29–0.75; Table 1). In the phragmites reed,

however, water level was stronger correlated with root

growth in spring than soil temperature. The strongest

correlations with soil temperature were observed for the

aboveground phenological parameters (rho 0.58–0.83;

p ≤ 0.001).

In autumn, air temperature was, in general, a stronger

driver for aboveground phenology than in spring

(Table 1). Root growth appeared to be limited by air

temperature in the beech forest and the understory of the

alder carr and by water level in the other two peatland

sites. For the understory of the alder carr, soil tempera-

ture was the best explanatory factor for above-and be-

lowground phenological patterns. Coupling of root and

shoot phenology with environmental drivers was less

strong in the beech forest compared to the other ecosys-

tems in both seasons.
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Root production in different ecosystems

Amounts of root production did not significantly differ

among the three depth levels, both in spring (F = 1.15,

p = 0.317), and in autumn (F = 1.57, p < 0.210). How-

ever, there were significant differences in root produc-

tion between the ecosystems in spring (ANOVA: F =

10.16, p < 0.001), as well as in autumn (ANOVA: F =

15.42, p < 0.001). Here, root production in the understo-

ry of the alder carr, phragmites reed and sedge reed was

approximately ten times as high as in the beech forest

throughout the seasons (Fig. 2).

The comparison of SOS and EOS showed a signifi-

cant difference between the three belowground depths

classes (0–15 cm, 15–30 cm, 30–45 cm) for the start

(F = 4.01, p = 0.031) and the end (F = 3.80, p = 0.036) of

the growing season (Fig. 2). For the SOS the top (0–

15 cm) and the lowest (30–45 cm) depth were signifi-

cantly different, with root growth starting approximately

19 days earlier in the top (DOY 132 ± SE 5) than in the

lowest depth (DOY 151 ± SE 5). The EOS for the top

depth (DOY 242 ± SE 7) was approximately two weeks

earlier than for the middle (15–30 cm, DOY 257 ± SE 6)

and lowest depth (30–45 cm, DOY 258 ± SE 4).

Timing of root production also differed between eco-

systems, most strongly between the beech forest and the

peatland sites (understory of the alder carr, phragmites

reed and sedge reed; F = 10.16, p < 0.001). The

Fig. 1 Growing season lengths of the four ecosystems beech

forest, alder carr (understory only), phragmites reed and sedge

reed for above- (white bars) and below- (grey bars) ground growth.

The belowground growing season was estimated using root den-

sity (mm/cm2) measured with minirhizotrons in the beech forest

(n = 4), understory of the alder carr (n = 4), phragmites reed (n = 4)

and the sedge reed (n = 5). The proportions of root lengths at

different depths from total root length of the tube were determined

and weighted accordingly. Displayed are mean ± 95% confidence

intervals. Aboveground growing season length was estimated

using stem size variation in μm (n = 2) in the Beech forest. The

two values are displayed as open circles and the bar shows their

mean. NDVI measurements were used to estimate aboveground

growing season length for the alder carr (n = 1), phragmites reed

(n = 1) and sedge reed (n = 1). Here, no indication of variation is

possible and only the respective date is displayed. Estimation of

aboveground EOS in the sedge reed was not possible due to high

fluctuations at the end of the growing season. Asterisks show

significant differences (p ≤ 0.05) in SOS and EOS between

above-and belowground for each plant community based on the

non-overlapping of the 95% confidence intervals

Plant Soil

42 



difference in root production between the ecosystems

changed with time (ANOVA interaction ecosystem x

time: p < 0.001). After declining shortly before SOS,

root production in the beech forest only increased mod-

erately until the end of the measurements in spring,

while root production stayed low in the beginning and

showed a sharp increase shortly before estimated SOS in

the phragmites reed and sedge reed (Fig. 2).

No such difference in root production patterns was

observed in autumn, when all ecosystems showed a

steady decline in root production. The significant differ-

ences between the ecosystems (F = 15.42, p < 0.001)

Table 1 Results of the rank correlation test (Spearman) between

abiotic factors (air and soil temperature, soil moisture and water

level) and the phenological parameters for aboveground (stem size

in μm and Normalized Difference Vegetation Index) and below-

ground (root production in mm/cm2d) for the three depths (0–

15 cm, 15–30 cm, 30–45 cm)

Spring

Variables Stem size (μm) NDVI Root production (mm/cm2d)

rho (ρ) p rho p 0–15 cm 15–30 cm 30–45 cm

rho p rho p rho p

Spring

Beech forest air temperature 0.42 ≤ 0.001 – – 0.20 0.183 0.18 0.219 0.33 0.024

soil temperature 0.58 ≤ 0.001 – – 0.29 0.048 0.32 0.027 0.33 0.021

soil moisture 0.02 0.785 – – −0.13 0.397 −0.06 0.697 −0.01 0.939

Alder carr air temperature – – 0.67 ≤ 0.001 0.45 0.001 0.33 0.022 0.41 0.004

soil temperature – – 0.83 ≤ 0.001 0.65 ≤ 0.001 0.44 0.002 0.56 ≤ 0.001

water level – – −0.43 ≤ 0.001 −0.28 0.067 −0.22 0.158 −0.23 0.131

Phragmites reed air temperature – – 0.57 ≤ 0.001 0.50 0.001 0.53 ≤ 0.001 0.44 0.003

soil temperature – – 0.74 ≤ 0.001 0.56 ≤ 0.001 0.57 ≤ 0.001 0.45 0.002

water level – – −0.53 ≤ 0.001 −0.56 ≤ 0.001 −0.60 ≤ 0.001 −0.56 ≤ 0.001

Sedge reed air temperature – – 0.68 ≤ 0.001 0.60 ≤ 0.001 0.39 0.003 0.39 0.003

soil temperature – – 0.83 ≤ 0.001 0.75 ≤ 0.001 0.50 ≤ 0.001 0.43 0.001

water level – – −0.71 ≤ 0.001 −0.60 ≤ 0.001 −0.42 0.005 −0.33 0.028

Autumn

Beech forest air temperature −0.47 ≤ 0.001 – – 0.50 0.003 0.38 0.030 −0.06 0.760

soil temperature −0.40 ≤ 0.001 – – 0.61 ≤ 0.001 0.33 0.067 0.00 0.989

soil moisture 0.28 0.003 – – −0.16 0.371 −0.11 0.558 0.11 0.546

Alder carr air temperature – – 0.87 ≤ 0.001 0.53 0.002 0.46 0.008 0.16 0.380

soil temperature – – 0.97 ≤ 0.001 0.53 0.002 0.41 0.020 0.38 0.033

water level – – −0.92 ≤ 0.001 −0.48 0.005 −0.41 0.020 −0.30 0.093

Phragmites reed air temperature – – 0.64 ≤ 0.001 0.41 0.047 0.42 0.042 0.28 0.185

soil temperature – –

water level – – −0.85 ≤ 0.001 −0.51 0.010 −0.59 0.002 −0.57 0.004

Sedge reed air temperature – – −0.83 ≤ 0.001 0.11 0.589 0.28 0.062 0.24 0.140

soil temperature – –

water level – – 0.75 ≤ 0.001 −0.44 0.029 −0.60 ≤ 0.001 −0.35 0.028

Values in bold indicate significant relationship (p < 0.05)
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and their interaction with time (F = 15.12, p < 0.001)

rather indicates that their production level before au-

tumn was strongly different (note the different scaling

of root production between beech forest and the

peatland sites in Fig. 2).

Discussion

Start and end of the growing season above-and

belowground

We found significant differences between above-and

belowground growing season length of up to 55 days

across the four ecosystems; beech forest, understory of

the alder carr, phragmites reed and sedge reed. While we

observed a significantly earlier start of the aboveground

season in the three peatland sites (alder carr, phragmites

reed and sedge reed), the beech forest showed no differ-

ence in the start between above- and belowground

growing season. In contrast, an earlier below- than

aboveground production in the season has been found

in various temperate tree species (McCormack et al.

2015b), in Arctic shrub tundra (Radville et al. 2016b)

and in several subtropical tree species (Bevington and

Castle 1985; Ploetz et al. 1992; Broschat 1998;

Mickelbart et al. 2012). In autumn, we found the above-

ground season in the beech forest and the understory of

the forested peatland exceeding the belowground sea-

son, by 27 days ± SE 5 for the beech forest and 55 days

Fig. 2 Overview of the phenological and abiotic parameters.

Aboveground phenological parameters were stem size in μm in

the beech forest (n = 2) and NDVI as measure of photosynthetic

activity in the alder carr (n = 1), phragmites reed (n = 1) and sedge

reed (n = 1). Belowground phenological parameter was root pro-

duction in mm/cm2d for three depth classes (0–15 cm, 15–30 cm,

30–45 cm). Abiotic factors measured were volumetric water con-

tent in m3/m3 in the beech forest (n = 3) and water level in cm for

the alder carr (n = 1), phragmites reed (n = 1) and the sedge reed

(n = 1) as well as soil and air temperature in °C in all sites (grey

lines = air temperature, dashed black lines = soil temperature). Es-

timated start (SOS) and end (EOS) of growing season are marked

with dotted vertical lines. The belowground growing season was

estimated using root density (mm/cm2) measurements. Grey bands

show 95% confidence interval, smoothing method ‘loess’ (locally

weighed regression for <1000 observations)
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± SE 17 for the understory of the alder carr, indicating a

strong spring and autumnal phenological asynchrony

between roots and shoots in some of the observed tem-

perate ecosystems (Fig. 1). Steinaker andWilson (2008)

found root and leaf phenology were characterized by

asynchrony in a temperate aspen forest but not in grass-

land species. Our study, focussing on the start and end of

the growing season can partly confirm this, finding a

high asynchrony in the start and end of the growing

season for the understory of the alder carr, but only in

the end of the growing season for the beech forest.

However, we also found phenological asynchrony in

the graminoid-dominated peatlands with a significant

earlier start of season aboveground (while the end of

season was in sync at least for the phragmites reed, Fig.

1).

Sloan et al. (2016) showed that the degree of syn-

chrony of above and below ground production can vary

according to the dominant plant functional type and that

root and leaf production is more closely coupled in

sedge communities compared to woody plant commu-

nities. Our results show a decoupling between root and

shoot production for the sedge dominated plant

communites (understory of the alder carr and sedge

reed) while the beech forest showed synchrony in the

beginning of growing season, but asynchrony in the

end.

Abiotic factors influencing phenological parameters

Asynchrony between root and shoot growth is thought

to be mainly driven by differences between air and soil

temperatures (Steinaker and Wilson 2008; Abramoff

and Finzi 2015; Blume-Werry et al. 2016; Sloan et al.

2016). Root production at all sites was clearly linked

to soil warming and cooling at all depth levels with

start and end of growing season temperatures coincid-

ing with minimum temperatures of around 4–6 °C

(Fig. 2, Fig. S1), generally referred as the minimum

temperatures for root growth at least in temperate tree

species (Burke and Raynal 1994; Alvarez-Uria and

Körner 2007). This likely also led to differences in

root phenology with soil depth: belowground growing

season started 19 days earlier in the upper depth (0–

15 cm) compared to the deepest depth (30–45 cm),

while growing season in the upper depth ended ap-

proximately 15 days earlier than for the two deeper

depths (15–30 cm, 30–45 cm). Therefore, the syn-

chrony between above- and belowground phenology

also depends on the soil depth. In spring, air temper-

ature rises faster than soil temperature and, therefore,

delays root growth and the start of the growing season

into the later spring compared to the aboveground

growing season (Steinaker and Wilson 2008). We

made this observation in the three peatland ecosys-

tems (alder carr, phragmites reed and sedge reed) with

aboveground season being significantly ahead of the

belowground season (Fig. 1). Buffering of the soil

allows soil temperatures to remain warmer than air

temperatures through autumn (Fig. 2). As a result,

root production can be up to 50% longer than shoot

production in some ecosystems (Steinaker andWilson

2008; Abramoff and Finzi 2015; Blume-Werry et al.

2016; Sloan et al. 2016). However, we observed the

opposite; the aboveground season exceeded the be-

lowground season in the two forested sites (beech

forest, understory of the alder carr), and was similar

in the phragmites reed (Fig. 1).

For the graminoid peatlands, water level was found

to be a strong predictor of root growth in spring and

autumn. At these sites, water level was constantly more

than 5 cm above ground level until the end of May and

in autumn (Fig. 2) inhibiting root growth and explaining

the negative correlation of root production and water

level in both seasons (Table 1). As soon as water level

started to decline in the end of May, root production and

NDVI increased. Especially the belowground SOS and

EOS seem to be highly linked to the fall and rise of the

water table, which is likely because the growth and the

maintenance of root systems require large quantities of

oxygen for respiration (Rodgers et al. 2003). Mäkiranta

et al. (2018) found that moderate warming had only

negligible effects on plant productivity in wet, sedge-

dominated fens, while water-level drawdown, with or

without warming, was the more dominant control. Root

production in the understory of the alder carr was not

correlated with the drop of the water level in spring but

decreased significantly with water levels rising in au-

tumn (Table 1). Interestingly, the sedge-dominated un-

derstory of the forested peatland differed in this aspect

from the two non-forested peatlands where water level

was a strong predictor of root growth throughout the

seasons.. In fact, for the alder carr, soil temperature was

the best explanatory factor for above-and belowground

phenological patterns (Table 1), therefore, high water

levels during spring may not inhibit growth so far to

exceed the influence of rising temperatures and photo-

period in spring.
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We found that, in general, coupling of root and shoot

phenology with environmental drivers was less strong in

the beech forest compared to the other ecosystems in

both seasons (Table 1). Here, root production in deeper

depths seemed to be driven less by environmental fac-

tors, suggesting a dependence on endogenous controls

of plant C allocation (Pregitzer et al. 2000; Steinaker and

Wilson 2008; Abramoff and Finzi 2015). Stores of

carbohydrates fuel root production (Richardson et al.

2013), but root production also highly depends on new-

ly fixed C from aboveground organs (Keel et al. 2006)

and can, thus, explain a delayed start of growing season

belowground.

Root production in different ecosystems

A striking difference in root production between the four

ecosystems were the total amounts of root production,

which were about ten times higher in the three peatland

sites than the beech forest. Higher fine root production

in shrubs compared to various tree species (Pinus

sylvestris, Betula pubescens) and graminoids were

found by Bhuiyan et al. (2017) in a drained fen forest,

whereas for a bog forest they found higher fine root

production in trees than in shrubs. Apart from the im-

portance of fine roots in the acquisition of water, nutri-

ents, and C in terrestrial ecosystems (McCormack et al.

2015b), in general, roots contribute substantially to the

formation of the organic soil in the prevailing peatlands

of Europe and mediate the accumulation of C as peat

(Succow and Joosten 2001). Surprisingly, while the total

amounts of production differed so clearly between eco-

systems, the belowground growing season started and

ended at similar dates in all ecosystems. As the timing of

fine root production influences the seasonal acquisition

of soil resources and the flux of C from plants into the

soil (McCormack et al. 2014), the timing of those pro-

cesses is also likely similar between ecosystems. One

reason for this similarity might be that variations in root

phenology are thought to respond to seasonal or annual

changes in local climate (McCormack et al. 2014), and

all sites have the same macroclimatic conditions. How-

ever, even if the duration of the growing during the

growing season was similar, we did observed differ-

ences in root phenology during the season and, again,

the three peatland sites showed high similarity while

patterns differed in the beech forest. Here, root produc-

tion was more varied with time, whereas there was a

sharp and steady increase of root production in the

beginning and a shallow decrease at the end of the

season in all three peatland sites. These differences in

root phenology observed here may very well be rooted

in different driver of root production between the sites

(see above). Considerable differences in timing of root

production have previously been observed between con-

trasting plant communities. In woody plant communi-

ties of the subarctic, for example, most of the root

production occurred late in the growing season (Sloan

et al. 2016), while in several temperate tree species, high

peaks in root production early in the season have been

observed (McCormack et al. 2015b). Fluctuating root

production as we see for our beech forest was also found

in grasslands (Steinaker and Wilson 2008), in sedge

communities (Sloan et al. 2016), and in numerous tem-

perate tree species (Tierney et al. 2003; McCormack

et al. 2015b).

Conclusions

Ecologically important natural ecosystems of temperate

Pleistocene lowlands in Central Europe showed remark-

able asynchrony in above- and belowground start and

end of the growing season. These patterns further dif-

fered among ecosystems albeit all occurring under the

same macroclimatic conditions. Consequently, below-

ground phenology cannot be projected from above-

ground phenology alone and measuring root phenology

is crucial to fully understand temporal dynamics of

production and carbon fluxes in plants. Root production

on organic soils was ten times higher compared to the

zonal broadleaf deciduous forest on mineral soils,

highlighting the importance of forested and graminoid-

dominated peatlands. A later start and earlier end of root

growth with soil depth further suggests that synchrony

between shoot and root phenology depends on soil

depth. We also showed that environmental controls on

plant phenology varied substantially above- and below-

ground and between ecosystems. The studied peatlands

showed a relationship between soil warming and onset

of belowground growth in spring and a limitation of

belowground growth by rising water table in autumn.

Coupling with environmental drivers was less tight in

the beech forest, potentially indicating stronger controls

of internal drivers, such as within-plant C allocation and

internal water storage. Taken together, our results dem-

onstrate that patterns between above- and belowground

phenology and the respective abiotic drivers are not
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generally transferrable between ecosystems and that

even within the same climatic regions generalizations

across ecosystems are difficult. A better understanding

of patterns and drivers of belowground phenology there-

fore requires monitoring data from across ecosystems

for sound projections of carbon and nutrient cycling in

times of climate change.
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ABSTRACT

Peatlands are effective carbon sinks as more bio-

mass is produced than decomposed under the

prevalent anoxic conditions. Draining peatlands

coupled with warming releases stored carbon, and

subsequent rewetting may or may not restore the

original carbon sink. Yet, patterns of plant pro-

duction and decomposition in rewetted peatlands

and how they compare to drained conditions re-

main largely unexplored. Here, we measured an-

nual above- and belowground biomass production

and decomposition in three different drained and

rewetted peatland types: alder forest, percolation

fen and coastal fen during an exceptionally dry

year. We also used standard plant material to

compare decomposition between the sites, regard-

less of the decomposability of the local plant

material. Rewetted sites showed higher root and

shoot production in the percolation fen and higher

root production in the coastal fen, but similar root

and leaf production in the alder forest. Decompo-

sition rates were generally similar in drained and

rewetted sites, only in the percolation fen and alder

forest did aboveground litter decompose faster in

the drained sites. The rewetted percolation fen and

the two coastal sites had the highest projected

potential for organic matter accumulation. Roots

accounted for 23–66% of total biomass production,

and belowground biomass, rather than above-

ground biomass, was particularly important for

organic matter accumulation in the coastal fens.

This highlights the significance of roots as main

peat-forming element in these graminoid-domi-

nated fen peatlands and their crucial role in carbon

cycling, and shows that high biomass production

supported the peatlands’ function as carbon sink

even during a dry year.

Key words: decomposition; fen; fine root pro-

duction; in-growth core; litter bag; organic matter

accumulation; peatland; wetland.
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HIGHLIGHTS

� Rewetting increased biomass production and

supported the peatlands C sink functions

� High biomass production compensated for

decomposition losses even during a dry year

� Root biomass was important for organic matter

accumulation in graminoid fens

INTRODUCTION

Peatlands represent the most space efficient carbon

(C) stores among terrestrial ecosystems. Although

covering only about 3% of the terrestrial surface,

their total C pool exceeds that of the world’s forests

and is equivalent to about 60% of the C in the

atmosphere (Joosten and Couwenberg 2008;

Joosten and others 2016). In the past 200 years,

human activities have reduced the area of pristine,

peat accumulating peatlands by about 50% in

Europe (Joosten and Clarke 2002; Tanneberger and

others 2017). Drainage, for example, for agriculture

and forestry, has led to aeration of the peat and its

subsequent decomposition, effectively turning

peatlands into C sources, jeopardizing their climate

change mitigation function (Joosten 2009; Joosten

and others 2016; Leifeld and others 2019). To

counteract the negative effects of peatland drainage

(for example, carbon loss, eutrophication, surface

subsidence, loss of water retention and loss of

habitat), drained sites are rewetted worldwide.

However, many site characteristics have funda-

mentally and irreversibly changed during drainage

(for example, bulk density, nutrient content, spe-

cies pool) and, as a result, rewetting often does not

lead to the restoration of the original ecosystem

functions (Lamers and others 2015; Bonn and

British Ecological Society 2016). Rewetting may

result in recovery of the C sequestration function

(Tuittila and others 1999; Graf and Rochefort 2015;

Bérubé and Rochefort 2018; Günther and others

2015). This process is usually driven by low rates of

decomposition, caused by water saturation leading

to anoxia, which inhibit the activity of aerobic

decomposers (that is, bacteria and fungi) (Denny

1993; Freeman and others 2001; Moore and others

2007). The balance between production and

decomposition of organic matter (OM) is thus

crucial for evaluating a rewetted peatland’s poten-

tial to store C again. In addition, this balance can be

considerably influenced by extreme weather and

climate events, as we experienced them in the hot

and dry year 2018 (Schuldt and others 2020) and

that are expected to occur more often in the future

(IPCC 2013; Rahmstorf and Coumou 2011; Stott

2016). Increasingly warm and dry conditions

introduce oxygen into these systems, stimulating

microbial growth and raising the breakdown of OM

and the release of C (Fenner and Freeman 2011).

Evidence exists that also peatlands that often

experience short-term droughts (that is, over

summer) continue to preserve C depending on

their vegetation (Wang and others 2015). The

balance between production and decomposition

depends not only on abiotic factors, such as water

table depth (Wieder and others 2006) and soil

temperature (Moore and others 2007), but also

heavily on the vegetation present. For example,

litter quality alone explains about 65% of litter

decomposition rates (Thormann and Bayley 1997;

Zhang and others 2008; Parton and others 2007;

Djukic and others 2018), and even within a single

plant species, litter decomposability can differ with

roots often decomposing slower than shoots (Zhang

and others 2008; Freschet and others 2013). Thus,

root production is potentially more important for

peat formation than aboveground production. In

fact, in the extensive river valley peatlands of

lowland Europe, the peat is formed primarily by

roots and rhizomes and not by mosses (Carex-peat)

(Succow and Joosten 2001; Michaelis and others

2020). Nevertheless, roots and their potential con-

tribution to peat accumulation remain understud-

ied.

Fine roots (< 2 mm in diameter, Pregitzer and

others 2002) are short-lived roots whose main

function is the uptake of nutrients and water from

the soil (Guo and others 2008). Fine root produc-

tion accounts for up to 22% of the worldwide an-

nual net primary production (McCormack and

others 2015) and controls, besides nutrient and

water uptake, a large flux of C from plants into the

soil in form of root exudates and fine root turnover

(McCormack and others 2013; Pendall and others

2004). Despite the major role of belowground litter

as a driver of ecosystem OM dynamics (Freschet

and others 2013), decomposition studies mainly

focus on leaf litter (Aerts 1997; Meentemeyer and

Berg 1986; Zhang and others 2008) or use standard

material (Domisch and others 2006; Laiho and

others 2004; Minkkinen and others 1999; Lieffers

1988). However, such studies only describe the

effects of environmental factors on decomposition

(that is, decomposition potential), without the ef-

fect of litter quality of the actual present vegetation

(Laiho 2006; Hartmann 1999). The use of local

plant material, including roots of different soil

depths, along with standard material potentially
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allows to disentangle the effect of abiotic factors

and the litter quality for a given site.

Here, we studied three characteristic peatlands of

the North European Plain (that is, lowlands af-

fected by Pleistocene glaciation): an alder forest, a

percolation fen and a coastal fen, each in a drained

and a rewetted state. All these peatlands are fens

(that is, minerotrophic peatlands that receive sur-

face or ground water) and their peats are comprised

of roots. The objective of this study was to measure

above- and belowground biomass production and

decomposition in both drained and rewetted sites

in these three different fen types, in order to

compare their peat-forming potential after rewet-

ting. Compared to the long-term average values of

the last climate reference period, the year 2018 was

a very warm and dry year. So far, we lack knowl-

edge of the effects that these drought events will

have on plant production and decomposition and

thus the C-storage function of rewetted fen peat-

lands.

We expected that rewetted sites are characterized

by wetter soil conditions compared with their

drained counterparts even in an exceptionally dry

year. Thus, we hypothesized that rewetted sites

have (i) higher biomass production due to reduced

drought stress, (ii) lower decomposition rates due

to longer periods of water saturation in the soil

inhibiting aerobic microbial activity, and finally

that (iii) rewetting increases the potential for

accumulation of OM, even in an exceptionally dry

year.

MATERIALS AND METHODS

Study Area

All study sites were located in the German federal

state of Mecklenburg-Western Pomerania in the

North European Plain of north-eastern Germany

with an average elevation of less than 6 m a.s.l.

(Table 1). The study region has a maritime climate

with a mean annual temperature of 8.8�C and

mean annual precipitation of 565 mm. January is

the coldest month with a mean temperature of

0.6�C and a mean precipitation of 40 mm, whereas

July is warmest with a mean temperature of 16.7�C

and a mean precipitation of 62 mm (meteorological

data provided by Germany’s National Meteorolog-

ical Service from 1981 to 2010). The years from

2015 to 2018 were, compared to the average cli-

mate over the last 30 years, dry and warm years

(World Meteorological Organization (WMO)

Table 1. General Description of the Study Sites

Peatlands

Alder forest Percolation fen Coastal fen

Drained Rewetted Drained Rewetted Drained Rewetted

Geographic coordinates E 12�32¢11¢¢ E 12�29¢04¢¢ E 12�37¢43¢¢ E 12�44¢22¢¢ E 13�23¢09¢¢ E 13�23¢21¢¢

N 54�08¢06¢¢ N 54�07¢37¢¢ N 54�07¢55¢¢ N 54�06¢04¢¢ N 54�09¢28¢¢ N 54�09¢27¢¢

Distance drained/

rewetted (km)

3.5 8 0.2

Year of drainage � 1900 � 1900 1970 � 1750 and 1970 1850 1850

Year of rewetting – 2003/2004 – 1997 – 1993

Peat depths (cm) 60 200 400 600 70 30

pH 4.3 5.1 5.1 5.4 4.0 4.6

Dry bulk density

(g cm-3)a
0.55 0.16 0.28 0.28 0.63 0.57

NH4-N (mg kg-1)b 23.02 ± 21 89.37 ± 70 39.56 ± 5 44.94 ± 18 11.07 ± 3 19.62 ± 7

NO3-N (mg kg-1)b 11.42 ± 4 13.27 ± 11 9.84 ± 8 6.36 ± 5 0.52 ± 0 0.50 ± 0

P (mg kg-1)b 632 ± 261 2072 ± 201 1102 ± 373 1059 ± 131 655 ± 100 757 ± 89

K (mg kg-1)b 574 ± 15 487 ± 224 241 ± 136 511 ± 91 3014 ± 24 2285 ± 333

Mg (mg kg-1)b 731 ± 1058 1058 ± 40 790 ± 66 2031 ± 879 3162 ± 526 2531 ± 259

aBulk density measured in 10–20 cm depth.
bConcentration of selected available plant nutrients in 0–20 cm depth, displayed are mean ± standard deviation.
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2018), with annual temperatures of 10–11�C and

mean annual precipitation £ 450 mm (Ger-

many’s National Meteorological Service).

Experimental Set-Up

We studied three different minerotrophic peatland

types (= fens) with peats mainly consisting of roots:

alder forest, percolation fen, and coastal fen (Ta-

ble 1). Each peatland type included a drained and a

subsequently rewetted site. Within each study site,

a representative study area with a size of

10 m 9 35 m was set-up. The study area was

fenced to exclude pasture and wild animals and a

central boardwalk has been built in longitudinal

direction to avoid ground disturbance (Jurasinski

and others 2020). Five plots (3 9 3 m) were evenly

distributed approximately 10 m from each other

inside the study area with three plots located at the

north side and two plots located at the south side of

the boardwalk. Sites shared the same macrocli-

mate, but differed in their microclimatic conditions

(Table S1). Rewetted sites generally showed

moister conditions with clearly higher water

tables compared to the drained sites (Figure 1).

However, during the warm and dry year 2018,

water tables dropped down to - 80 cm even in the

rewetted sites (Figure 1, Table S1). Still, rewetted

sites experienced water saturation close to or

exceeding soil surface for considerably longer

periods than their drained counterparts did.

Our study compared six sites with replicates

within each site but not for each fen type. Appro-

priate, additional replicates at the fen type level are

not readily available in this region, in particular for

the rewetted states. Furthermore, monitoring and

sampling them would have surpassed our re-

sources. Importantly, our study sites were selected

to be representative of each respective fen type in

the broader region in terms of basic site charac-

teristics (Table S2). Furthermore, geostatistical

analyses in fen peatlands in the region showed that

spatial auto-correlation is almost absent (Koch and

others 2014, 2016). Therefore, spatial replicates in

the field can be seen as independent and their

variation as being representative for the respective

vegetation type. Based on these aspects, we de-

scribe our statistical results as comparisons between

the six study sites, but see good reasons for them

being representative for the respective fen types.

Study Sites

Alder forests are deciduous fen woodlands, domi-

nated by Alnus glutinosa (L.) GAERTN. with a poorly

developed shrub layer, but a species-rich herba-

ceous layer with plants that prefer base-rich soil

conditions, often moving groundwater and a rather

constant water table (Joosten and others 2017).

Alnus glutinosa can be found on peatland sites and

be peat forming due to its adaptions to water sat-

urated conditions and its tolerance to stagnant

waters (McVean 1956; Succow and Joosten 2001;

Barthelmes and others 2010). The two study sites

are stands of the same forest, a former natural alder

swamp, that was drained for wood pasture in the

Figure 1. Groundwater table and weather data obtained from the local weather stations for the fen types alder forest (A),

percolation fen (B) and coastal fen (C). Displayed are water table depths (cm) for the drained (red line) and rewetted (blue

line) sites of each fen type, as well as the air temperature (orange line), and soil temperature in two depths of 5 cm (black

line), 15 cm (grey line) and 50 cm (dashed black lines). Between August 23 and October 27 of 2018 the water table in in the

alder forest (A) fell below - 70 cm, exceeding the depth of the groundwater tube at this site.
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end of the eighteenth century and subsequently

used as production forests; one site was rewetted in

2003/2004 (Jurasinski and others 2020). The tree

layer of the drained alder stand is characterized by

A. glutinosa with a few individuals of Fraxinus

excelsior L., while the understory is dominated by

Urtica dioica L. (c. 45% cover) and Rubus idaeus L. (c.

40% cover). The understory of the rewetted alder

stand is dominated by Carex riparia CURTIS (c. 70%

cover) with occasionally occurring Glyceria fluitans

(L.) R.BR. (c. 30% cover) and Solanum dulcamara L.

(c. 20% cover). The two sites lie within the same

basin and are about 3 km apart.

The drained and rewetted lowland percolation

fens were, respectively, located in the hydrologi-

cally connected lower Recknitz and Trebel valley,

about 8 km apart. In their natural state, percolation

fens are characterised by high, stable water

tables and a substantial water flux that percolates

the whole peat body. Percolation fens are bound to

landscapes where water supply is large and evenly

distributed over the year and are found in river

valleys (Joosten and others 2017). The drained

percolation fen site is used as intensive grassland

(Jurasinski and others 2020); its vegetation is

mainly comprised of Holcus lanatus L. (c. 80% cov-

er), Ranunculus repens L. (c. 60% cover), Poa trivialis

L. (c. 30% cover) and Deschampsia cespitosa (L.)

P.BEAUV. (c. 15% cover). The rewetted percolation

fen (rewetted in 1997) is protected for nature

conservation and not managed. The vegetation is

dominated by a vegetation with Carex acutiformis

EHRH. (c. 1 m height, 80% cover), Phalaris arundi-

nacea L. (c. 40% cover) and scattered individuals of

Epilobium hirsutum L., Equisetum fluviatile L. EMEND.

EHRH. and Lythrum salicaria L.

Originally, the coastal fens of the study region

were occasionally flooded with brackish sea water

during storm surges. The accumulation of ground-

water and the infiltration of brackish water con-

tributed to their formation (Kirchner 1971). The

vegetation of the drained (and diked) coastal site is

dominated by Elymus repens (L.) GOULD (c. 80%

cover) and (less abundant) by Juncus effusus L. (c.

35% cover), Deschampsia cespitosa (L.) P.BEAUV. (c.

20% cover), Dactylis glomerata L. (c. 20% cover) and

Holcus lanatus L. (c. 10% cover). The vegetation of

the rewetted site (rewetted by dike removal in

1993) is comprised of Agrostis stolonifera L. (c. 90%

cover), Festuca rubra agg. L. (c. 20% cover) and

occasionally Juncus gerardii LOISEL. The drained and

rewetted site are about 200 m apart and both sites

are used for cattle grazing.

Plant Biomass Production

Aboveground

Aboveground biomass production of herbaceous

plants and shrubs was measured by harvesting

biomass on five square areas of 0.33 9 0.33 m

within each of the five 3 9 3 m plots (in total

5.5 m2 per plot) at each of the respective sites.

Harvest took place in the beginning and end of

July, coinciding with mowing in the coastal and

drained percolation fens and thus mimicking the

current use at these sites to promote the same

vegetation composition as outside the fence. In

addition, we harvested in the beginning of October

2018 to prevent underestimation of the biomass

production because of loss of senescent leaves.

Annual leaf production of the trees was measured

with litter traps (n = 5 per site) that were emptied

at least every 1 to 2 weeks from mid-October until

the end of November 2018.

Accumulation of tree stem biomass was esti-

mated using point dendrometer data for annual

radial increment values from three trees per site.

These radial increments (tree ring width) were then

converted to basal area increment and ultimately to

volume increment using a form factor of 0.5 (that

is, ratio of the volume of the stem to the volume of

the cylinder) (Pretzsch 2009). Volume was con-

verted to biomass using a wood density of

495 kg m-3 (Meier 2015).

Belowground

We measured belowground biomass production in

two soil depths (0–5 cm and 15–20 cm) with in-

growth cores. For this purpose, a plastic mesh with

a mesh size of 2 mm (#7 Mesh Plastic Canvas Artist

Sheet, size 34.6 cm 9 57.5 cm from Darice Inc.,

Strongsville, OH, USA) was shaped into a tube of

5 cm diameter and a length of c. 72 cm and the

lower end was closed off with a plastic plug. In-

growth cores were filled with autochthonous peat,

free of living roots, taken in the field from each of

the two respective depths (at original bulk densi-

ties). In each of five plots per site, we installed three

in-growth cores at an angle of 45�, resulting a total

of 90 in-growth cores. The cores were installed

between 20 November and 1 December 2017 and

retrieved after 1 year between 14 and 16 of

November 2018. After retrieval of the in-growth

cores, protruding roots were cut at the mesh and

roots were subsequently washed out and dried at

70�C for at least 48 h in a drying oven before

weighing. We also measured root production in

40–45 cm depth, but excluded the results, because

Rewetting Peatlands Moves Them Towards Carbon Sinks

54 



we were not able to compare with decomposition

data in this depth, as root material for litter bags

was lacking at this depth at some sites.

Decomposition

Belowground Material

Autochthonous root material was collected at each

site between June and October 2017 from 0 to

10 cm and 10 to 20 cm depth; roots sampled at

different depths were kept separated in processing

and incubation. Roots were stored at + 4�C until

processing. Following the rationale of Hobbie and

others (2010), we used fresh roots for our decom-

position analysis. The collected roots were washed

clean from peat and ‘air dried’ at 35�C in a drying

oven. A subsample from each site was dried at 70�C

for 48 h to determine dry weight. Root material

corresponding to 0.5 g dry weight was placed into

nylon mesh bags (size 5 cm 9 6 cm, mesh size

0.14 mm), which were heat-sealed. To keep the

litter bags in place, they were attached to a nylon

mesh (tulle with a mesh size of 3 mm, 20 g m-2)

that was placed between two sheets of a high-

density polyethylene woven mesh (TopZeven, The

Netherlands, mesh size 10 9 10 mm, 420 g m-2,

final frame size 55 cm 9 24 cm). The ‘litter frames’

were installed vertically into the soil by hammering

metal plates into the ground, then prying them

apart to create a slot large and deep enough for the

frames to be slid into and be completely buried in

the ground, and then removing the metal plates.

The created gaps closed within minutes by lateral

pressure of the peat. In each of five plots per site,

three ‘litter frames’ were installed and retrieved at

the same time as the in-growth cores (six sites 9

five plots 9 two depths 9 three replicates total).

After retrieval, the root bags were air dried, cleaned

and in-grown roots were removed. Finally, root

remains were washed with demineralized water

and dried at 70�C for 48 h before being weighed.

Litter bags that were torn open or damaged, caus-

ing material to be lost, were excluded from analysis

(5 bags lost, resulting in a total of 175 root litter

bags used for analysis).

Aboveground Material

Freshly senesced aboveground litter was collected

from all sites in October 2017. As species compo-

sition and thus phenological stages differed be-

tween sites, we collected both recently fallen leaves

as well as leaves from standing biomass. In the al-

der forest, we differentiated between alder leaves

and leaves of the understory vegetation resulting in

two litter type bags for the alder forest. Litter was

dried and processed similar to root litter, and cut

into c. 1 cm long pieces if necessary (for example,

sedge litter). Litter corresponding to c. 0.54 g of dry

weight was put into nylon bags, which were then

packed into frames (size 22 cm 9 9 cm, otherwise:

see above) and placed on the soil surface in

immediate proximity to belowground litter bags

(total 120 aboveground litter bags). Aboveground

litter frames were installed and retrieved at the

same dates as the belowground litter frames.

Tea Bags

We used commercially available tetrahedron-

shaped non-woven polypropylene tea bags with

sides of 5 cm containing about 2 g of green and

rooibos tea (Lipton, Unilever) as standard material

and followed the protocol by Keuskamp and others

(2013). The two types of tea material differ in

quality; green tea (Camellia sinensis; EAN no.:

8 722700 055525) with high cellulose content

being easy to decompose and rooibos tea (As-

palanthus linearis; EAN no.: 8 722700 188438) with

high lignin content being difficult to decompose

(Keuskamp and others 2013). Tea bags were in-

stalled in the same ‘litter frames’ as below- and

aboveground litter bags, with one green and one

rooibos tea bag for each depth (above ground, 0–

10 cm, 10–20 cm and 45–50 cm) and replicate

(total of 360 green and rooibos tea bags each). After

retrieval, the bags were air dried, cleaned of peat

and roots, dried at 70�C for 48 h, and weighed.

The percentage mass loss (%ML) was estimated

for the root, shoot and leaf material as well as green

and rooibos tea:

%ML ¼ 100� 100� X1ð Þ=X0½ � ð1Þ

where X0 is the initial dry weight of the material

and X1 the dry weight after 1 year.

Potential Organic Matter Accumulation

To arrive at a tentative estimate of OM accumula-

tion potential, we combined production and

decomposition estimates from this one-year study

period and projected the potential remaining or-

ganic matter after one year. For this purpose, we

first derived decomposition decay rates (k-values,

y-1) for root, shoot and leaves from the litter bag

experiments using Olson’s single-exponential

equation (Wieder and Lang 1982; Olson 1963):

Xt ¼ X0e
�kt ð2Þ

kt ¼ �ln Xt=X0ð Þ ð2aÞ
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Then, the annually produced biomass (g m-2) as

derived from in-growth cores and aboveground

harvests was inserted as X0 to obtain Xt for

t = 1 year. For comparison with the aboveground

biomass data, we derived a tentative, but conser-

vative value for total root production in the 0–

20 cm soil layer. We took the measured production

at 0–5 cm and added three times the production

measured at 15–20 cm. This conservative approach

will have led to an underestimation of the OM

accumulation potential of roots. Results need to be

interpreted with caution as they represent only the

potential of OM accumulation derived from the

obtained annual production and decomposition

data of this study in this particular year.

We did not calculate the potential of alder wood

for OM accumulation, because its decomposition

rates are less meaningful over a one-year study

period.

Abiotic Parameters

Soil temperature data were collected using HOBO

data loggers (Onset Computer Corporation,

Bourne, MA, USA) at 15-min intervals at 5 cm and

15 cm depth with six loggers per site. Air temper-

ature was recorded by CR300 data loggers (Camp-

bell Scientific Ltd., Bremen, Germany) and

averaged over 30 min. Data were recorded from

weather stations set directly at the field sites (one

weather station for coastal fens and alder forest,

respectively, due to close proximity of the drained

and rewetted sites Table 1). Groundwater table rel-

ative to the soil surface was recorded at 15-min

intervals with a CR300 logger for the two alder

stands and by Dipper-PT loggers (SEBA Hydrome-

trie GmbH & Co. KG, Kaufbeuren, Germany) for

the two percolation fen sites and the drained

coastal fen and by a Baro-Dipper and a Dipper-APT

logger (SEBA Hydrometrie GmbH & Co. KG,

Kaufbeuren, Germany) for the rewetted coastal fen

site. In the rewetted alder stand, the water table fell

below - 70 cm between 23 August and 27 October

2018, which exceeded the depth of the ground-

water measurement tube at this site (Figure 1).

Data Analysis

All statistical analyses and visualizations were done

in R version 3.5.3 (R Core Team 2019). We tested

for differences in each of the following four re-

sponse variables: biomass production, mass loss,

potential of OM accumulation and the DML(roots-

rooibos tea) against the three explanatory variables

hydrological status (drained and rewetted), fen

type (alder forest, percolation or coastal fen), depth

(0–5 cm or 15–20 cm, only for belowground data),

litter type (alder leaves, shoots and roots), and their

interactions with linear mixed-effects model AN-

OVAs [R package LMERTEST, version 3.1-0, Kuznet-

sova and others (2017)] with plot as a random

factor (because there are several measurements on

the same plot, at different depths). Prior to statis-

tical analysis we averaged the three data points

from each plot to a single value. We conducted the

above analysis for all aboveground biomass (shoots

and leaves), belowground biomass (roots), and tree

stem biomass separately. For the comparison of

above- and belowground data, root biomass re-

sponse variables were integrated over depth (0–20

cm, see above). Tea decomposition data were

analysed above- and belowground within a single

model, thus the response variable depth was

‘aboveground’, ‘0–5 cm’, ‘15–20 cm’ and ‘45–

50 cm’ in this case.

A Tukey’s HSD test [R package emmeans, version

1.3.3, Lenth and others (2019)] was used to test for

differences between the wet and dry sites and be-

tween the different depths. All data used in the

linear models were analysed graphically to test the

assumptions of normality and homogeneity of

variance, that is, residuals were plotted in normal

q–q-plots and residual versus fitted plots of the

model. If necessary, data were log (biomass pro-

duction, mass loss of local plant litter and tea,

potential of OM accumulation after 5 years),

square root (potential of OM accumulation after

1 year) or rank transformed (resulting in a non-

parametric test; DML(roots-rooibos tea)). Visualisations

were done using the packages sciplot [version 1.1-1,

Morales (2011)] and ggplot2 [version 3.1.1, Wick-

ham (2016)]. Effects were considered significant at

p < 0.05.

RESULTS

Plant Biomass Production

The effect of rewetting on annual biomass pro-

duction (g m-2 y-1) clearly differed between the

three rewetted and the three drained sites (inter-

action fen type 9 hydrological status: above-

ground: F = 31.7, p < 0.001; belowground:

F = 11.1, p < 0.001, Figure 2A). Except for the

shoot production in the coastal fens, production

was either similar or higher in the rewetted sites

compared to the drained sites. Root production

contributed between 23 and 66% of total biomass

production (excluding tree stems) across the dif-

ferent sites. As we did not measure root production

below 20 cm depth, it is very likely that the total
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belowground biomass production is even higher.

However, root production values from 40 to 45 cm

depth showed 10–100 times lower root production

at this depth (Table S3).

In the rewetted percolation fen, both shoot

(346 g m-2 y-1) and root production (199 g m-

2 y-1, 0–20 cm) were significantly higher than in

the drained site (shoot: 80 g m-2 y-1, root:

43 g m-2 y-1) (Tukey HSD, p < 0.001, Table S4).

In the coastal fen, shoot production was signifi-

cantly higher in the drained (257 g m-2 y-1) than

in the rewetted site (157 g m-2 y-1) (Tukey HSD,

p = 0.045), whereas root production tended to be

higher in the rewetted site at 0–5 cm depth (Tukey

HSD, p = 0.058), but not at 15–20 cm depth (Fig-

ure 2A). Root production was significantly higher

at the rewetted than at the drained coastal site

when root biomass production was integrated over

depth (Tukey HSD, p < 0.001). Root production of

the rewetted coastal fen was the highest of all sites

and made up 66% of the total biomass production

at this site (roots: 300 g m-2 y-1, shoots: 157 g m-

Figure 2. A Annual biomass production (g m-2 y-1, excluding tree stem biomass) measured by shoot harvest, leaf litter

traps, and root in-growth cores and B annual mass loss (%) measured by litter bags for the fen types alder forest,

percolation fen and coastal fen. Displayed are aboveground biomass (that is, shoots = circles, alder leaves = triangles) and

belowground biomass (that is, fine roots £ 2 mm = squares) of the two depths 0–5 cm and 15–20 cm for the hydrological

status drained (white boxes, red symbols) and rewetted (grey boxes, blue symbols). Asterisks and n.s. indicate a significant

(***p < 0.001, **p < 0.01, *p < 0.05) or non-significant effect (p > 0.05) of the hydrological status (drained and

rewetted), respectively.
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2 y-1, Table S4). In the alder forest, tree stem bio-

mass production of Alnus glutinosa for the year 2018

was estimated to be more than 4 times higher in

the drained site (908.29 g m-2) than in the

rewetted site (215.47 g m-2) (F = 25.7,

p < 0.001). Annual leaf production of Alnus mea-

sured with litter traps (drained = 223 g m-2 y-1,

rewetted = 248 g m-2 y-1) was almost three times

higher than understory production (drained = 84

g m-2 y-1, rewetted = 86 g m-2 y-1) (F = 34.5,

p < 0.001). However, no significant differences in

annual production of leaves, understory shoots or

roots were found between the drained and rewet-

ted alder stand (Figure 2A, Table S4).

Decomposition of Local Plant Material

Annual mass loss of plant litter (%ML) differed

little between drained and rewetted sites. We

measured higher annual %ML and, therefore, fas-

ter decomposition for shoots in the drained alder

stand and percolation fen than in the respective

rewetted sites (Tukey HSD, alder forest: p = 0.013;

percolation fen: p = 0.014). However, there was no

significant difference in %ML of the fine roots be-

tween drained and rewetted sites for any of the fen

types, despite the different litter material incubated

at each site and depth (Figure 2B). In the alder

forest, annual %ML of shoots of the understory

was higher than for Alnus leaves (Tukey HSD,

p < 0.001, Figure 2B, Table S4). As expected,

%ML was site-specific and differed significantly

between the three fen types both above- and

belowground (above: F = 21.0, p < 0.001; below:

F = 47.2, p < 0.001, Figure 2B).

Roots decomposed slower than shoots: In four of

the six sites litter decomposition was significantly

slower for fine roots than for aboveground biomass;

only the rewetted alder stand and rewetted perco-

lation fen showed no significant difference between

fine root and shoot decomposition. In the two

coastal fens, %ML of aboveground litter (drained

ML = 64%, rewetted ML = 56%) was about two

times higher than for the fine roots (drained:

ML = 29%, rewetted: ML = 31%) (Tukey HSD,

p < 0.001); in the drained alder stand and perco-

lation fen, %ML of aboveground litter was 1.5

times higher than for roots (Tukey HSD, alder for-

est: p = 0.002; percolation fen: p < 0.001, Ta-

ble S4). There was no significant difference in root

decomposition between the depths 0–5 and 15–20

cm (F = 0.18, p = 0.673; Table 2), except for the

rewetted alder stand with faster decomposition in

the 0–5 cm depth (Tukey HSD, p = 0.001). In the

rewetted coastal fen, where production was highest

(see above), %ML was lowest compared with the

other sites. In the drained alder stand, the %ML of

the understorey shoot litter (ML = 60%) was sig-

nificantly higher than for alder leaves (ML = 42%)

(Tukey HSD, p < 0.001), while in the rewetted site

there was no difference between the two litter

types.

Potential Remaining Organic Matter

Modelled remaining organic matter (OM, g m-2)

differed between drained and rewetted sites and

among the three types of fens (Figure 3). Signifi-

cant interactions between fen type and hydrologi-

cal status suggest that the fen type determines in

which way rewetting affects potential OM accu-

mulation (aboveground F = 41.0, p < 0.001;

Figure 3. Potentially remaining organic matter (g m-2)

after one year for the fen types alder forest, percolation

fen and coastal fen and their hydrological status drained

(white bars, red symbols) and rewetted (grey bars, blue

symbols). An exponential decay model with the measured

yearly fine root and shoot production as initial biomass

and the estimated decomposition rate k based on % mass

loss of the local plant material was used to project the

remaining organic matter (produced over 1 year) after

1 year. Asterisks and n.s. indicate a significant

(***p < 0.001, **p < 0.01, *p < 0.05) or non-

significant effect (p > 0.05) with the hydrological

status (drained and rewetted), respectively. Error bars

show the 95% confidence intervals.
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belowground F = 9.3, p = 0.001). The rewetted

sites showed an overall higher potential for

remaining OM than the drained sites (above-

ground: F = 63.7, p < 0.001; belowground:

F = 13.7, p = 0.001).

The potential for accumulating OM did not differ

significantly between above- and belowground

biomass (F = 1.8, p = 0.181), but this difference

depended on the litter type. In both alder stands,

the estimated OM remaining for alder leaves was

highest compared with shoots of the understory

(Tukey HSD, p < 0.001) or with roots (Tukey HSD,

p < 0.001). For roots, only small or even non-

significant amounts of OM were projected to re-

main (95% confidence intervals overlap with zero).

In both percolation fens, there was no significant

difference between the remains of shoot and roots.

However, higher remains of OM were projected for

roots than for shoots in the drained (Tukey HSD,

p = 0.026) and the rewetted coastal fen (Tukey

HSD, p < 0.001). The rewetted percolation fen

seemed to have the overall highest potential for

accumulating above- and belowground OM, while

the drained percolation seemed to have the overall

lowest potential.

Decomposition of Standard Material

Green tea decomposed faster than rooibos tea in all

cases (Figure 4, Table S5). Against expectation,

%ML was not always higher in the drained than in

the rewetted sites, nor was there a clear trend with

depth. Differences between the drained and

rewetted sites were most pronounced in the

belowground buried tea bags and less so above-

ground (hydrological status 9 depth, F = 20.8,

p < 0.001, Figure 4).

Decomposability of Different Litter
Materials

The decomposability of root material versus rooibos

tea depended strongly on the fen type (F = 76.5,

p < 0.001; Figure 5). In the alder stands, fine roots

decomposed faster and in the coastal fens slower

than the rooibos tea, but we found no significant

difference between the two depths (0–5 cm, 15–

Table 2. Results of the Interactions of the Linear Mixed-Effects Model ANOVAs for Biomass Production
(g m2 y-1), Decomposition of Local Plant Material (Mass Loss in %), Potential Organic Matter (OM)
Accumulation, and DML(roots-rooibos tea) Fen Type (Alder Forest, Percolation Fen, Coastal Fen),
Hydrological Status (Drained, Rewetted) and Depth (0–5 cm, 15–20 cm) for the Above (=Shoots and Alder
Leaves) and the Below Litter (= Roots)

Predictors df Response variables

Biomass

production

Plant

decomposition

Potential OM

accumulationa

DML(roots-rooibos

tea)

F p F p After 1 year F p

F p

Shoots and leaves

Fen type 2 2.08 0.143 20.96 < 0.001 4.96 0.014 – –

Hydrological status 1 39.46 < 0.001 11.91 < 0.001 63.69 < 0.001 – –

Fen type 9 hydrological status 2 31.71 < 0.001 2.52 0.097 41.04 < 0.001 – –

Shoots—leaves 1 34.46 < 0.001 30.15 < 0.001 131.89 < 0.001 – –

Roots

Fen type 2 19.88 < 0.001 47.23 < 0.001 25.26 < 0.001 99.02 < 0.001

Hydrological status 1 3.06 0.087 0.03 0.855 13.70 0.001 1.22 0.276

Depth 1 33.38 < 0.001 0.18 0.673 – – 0.51 0.479

Fen type 9 hydrological status 2 11.14 < 0.001 0.55 0.579 9.28 0.001 2.43 0.095

fen type 9 hydrological status 9depth 2 0.22 0.802 0.03 0.968 – – 4.58 0.016

Fen type 9 depth 2 0.12 0.884 4.31 0.019 – – 5.40 0.008

Hydrological status 9 depth 1 0.19 0.663 3.96 0.053 – – 10.74 0.002

Shoots/leaves—roots 1 12.56 < 0.001 63.04 < 0.001 1.83 0.181 – –

Values in bold indicate significant differences (p £ 0.05).
aPotential OM accumulation with root production integrated over depth (0–20 cm).
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20 cm) or the hydrological status for these two fen

types (Figure 5A, C). In the drained percolation fen

roots decayed slower (0–5 cm) or faster (15–20 cm)

than rooibos tea (Tukey HSD, p < 0.001; Fig-

ure 5B). In the rewetted percolation fen, we did

not observe a significant difference with depth, but

fine roots in the rewetted site decomposed faster

than rooibos tea in the upper layer and slower in

the deeper layer compared to the drained site

(Tukey HSD, 0–5 cm: p < 0.001; 15–20 cm:

p = 0.022; Figure 5B).

Abiotic Parameters

Sites shared same macroclimate, but differed in

their microclimatic conditions. Due to the extreme

warm and drought conditions in the year 2018,

water table drawdown in the rewetted sites was up

to 30 m below surface in the rewetted percolation

fen (Figure 1B) and even 80 cm in the rewetted

alder stand and coastal fen (Figure 1A, C). How-

ever, the rewetted sites had higher water

tables than the drained sites, resulting in an almost

two times higher number of water saturated days

(over all depths, rewetted: c 191 days; drained: c

100 days; Table S1). Mean annual air temperatures

across all sites varied between 9.3 and 9.9�C,

whereas soil temperatures varied between 8.1 and

10.2�C (Figure 1, Table S1).

DISCUSSION

Plant Biomass Production

Rewetted sites had higher biomass production than

their drained counterparts in the percolation fen, a

higher aboveground biomass production and simi-

lar belowground biomass production in the coastal

fen, and similar understory and leaf production in

the alder stands (Figure 2A), supporting our

hypothesis that rewetting creates conditions bene-

ficial for plant production under dry conditions.

Higher production through rewetting may seem

controversial, the more so, because we compare

with drained systems where vegetation was se-

lected for high yields as part of their use as inten-

sive grasslands (percolation fen) and production

forest (alder forest). High water tables are known to

inhibit plant growth by limiting the availability of

oxygen needed for respiration and lowering the

redox potential affecting the uptake of nutrients

(Voesenek and others 2006; Lambers and others

2008). However, periodically flooded or even per-

manently water saturated soils with anoxic condi-

tions induce a plant community composed of

species that are adapted to these conditions

(Mäkiranta and others 2018) and that can have

high yields (Oehmke and Abel 2016). A common

adaptation of plants to flooding is the formation of

aerenchyma (that is, tissue containing enlarged gas

spaces) (Moore and Garratt 2006; Voesenek and

others 2006). This adaptation is evident in

numerous species present in our studied peatlands

(for example, Alnus glutinosa, Carex spp., Juncus sp.,

Phalaris arundinacea) and enables them to transport

oxygen into the otherwise anoxic rhizosphere

allowing for root growth deep into waterlogged

soils (Evans 2004; Blom and Voesenek 1996;

Schröder 1989; Voesenek and others 2006).

Such adaptations of the established plant com-

munity are most likely the reason why the rewet-

ted percolation fen had high production, although

the water table remained close to the surface for

the entire measurement period. These wet condi-

tions during the warm and dry year of 2018 rather

seem to have been more favourable for biomass

production than the potentially too dry conditions

at the other sites. The rewetted coastal site was just

as dry as the drained site during the growing season

and we observed no clear difference in production

here. The water table in the rewetted alder stand

was considerably higher than in the drained stand,

but during the summer months still (very) deep

(Figure 1), not leading to any differences in bio-

mass production between the alder stands.

The positive effect rewetting seems to have on

the production of plant biomass in the percolation

fen, despite of the observed water table drawdown

in 2018, suggests that rewetting creates moister soil

conditions beneficial for plant productivity in dry

years. Rewetted peatlands may thus better cope

with droughts, which are projected to increase with

climate change (IPCC 2013). Mäkiranta and others

(2018) found no significant change in the biomass

production of sedges after moderate warming and

water table drawdown in boreal fens, while forbs

decreased and shrubs increased. Wet(ter) peat-

lands, such as our sedge-dominated percolation

fen, may therefore tolerate future warmer and drier

conditions better than, for example, drained forb or

grass dominated fens.

Decomposition of Local Plant Biomass

We found lower shoot decomposition rates in the

rewetted alder stand and percolation fen than in

their drained counterparts but rates did not differ

between the drained and rewetted coastal sites.

Higher decomposition rates in the drained sites had

been expected, as more oxygen would be available

for decomposing microorganisms, facilitating the
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decay of OM (Denny 1993; Freeman and others

2001; Moore and Garratt 2006; Moore and others

2007). Yet, water tables were mostly below the soil

surface during summer months. As decomposition

of standard material and alder leaves hardly dif-

fered between the drained and rewetted sites, plant

shoots in the rewetted alder stand and percolation

fen are apparently less easily decomposed than

shoots of the drained sites.

With respect to belowground biomass, no dif-

ference was found in root decomposition between

any of the respective drained and rewetted fen

types (Figure 2B), even though the rewetted sites

clearly had higher water tables, resulting in an al-

most two times higher number of water saturated

days (over all depths, rewetted: c. 191 days;

drained c. 100 days, Table S1). A reason for this

could be that though generally higher in rewetted

sites, water tables were low during the summer

months, particularly in both drained and rewetted

alder and coastal sites. Nevertheless, water

tables were high also during summer in the

rewetted percolation fen (above - 20 cm for c.

70% of the time between April and October), while

soil temperatures were lower (Figure 1B). That still

no difference was found in decomposition of

belowground biomass could be due to drought

stress resulting in reduced decomposition in the

drained site (Mäkiranta and others 2008).

Different patterns in shoot and root decomposi-

tion imply that studies focussing only on decom-

position of aboveground litter miss important

aspects of organic matter dynamics. For instance,

we found no significant difference in decomposi-

tion of roots and leaf litter between drained and

rewetted sites, but shoot decomposition was sig-

nificantly higher in the drained alder stand (un-

derstory) and the drained percolation fen

(Figure 2B, Table S4). Thus, the type of litter

determines to some degree how fast it is decom-

posed (Table 2). Unlike shoots or leaves, roots of

adapted plants, grow even into anoxic soil layers

making them harder to decompose for aerobic

microorganisms upon root death. This makes them

better candidates to accumulate as OM and

underlines that roots are potentially more impor-

tant for peat formation than aboveground litter

material.

It appears that differences in vegetation compo-

sition, and therefore litter quality, in relation to

hydrologic status can have strong effects on litter

decomposition. Incubation of standard material

showed that environmental factors, such as tem-

perature and water saturation, are important dri-

vers of litter decomposition in these systems (see

below), but that these are obviously offset by

changes in local plant material. Decomposition

rates differed between plant materials; shoots of the

understory were more easily decomposed than Al-

nus leaves in the alder forest (Figure 2B, Table S4).

Zhang and others (2008) similarly reported higher

decomposition rates for grass leaves than for

broadleaved litter, which they determined were

caused by differences in litter quality (that is, C:N,

total nutrient content, lignin content), one of the

most important direct regulators of litter decom-

position. In contrast to our findings, the global

assessment of Freschet and others (2013) found

lower decomposition rates for fine roots and stems

than for leaves.

Potential Remaining Organic Matter

Based on production and decomposition rates of

2018, we tentatively modelled how much of the

produced organic matter would theoretically re-

main of the annual produced biomass measured

after one year. Note that 2018 was a dry and warm

year at our sites, implying that this year does not

reflect historic conditions but instead might reflect

future conditions in the light of ongoing climate

change (IPCC 2013). Under these conditions, the

rewetted percolation fen and both coastal sites

showed the highest potential for OM accumulation.

Interestingly, high potentials of OM accumulation

were not caused by lower decomposition rates in

the respective sites, but rather by higher annual

biomass production (Figure 3). The high potential

in the rewetted compared to the low potential of

the drained percolation fen gives an idea of how

effective rewetting can be in restoring peat-forming

conditions after drainage [see also Mrotzek and

others (2020)]. Indeed, decomposition rates of the

sites with the highest accumulation potential are

only half as high as in sites with low potentials,

such as the alder forest (Table S4). In fact, the alder

forest’s potential in accumulating OM appears to be

low compared to the other sites and equalled zero

belowground after only one year.

Alder wood peats are known for their high de-

gree of decomposition (Barthelmes and others

2006; Prager and others 2006) as a result of im-

proved nutrient availability due to the symbiotic

relationship of Alnus glutinosa with nitrogen-fixing

bacteria (Frankia alni), oxygen enrichment of dee-

per peat layers via Alnus roots (Claessens and others

2010), and typically fluctuating water levels (Suc-

cow and Joosten 2001). This ‘fertilization’ of the

soil promotes turnover and leads to high rates of

decomposition (Swanston and Myrold 1997).
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Highest long-term rates of peat accumulation of 50

to 126 g C m-2 y-1 have been shown to occur in

alder forests with water tables slightly below the

surface when production is stimulated and decay

not as much; those accumulation rates are even

higher or comparable to the 48–96 g C m-2 y-1 of

sedge peats (Prager and others 2006; Barthelmes

and others 2006). However, for our dry and warm

study period, higher accumulation of OM in the

rewetted site could not be validated as the water

table in both drained and rewetted alder stands

dropped strongly.

Our projections show that the importance of

litter type (that is, shoots vs. roots) for peat accu-

mulation cannot be generalised or only projected

from aboveground litter for those fen ecosystems.

While almost no OM is projected to remain from

roots after one year in the alder stands, roots are of

special importance in the two coastal fens where

their potential for OM accumulation exceeds that

of shoots. This emphasizes the importance of roots

for peat formation in these coastal ecosystems, at

least during dry years. In fact, the potential for

belowground biomass for peat formation may be

even higher, because we only measured root pro-

duction until 20 cm depth and interpolated con-

servatively between 0–5 and 15–20 cm depth.

Decomposition of Standard Material

We compared decomposition of standard material

with autochthonous root material to disentangle if

environmental factors or rather differences in root

litter quality between soil depths cause depth–

specific differences in root decomposition. We fo-

cused on roots, because we expected different roots

in different depths (for example, chemical differ-

ences between deep and shallow fine roots, differ-

ing rooting depth between species).

We expected to find lower decomposition rates in

rewetted sites and with increasing soil depth, due

to higher probability of water saturated conditions

and declining temperatures in deeper depths. In-

deed, the amount of water saturated days increased

and temperature decreased with increasing soil

depth (Figure 1, Table S1). Yet, decomposition

rates of the standard material only decreased with

increasing depth in the alder forest (Figure 4A) and

not in the other peatland types. While we found

significant differences between drained and

rewetted sites for the buried tea bags, these differ-

Figure 4. Mass loss in % for the standard materials green (dots, upper panels) and rooibos tea (triangles, lower panels) for the

fen types alder forest (A), percolation fen (B) and coastal fen (C) and the hydrological status drained (white boxes) and

rewetted (grey boxes). Displayed are the different depths in which the tea bags were buried, including aboveground (= 0),

and the soil depths (0–5 cm, 15–20 cm and 45–50 cm). Values with the same letter within a tea type are not significantly

different (p ‡ 0.05, Tukey’s HSD test).
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ences did not follow our expectations to always be

higher in the drained than in the rewetted sites

(Figure 4, Table S5). Yet, root litter decomposition

did not differ between our drained and rewetted

sites. This discrepancy indicates that the litter

quality of the vegetation present may override the

effects of environmental factors such as water

table and soil temperature, as previously found for

Carex spp. and Phragmites australis (Hartmann

1999). Indeed, how fast or slow local root material

was decomposed compared to the standard mate-

rial (that is, rooibos tea) depended on the fen type.

Hence, local plant material differed in terms of its

decomposability. Furthermore, the decomposabil-

ity of the root material, but not the standard

material, depended on soil depth. Such differences

may be driven by a differing rooting depth between

species, and thus a change in ‘species composition’

in the root material in different depths, or by

changes in root chemical composition with depth

(for example, greater nitrogen concentrations in

shallow roots), even within the same plant species

(Pregitzer and others 1997; Burton and others

2012). These aspects stress the importance of using

autochthonous litter material to estimate decom-

position rates, even at different soil depths, if the

goal is to measure realized and not theoretical

decomposition rates of the ecosystems.

CONCLUSIONS

Our findings suggest that during warm and dry

conditions high rates of biomass production and

not exclusively low litter decomposition are an

important driver of OM accumulation in rewetted

minerotrophic peatlands. Based on these results,

rewetted peatlands may cope better with the ex-

treme weather conditions that will occur more

frequently in the future than their drained coun-

terparts, emphasizing the case for rewetting those

systems with respect to carbon storage even during

dry periods when soils are not water saturated. The

Figure 5. Comparison of decomposition of fine roots and rooibos tea for the fen types alder forest (A), percolation fen (B)

and coastal fen (C) in the two depths 0–5 cm (drained: bright red bars, rewetted: bright blue bars) and 15–20 cm (drained:

dark red bars, rewetted: dark blue bars). Difference in mass loss between fine root litter and rooibos tea (DML(roots-rooibos tea))

showing whether decomposition was faster (> 0) or slower (< 0) for roots than for tea. Asterisks and n.s. indicate a

significant effect (***p < 0.001, **p < 0.01, *p < 0.05) or non-significant effect (p > 0.05) with the hydrological status

(drained and rewetted) and the depths (0–5 cm and 15–20 cm, brackets) on decomposition, respectively. Error bars show

standard error.
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importance of belowground OM compared to

aboveground OM differed between fen types in our

projections, highlighting the importance of roots as

main peat-forming element in graminoid-domi-

nated fen peatlands compared to alder dominated

forest peatlands and their crucial role in C cycling.
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Summary  

1. Root phenology influences the timing of plant resource acquisition and carbon fluxes into the soil. This 

is particularly important in fen peatlands, where the peat is primarily formed by roots and rhizomes of 

vascular plants. However, most fens in Central Europe are drained for agriculture leading to large 

carbon losses. Rewetting them aims to restore the original carbon sink, but how root phenology is 

affected by drainage and rewetting is largely unknown. In addition, the increase in frequency and 

intensity of droughts across Europe poses another threat to fen peatlands.  

2. We monitored root phenology in situ in drained and rewetted minerotrophic peatlands (i.e. alder forest, 

percolation fen and coastal fen) with minirhizotrons as well as its underlying drivers (i.e. soil 

temperature and water table depth) during the 2018 drought conditions. 

3. Overall, root production was higher with rewetting, which was driven by an extension of the growing 

season. The growing season was shifted to later in time with increasing depth, but did not change in 

length. With increasing depth, the relative importance of soil temperature for explaining changes in 

root length increased.  

4. Synthesis. Rewetting created conditions that lead to an extension of the belowground growing season, 

highlighting the importance of phenology in explaining belowground productivity in peatlands. A longer 

growing season allows a longer period of carbon sequestration in form of root biomass and promotes 

the peatlands’ carbon sink function, especially through longer growth in deep soil layers. Thus, we 
conclude that rewetting of peatland ecosystems is important for the carbon sink function, particularly 

under drought conditions. 

Key words: fine root production, growing season, minirhizotrons, peatlands, rewetting, root length, root 

phenology, soil temperature, water table 

 

Introduction 

Plant phenology, the timing of recurring life-history 

events, controls ecosystem processes that are crucial 

for the carbon storage function of peatlands, such as 

biomass production (Järveoja et al. 2018, 2020; Peichl 

et al. 2018). Two thirds of the peatland area in Europe 

are fens (minerotrophic peatlands) in which peat is 

primarily formed by roots of vascular plants (Succow 

and Joosten 2001; Joosten et al. 2017). Roots 

generally control nutrient and water uptake, and are 

responsible for a dominant flux of carbon into soils 

(McCormack et al. 2013; Finzi et al. 2015; Iversen et 

al. 2015). This is of special importance in peatland 
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ecosystems, as they are the most space-efficient 

terrestrial carbon sinks on the planet, storing about 

20% of the global soil carbon pool on just 3% of the 

lands’ surface (Joosten and Couwenberg 2008; 
Joosten et al. 2016). The timing of root growth (i.e. root 

phenology) strongly influences the timing of potential 

plant resource acquisition, carbon fluxes from roots 

into the soil (McCormack et al. 2014; Finzi et al. 2015), 

and can drive large changes in root production in 

response to changes in the environment, such as 

drought (Malhotra et al. 2020). Despite the importance 

of roots for ecosystem functioning, the majority of 

phenological studies focused only on the aboveground 

part of the plants (Abramoff and Finzi 2015), not taking 

into account that above- and belowground phenology 

do not necessarily follow the same patterns (Steinaker 

et al. 2010; Abramoff and Finzi 2015; Blume‐Werry et 

al. 2016; Schwieger et al. 2019). Therefore, roots need 

to be explicitly considered in phenological studies to 

improve our general understanding of ecosystem 

processes related to carbon and nutrient cycling in 

peatlands. 

Soil temperature is a strong driver of root growth in 

many seasonal ecosystems, but controls of root 

phenology can differ between ecosystems even under 

the same macroclimatic conditions (McCormack et al. 

2014; Schwieger et al. 2019). In peatlands, other 

factors, such as water table depth, might be equally 

important (Moore et al. 2007; Joosten et al. 2017) or 

even override any temperature effects (Mäkiranta et al. 

2018). The extent to which human influence, such as 

intensive land use and drainage, affects the 

importance of certain drivers of root growth is barely 

investigated. Thus, we need to improve our knowledge 

about root phenology and its underlying drivers to 

better understand peatland responses to 

environmental changes. For this purpose, studying 

root phenology in different depths is particularly 

important, as fluctuating water tables over the season 

might amplify the already prevailing differences of soil 

conditions with depth, such as soil moisture, oxygen 

content, bulk density and temperature (Jobbágy and 

Jackson 2000, 2001; Schenk and Jackson 2005). 

Plants can respond to such environmental changes by 

adapting their rooting depths when conditions in 

deeper soil depths get favourable (Blume‐Werry et al. 

2019). For this reason, identifying the response of root 

phenology to environmental factors, such as water 

table and soil temperature in different depth is 

necessary to better predict the dynamic response of 

peatlands to environmental changes. 

Drainage of peatlands is widespread and turns them 

into carbon sources through enhanced decomposition 

(Joosten et al. 2016; Leifeld et al. 2019). In fact, due to 

anthropogenic disturbance less than half of the 

peatlands in Europe are still accumulating peat, and 

emissions from drained peatlands constitute 5% of 

total anthropogenic greenhouse gas emissions 

worldwide (Joosten et al. 2016; Tanneberger et al. 

2017; Leifeld et al. 2019). Rewetting of drained 

peatlands may be an option to lower these emissions 

or even remove carbon from the atmosphere, but 

ecosystem consequences of rewetting are still largely 

unclear (Bonn et al. 2016; Joosten et al. 2016). For 

example, rewetting is not only associated with a rise in 

water table, but has far-reaching consequences, in 

particular, in terms of plant and microbial composition, 

but also nutrient availability, and soil characteristics, 

such as bulk density and pH (Zeitz and Velty 2002; 

Haapalehto et al. 2011; Lamers et al. 2015). As root 

production is an essential driver of peat formation in 

fens, estimating the effects of rewetting on root 

phenology will help us to better describe the 

consequences of restoration through rewetting of 

formerly drained fens on their carbon storage potential. 

A potential threat to the carbon storage potential even 

under rewetting, is the occurrence of long lasting 

droughts (Loisel et al. 2021). In 2018, Central Europe 

experienced one of the most extreme droughts 

recorded, with temperatures 3.3°C higher than the 

long-term average (during April to October, compared 

to 1961 to 1990, Schuldt et al., 2020). These extreme 

climatic conditions are expected to occur more often in 

the future (IPCC, 2019; Stott, 2016), and it is thus 

important to understand how root phenology might 

react to it. With warming a significant increase in the 

length of the growing season in temperate ecosystems 

is expected (Keeling et al. 1996; Richardson et al. 

2018). However, how the effect of warming on 

phenology will influence the effects of drainage and 

rewetting of peatlands is unclear.  

Here, we studied amounts and timing of root growth 

in different fen types: an alder forest, a percolation fen 

and a coastal fen, each in a drained and a rewetted 

state. We used minirhizotrons to monitor fine root 

phenology in situ by making repeated observations of 

roots, and estimated the start, end and length of the 

belowground growing season. We previously showed 

that these rewetted sites maintain higher root 

production at similar decomposition rates under 

drought conditions compared to the drained sites 

(Schwieger et al. 2020). Now we aim to gain a deeper 

understanding on the underlying drivers of the 

observed high productivity by measuring root 

phenology under the same conditions to advance our 

limited knowledge of managed peatlands to extreme 

climatic events. We hypothesized that (i) root 

phenology differs between drained and rewetted fens 

of the same type. This is because different 

management types lead to changes in abiotic 

conditions and plant species composition, which may 

respond differently to drought. We further expect that 

(ii) the growing season is prolonged in rewetted sites 

due to more favourable conditions under drought 
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compared to the drained sites, and that (iii) with 

increasing soil depth the growing season is shifted to 

later in the season as deeper soils warm later in spring 

and stay warm longer in autumn. 

Figure 1. Root length (in % pixel after skeletonization) over time for the three fen types Alder forest, Percolation fen, and 

Coastal fen comparing the management types drained (yellow) and rewetted (blue) under drought conditions in 2018. 

Displayed are the three soil depths 0-15 (solid lines), 15-30 (dashed lines), and 30-45 cm (dotted lines) for root length and 

soil temperature. Blue (rewetted) and yellow (drained) ribbons highlight the growing season length. Temperature data 

between 17th August and 11th September 2018 is missing because of retrieval of the data logger. Water table depth (in cm) 

over time for rewetted (blue) and drained sites (yellow). The dashed grey lines in the water table plots indicate the soil 

depths in which root growth was measured. Coloured bands show 83% confidence intervals to test for significant differences 

in root length between management type over time at the α=0.05 level.
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Materials and Methods 

Study area 

All study sites were located in north-eastern 

Germany and are described in detail in Schwieger et 
al. (2020) and Jurasinski et al. (2020). The study region 

has a maritime climate with a mean annual 

temperature of 8.8°C and mean annual precipitation of 

565 mm. January is the coldest month with a mean 

temperature of 0.6°C and a mean precipitation of 

40 mm, while July is warmest with a mean temperature 

of 16.7°C and a mean precipitation of 62 mm 

(1981 – 2010, Germany's National Meteorological 

Service). The years from 2015 to 2019 were, 

compared to the average climate over the last 30 

years, dry and warm years (World Meteorological 

Organization (WMO) 2019), with annual temperatures 

of 10-11°C and mean annual precipitation ≤ 450 mm 

(Germany's National Meteorological Service).  

Sudy sites 

The study sites and the experimental set-up are 

described in detail in Jurasinski et al. (2020) and 

Schwieger et al. (2020). In brief, we studied three 

different fen types (i.e. minerotrophic peatlands) with 

peats mainly formed by root remnants: alder forest, 

percolation fen, and coastal fen. Of each type, we 

studied a drained site and one that has been rewetted 

for ~25 years after being drained for almost a century 

(Jurasinski et al. 2020). 

The two alder forest sites are stands of the same 

forest, a former natural alder swamp, that was drained 

for wood pasture in the end of the 18th century and 

subsequently used as production forest; one site was 

rewetted in 2003/2004 (Jurasinski et al. 2020). The 

tree layer of the drained alder stand is characterized by 

Alnus glutinosa with a few individuals of Fraxinus 
excelsior L., while the understory is dominated by 

Urtica dioica L. (c. 45 % cover) and Rubus idaeus L. 

(c. 40 % cover). The understory of the rewetted alder 

stand is dominated by Carex riparia CURTIS (c. 70 % 

cover) with occasionally occurring Glyceria fluitans (L.) 

R.BR. (c. 30 % cover) and Solanum dulcamara L. (c. 

20 % cover), and A. glutinosa is the only tree species. 

The two sites lie within the same basin and are about 

3 km apart. 

The drained and rewetted lowland percolation fens 

are located in the hydrologically connected Lower 

Recknitz and Trebel Valley, respectively, approx. 8 km 

apart. The drained percolation fen site is used as 

intensive grassland (Jurasinski et al. 2020), its 

vegetation is mainly comprised of Holcus lanatus L. (c. 

80 % cover), Ranunculus repens L. (c. 60 % cover), 

Poa trivialis L. (c. 30 % cover) and Deschampsia 
cespitosa (L.) P.BEAUV. (c. 15 % cover). The rewetted 

percolation fen (rewetted in 1997) is protected for 

nature conservation and not managed. The vegetation 

is dominated by a vegetation with Carex acutiformis 

EHRH. (c. 1 m height, 80 % cover), Phalaris 
arundinacea L. (c. 40 % cover) and contains scattered 

individuals of Epilobium hirsutum L., Equisetum 
fluviatile L. EMEND. EHRH., and Lythrum salicaria L.  

Originally, the coastal fens of the study region were 

occasionally flooded with brackish sea water during 

storm surges. The accumulation of groundwater and 

the infiltration of brackish water contributed to their 

formation (Kirchner 1971). The vegetation of the 

drained (and diked) coastal site is dominated by 

Elymus repens (L.) GOULD (c. 80 % cover) and (less 

abundant) by Juncus effusus L. (c. 35 % cover), 

Deschampsia cespitosa (L.) P.BEAUV. (c. 20 % 

cover), Dactylis glomerata L. (c. 20 % cover) and 

Holcus lanatus L. (c. 10 % cover). The vegetation of 

the rewetted site (rewetted by dike removal in 1993) is 

comprised of Agrostis stolonifera L. (c. 90 % cover), 

Festuca rubra agg. L. (c. 20 % cover) and occasionally 

Juncus gerardii LOISEL. The drained and rewetted site 

are about 200 m apart and both sites are used for cattle 

grazing. 

Experimental set-up 

Within each study site, a representative area with a 

size of 10 m × 35 m was fenced to exclude pasture and 

wild animals. A central boardwalk was built in 

longitudinal direction to avoid disturbance. Five plots (3 

× 3 m) were evenly distributed in approx. 10 m distance 

from each other inside the study area with three plots 

located at the north side and two plots located at the 

south side of the boardwalk.  

For our study we compared six sites with replicates 

within each site but not for each fen type. Appropriate, 

additional replicates at the fen type level are not readily 

available in this region, specially rewetted ones. 

Importantly, our study sites were selected to be 

representative of each respective fen type in the 

broader region in terms of basic site characteristics, 

such as peat depth, degree of peat degradation and 

degree of drainage (Jurasinski et al., 2020; Schwieger 

et al., 2020, Suppl.). Furthermore, geostatistical 

analyses in fen peatlands in the region showed that 

spatial auto-correlation is almost absent (Koch and 

Jurasinski 2015; Koch et al. 2016). Therefore, spatial 

replicates in the field can be seen as independent and 

their variation as being representative for the 

respective vegetation type. Based on these aspects, 
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we describe our statistical results as comparisons 

between the six study sites, but see good reasons for 

them being representative for the respective fen types 

(see also Davies & Gray, 2015).individuals of 

Epilobium hirsutum L., Equisetum fluviatile L. EMEND. 

EHRH., and Lythrum salicaria L. 

Root phenology 

We used minirhizotrons to monitor root phenology. 

Thereto, transparent tubes were installed at an angle 

of 45° in the soil to insert a root image scanner (CI-600 

In-Situ Root Imager; CID Bio-science Inc., Camas, 

WA, USA), taking c. 350° scans (image size: 21.6 × 

19.6 cm) of the tube-soil interface and thus roots at 

three depths (0–15, 15–30, and 30–45 cm). The 

aboveground part of the tubes was insulated to reduce 

thermal differences and covered with a cap to exclude 

light from the tubes. Installation of the tubes took place 

from 8th to 14th August 2017, allowing the vegetation 

time to recover from the disturbance before 

measurements began on 4th April 2018. Three 

minirhizotrons were installed within a distance of 1 m 

within each of the five plots at each of the respective 

sites, of which one had to be excluded due to damage, 

resulting in a total of 89 minirhizotrons (six sites × five 

plots × three replicates total). In the rewetted coastal 

fen site, images could only be taken up to a depth of 

30 cm for 10 tubes, due to the occurrence of mineral 

soil limiting the depth of minirhizotrons in this site. We 

measured biweekly until 15th October 2018 and then 

monthly until 5th December 2018, resulting in 16 image 

sampling events. 

Automatic root segmentation with ‘RootDetector’ 

We processed the sample images with RootDetector 

(developed by the Institute of Botany and Landscape 

Ecology, Greifswald University in collaboration with the 

Fraunhofer Institute for Graphics Research (IGD) 

Rostock), which is a tool for automatic segmentation of 

roots in minirhizotron scans (see methods S1 for a 

detailed description). RootDetector outputs binary 

images in which white pixels represent detected root 

objects and black pixels represent background or non-

root objects (Fig. S1). We applied a topology-

preserving thinning algorithm as implemented by the 

skeletonize function in scikit-image v. 0.17.1 to reduce 

the detected root objects to one pixel wide lines, which 

run lengthwise across the object centre (Fig. S2). The 

ratio of white-to-black pixels in these skeletonized 

images gives a good proxy for overall root length. We 

used the root length in pixels determined with this 

approach as proxy for standing crop and to describe  

Table 1. Results of the linear mixed-effect model ANOVA 

for root length in different fen types (Alder forest, 

Percolation fen, Coastal fen), management types (drained, 

rewetted), depths (0-15, 15-30, 30-45 cm) and over time (16 

sample events from 4th April 2018 until 5th December 

2018), and their interactions. 

root phenology (i.e. increases and decreases in root 

length over time). To reduce impact of compression 

artefacts, we applied a threshold of 92% lightness to 

the images (pixels with lightness values ≥ 92% were 

considered white, otherwise black) and read out the 

number of black and white pixels. For both operations 

we used R version 3.6.1 (R Core Team, 2019, R 

package ImageMagick, version 6.9.9.14). 

RootDetector’s core consists of a Deep Neural 

Network , which is based on the U-Net segmentation 

architecture (Ronneberger et al. 2015) and is 

implemented in TensorFlow and Keras frameworks 

(Abadi et al. 2016). We trained the network on 130 

randomly selected images of an independently 

generated dataset comprising minirhizotron scans of a 

mesocosm experiment (soil structure and species 

composition were similar to this study’s field sites) and 

the field sites sampled in this study. The images were 

annotated by human experts using open-source GIMP 

2.10.12. To enhance the size of the dataset and reduce 

overfitting effects, we performed augmentation 

operations as described by Shorten & Khoshgoftaar 

(2019). We tested how well the number of root pixels 

estimated by RootDetector correlated with the number 

of manually identified root pixels in each respective 

ground truth image (R²=0.987, Fig. S3) and repeated 

the test after we used the skeletonize function (R²= 

0.955, Fig. S4). Note that these two R² values are not 

fixed effects df F p

Fen type 2 53.1 <0.001

Management 1 4.4 0.039

Depth 2 1022.4 <0.001

Time 15 82.4 <0.001

Fen type×Management 2 22.1 <0.001

Fen type×Depth    4 80.5 <0.001

Management×Depth 2 4.3 0.014

Fen type×Time   29 5.4 <0.001

Management×Time 15 15.0 <0.001

Depth×Time 30 4.6 <0.001

Fen type×Management×Depth 4 14.6 <0.001

Fen type×Management×Time    25 15.0 <0.001

Fen type×Depth×Time    58 1.5 0.013

Management×Depth×Time 30 2.3 <0.001

Fen type×Management×Depth×Time 46 2.2 <0.001

Values in bold indicate significant differences (p ≤0.05).
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directly comparable because the former value (non-

skeletonized case) is biased towards the easier-to-

detect large diameter roots which often occupy the 

majority of root-pixels in an image. Due to soil 

movement and water table fluctuations, the air-soil 

interface was not always completely covered with tape. 

We had to exclude images with too much light 

influence as well as images affected by scanning 

errors (e.g. differences in contrast within an image, 

stripes produced by the scanner bar), as these would 

likely have caused artefacts in root detection by the 

algorithm. This resulted in a total of 2875 images of 

21.6 cm × 19.6 cm for analysis.

 

Figure 2. Belowground growing season length in three fen types Alder forest, Percolation fen, and Coastal fen, comparing 

the management types drained and rewetted under drought condition in 2018. Circles mark the start and end of the growing 

season averaged over the three depths (0-15, 15-30, 30-45 cm). Grey bars show 83% confidence intervals to test for 

significant differences in start and end of the growing season at the α=0.05 level.
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Growing season 

We used a quantitative approach to determine the 

belowground growing season, as suggested by 

Radville et al. (2016). The start of the growing season 

was defined as day of the year (DOY) at which 10% of 

the maximum annual root length was reached, while 

the end of the growing season was defined as DOY at 

which 90% of the maximum annual root length was 

reached. We decided to calculate 90% of the maximum 

root length instead of 100% to exclude the possibility 

of very few roots determining the observed patterns 

(Blume‐Werry et al. 2016). We narrowed down to the 

exact date when 10% and 90% of maximum annual 

root length was reached by using a linear model to 

interpolate between two measurement dates. To 

determine which environmental variables (i.e. soil 

temperature, water table, fen type, management type) 

explain changes in root length standing crop over time 

best, we defined changes in root length as any 

increase and decrease in root pixels since the previous 

sampling event. To normalize irregular sampling 

intervals, changes in root length were expressed as the 

change in root pixels per day (px/d). 

Abiotic parameters  

Weather data were recorded at local weather stations 

less than 1 km distance from either study site (one 

weather station for coastal fens and alder forests, 

respectively, due to close proximity of the drained and 

rewetted sites).  

Soil temperature data was collected using HOBO 

data loggers (Onset Computer Corporation, Bourne, 

MA, USA) at 15-minute intervals at 5 cm and 15 cm 

depth by six loggers per site. Air temperature was 

recorded at each site in 2 m height using a CR300 data 

logger (Campbell Scientific Ltd., Bremen, Germany) 

and averaged over 30 minutes. 

Groundwater table relative to soil surface was 

recorded at 15-minute intervals in a slotted PVC pipe 

using a CS456 pressure transducer connected via an 

SDI-12 sensor to a CR1000 data logger (Campbell 

Scientific Ltd., Bremen, Germany) at the alder forest 

sites and by Dipper-PT loggers (SEBA Hydrometrie 

GmbH & Co. KG, Kaufbeuren, Germany) for the two 

percolation fen sites and the drained coastal fen, and 

by a Baro-Dipper and a Dipper-APT logger (SEBA 

Hydrometrie GmbH & Co. KG, Kaufbeuren, Germany) 

for the rewetted coastal fen site. Gaps in water table 

data recording for the rewetted alder forest site 

between 23rd August and 27th October 2018 resulted 

from water tables below -70 cm, which exceeded the 

reach of the groundwater pipe at this site. 

Data analysis 

We used R version 4.0.2 (R Core Team, 2020) for all 

statistical analyses and visualizations (R package 

ggplot2, version 3.2.1, Wickham (2016)). We tested for 

differences in root length (white to black pixel ratio after 

skeletonization) between the fen types, between 

management (i.e. drained, rewetted), between depths 

and their interactions over time with a repeated 

measure linear mixed-effect model ANOVA (R 

package LMERTEST, version 3.1-0, Kuznetsova et al. 

(2017); and nlme, version 3.1-137, Pinheiro et al. 

(2018)). We used fen type, management, depth, and 

time (i.e. day of the year of sampling) as interacting 

fixed effects, and tubes nested within plot as a random 

factor (three minirhizotron tubes per plot per site). To 

test for significant differences in root biomass within 

the fixed effects at the α=0.05 level, we used the 
criterion of whether or not two 83% confidence 

intervals overlap (Schenker & Gentleman, 2001; Austin 

& Hux, 2002; Payton et al., 2003). To estimate 

differences in the start, end and length of the growing 

season, we used a linear mixed-effect model ANOVA 

for the above mentioned fixed effects except of time. 

For each model, we plotted the residuals with normal 

q-q-plots and residual vs. fitted values to graphically 

test the assumptions of normality and homogeneity of 

variance. When necessary, data was log- or square 

root-transformed to meet the assumptions. In case of 

growing season end, the data was rank-transformed, 

resulting in a non-parametric test. A Tukey’s HSD test 
(R package emmeans, version 1.4.1, Lenth (2019)) 

was used for the response variables start, end, and 

length of growing season to test for differences within 

fen type, management and depth.  

We used the Second-order Akaike Information 

Criterion (AICc, R packacke MuMIn, version 1.43.17, 

Barton (2009)) to estimate the best-fit model that 

explains the greatest amount of variation in root length 

changes using the fewest possible explanatory 

variables (i.e. water table, soil temperature, 

management, fen type). The model with the lower AIC 

score was expected to strike a balance between its 

ability to fit the data set and its ability to avoid over-

fitting the data set (Akaike, 1974). Afterwards, we 

estimated the marginal R² (R package MuMIn) for 

describing the proportion of variance explained by the 

fixed factor(s) alone (Nakagawa & Schielzeth, 2013). 

These tests were performed for the soil depths 0-15, 

15-30, and 30-45 cm separately to test for differences 

in the importance of abiotic factors for root length 

changes in different depth. Effects were considered 

significant at p<0.05. 
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Results 

Root length  

Root length was significantly higher in the rewetted 

than in the drained sites (F=4.4, p=0.039, Table 1). 

This was mainly caused by the large difference in root 

length between the drained and rewetted percolation 

fen, while root length did not differ between the drained 

and rewetted alder stands and coastal fens (Fen type 

× Management: F=22.1, p<0.001; Fig. 1). Root length 

changed over time (F=82.4, p<0.001) and also whether 

the root lengths differed between the management 

types depended on the time of the season 

(Management × Time: F=15.0, p<0.001). From July 

onward root length in the drained percolation fen 

started to decrease, while root length in the rewetted 

site stayed stable/did not decline till the end of the 

measuring period resulting in a significantly larger root 

length for the rewetted percolation fen from July 

onwards. In the other two fen types root length differed 

only temporarily between management types regimes 

(Fen type × Management × Time: F=15.0, p<0.001, 

Fig. 1).  

Root length was highest in the upper soil layers (0-15 

cm) and decreased with soil depth (F=1022.4, 

p<0.001; Fig. 1). This decrease in root length with 

depth was more pronounced in the drained sites. Here, 

root length differed between all three depths, whereas 

root length in rewetted sites did not differ significantly 

between the upper and the middle soil layer (0-15, 15-

30 cm) for the percolation fen and the alder stand, and 

for the middle and the deepest soil layer (15-30, 30-45 

cm) in the costal fen (Fen type × Management × Depth: 

F=14.6, p<0.001; Fig. S5). Root length was highest in 

the percolation fens and 3 times higher as in the fen 

type with the lowest root length, the alder forest (F= 

53.1, p<0.001).  

Root length increased at the same time as soils 

warmed in spring in all sites except the drained alder 

stand (Fig. 1). Root length increased in spring even 

under waterlogged conditions and was not declining 

with rising water tables in autumn in the rewetted sites. 

Except for the drained percolation fen, we found almost 

no decline in root length towards the end of the year, 

despite of a much earlier estimated end of the growing 

season, i.e. no growth was detected, but also no root 

loss. 

Belowground growing season 

Roots in the rewetted sites started to grow 

significantly earlier (DOY 119±3.0; mean±SE) than in 

the drained sites (DOY 124±4.6; F=4.7, p=0.034; Fig. 

2, Table 2). However, this was not the case for the 

Table 2. Results of the linear mixed-effect model ANOVA 

for start, end, and length of the belowground growing season 

in different fen types (Alder forest, Percolation fen, Coastal 

fen), management types (drained, rewetted), depths (0-15, 

15-30, 30-45 cm), and their interactions.  

percolation fens, where the growing season started 45 

days earlier in the drained site than in the rewetted site 

(Type × Management: F=39.4, p<0.001). An earlier 

start of the growing season was accompanied with a 

later end in the rewetted sites (DOY 317±6.3) 

compared to the drained sites (DOY 190±5.3; F=10.1, 

p=0.002). This difference, however, was only 

significant for the percolation fens (HSD Tukey: 

p<0.001) where the growing season ended 72 days 

later than in the drained site. In contrast, the end of the 

growing season did not differ between management 

types in the alder forest and coastal fen (Type × 

Management: F=13.0, p<0.001).  

The overall earlier start and later end led to an overall 

one month longer growing season in the rewetted sites 

(100±4.8 days) than in the drained sites (66±3.9 days; 

F=39.1, p<0.001). Growing season in the rewetted 

percolation fen was 42 %, and in the rewetted alder 

stand 41 % longer than in their drained counterpart. 

However, we found no significant difference in the 

growing season length between the two coastal fen 

sites (Type × Management: F=8.7, p<0.001).  

The start of growing season differed significantly 

between all three depths (0-15, 15-30, 30-45 cm), 

while the end of the growing season differed only 

between the upper (0-15 cm) and deepest soil layer 

(30-45 cm). With deeper soil depths, the growing 

season started and ended later (start: F= 31.0, 

p<0.001; end: F=4.9, p=0.010; Fig. 3). However, this 

was a mere shift in time, as we found no difference in 

growing season length with soil depth (Table 2).  

Start and end of the belowground growing season 

differed significantly between fen types (start: F=18.7, 

p<0.001, end: F=19.1, p<0.001). Root growth started 

end ended significantly later in the alder stands (start: 

DOY 133±5.6, end: DOY 229±6.9) than in the 

percolation fens (start: DOY 118±3.5, end: DOY 

203±8.4) and coastal fens (start: DOY 114±4.4, end: 

DOY 183±4.3), but did not differ between the latter. 

F p F p F p

Fen type 2 18.7 <0.001 19.1 <0.001 6.1 0.004

Management 1 4.7 0.034 10.1 0.002 39.1 <0.001

Depth 2 30.9 <0.001 4.9 0.010 0.0 0.989

Fen type×Management 2 39.4 <0.001 13.0 <0.001 8.7 <0.001

Fen type×Depth    4 1.3 0.290 1.2 0.332 3.4 0.015

Management×Depth 2 0.5 0.597 2.6 0.083 5.6 0.006

Fen type×Management×Depth 4 5.7 <0.001 2.1 0.097 2.5 0.053

Values in bold indicate significant differences (p≤0.05).

start end length
fixed effects df
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Growing season in the coastal fens was the shortest 

(70±3.0 days; F=6.1, p=0.004), while the length of the 

growing season in the percolation fens (85±6.0 days) 

and in the alder stands (96±7.9 days) did not differ 

significantly from each other.  

Drivers of root length changes 

The best-fit model for the 0-15 cm soil layer included 

the parameters soil temperature, water table, fen type 

and management type with their interaction effects, 

explaining 53% of the variation of root length changes 

(Table 3). The next-best-fit model for the depth 0-15 

cm includes only the parameters soil temperature, 

water table, and fen type, which explained 49% of the 

variation in root length changes. The best-fit models for 

the 15-30 and 30-45 cm soil layers included the 

parameters soil temperature, management type and 

fen type with their interaction effects. The fixed effects 

explained 33% of the variation in root length changes 

for the depth 15-30 cm and 26% of variation in 30-45 

cm (Table 3). With increasing soil depth, the relative 

importance of soil temperature as explanatory variable 

increased, as water table became less important.  

Discussion 

The belowground growing season of temperate fens 

was extended by up to one month (34 days) with 

rewetting. This extension of the growing season rather 

than a higher growth rate can explain the overall higher 

root productivity in response to rewetting. As soil depth 

increased, the growing season shifted with a later start 

and end at deeper soil depth, while growing season 

length did not change with soil depth.  

Extension of belowground growing season with 

rewetting 

As we expected, drained and rewetted sites differed 

in their phenology, which was expressed by shifts in 

the start and end of the growing season, but also 

differences in growing season lengths depending on 

the fen type. We measured a significantly longer 

belowground growing season with rewetting in two out 

of three cases. Longer growing seasons have the 

potential to alter the ability of ecosystems for long-term 

storage of carbon as a longer growth allows more 

carbon to be sequestered and thus to mitigate the 

release and further warming through greenhouse 

gases (Churkina et al. 2005; Dragoni et al. 2011; 

Keenan et al. 2014). These results support our 

assumption that rewetting promotes conditions 

beneficial for plant growth even under warm and dry 

conditions, by providing wetter soil conditions than in 

the drained sites. Further, these results suggest that 

the previously reported higher annual productivity of 

the rewetted fens under drought at the same study 

sites (Schwieger et al. 2020) was driven by an 

extension of the growing season. That is, a longer 

period of root production rather than a higher 

production rates leads to an increased input of root 

biomass in these systems. As Schwieger et al. (2020) 

also showed that decomposition rates did not differ 

between rewetted and drained sites in this study under 

the drought conditions of the same year, this might 

suggest higher potentials for peat formation with 

rewetting due to a longer belowground growing 

season. 

The observed differences in phenology between the 

drained and rewetted sites may not be rooted in the 

management per se, but rather caused by differences 

in plant functional types between the sites. It has been 

shown that plant community composition drives 

phenology responses to environmental changes, for 

example, to water table drawdown and warming in 

boreal peatlands (Mäkiranta et al. 2018). Different 

plant functional types or species may have different 

strategies to deal with interannual variability in 

resource supply and climatic constraints (McCormack 

et al. 2014). This might also explain the lack of 

difference in growing season length between the 

coastal fen sites; here both plant communities are 

comprised of Poaceae and thus much more similar 

than in the other fen types. Plants in all the drained 

sites, such as forbs and grasses, are adapted to 

drained soils but not to drought conditions. Thus, root 

length in the drained site was lower and roots have 

been shown to be less productive than in the rewetted 

sites in this dry year (Schwieger et al. 2020). The 

rewetted sites, however, are generally dominated by 

graminoids (i.e. Poaceae and Cyperaceae), which are 

adapted to high and prolonged water tables. Their 

special adaptations, such as aerenchyma formation 

(i.e. tissue containing enlarged gas spaces) permit root 

growth deep into waterlogged conditions (Moore and 

Garratt 2006; Voesenek et al. 2006). In fact, root length 

in the depths 45-60 cm in the graminoid-dominated 

rewetted percolation fen was twice as high as in the 

drained counterpart (Table S1), and water tables in the 

rewetted percolation fen did not drop below -25 cm 

during the growing season (Fig. 1). Thus, the deep root 

system of sedges still reached water saturated soil 

layers in the rewetted sites. The root system of the 

drained sites and the rewetted coastal fen, however, 

experienced a lowering of the water table up to -75 cm 

and deeper during most of the year (Fig. 1). As a result, 

the growing season in the drained sites was 

significantly shorter than in the rewetted sites, which 

created wetter conditions beneficial for plant 

productivity in this warm and dry year.
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Table 3. Marginal R² (R²m, i.e. proportion of variance explained by the fixed factor(s) alone) and conditional R² (R²c, i.e. 

proportion of variance explained by fixed and random factors) for changes in root length with the tested fixed effects soil 

temperature in °C (soil T, recorded in respective depth to root length changes), water table depth in cm, management type 

(drained, rewetted), and fen type (alder forest, percolation fen, and coastal fen). 

 

Clearly, rewetting is not only beneficial for peat 

formation and climate change mitigation during 

‘normal’ weather conditions, but also may help 
alleviate drought stress and thus maintain a higher 

production/decomposition ratio under drought 

conditions – driven by an extension of the root growing 

season. 

Interestingly, we found no decrease in root length in 

four out of six sites at the end of the year despite of 

decreasing soil temperatures in autumn. This suggests 

that even if the season of active growth ended, many 

of the roots are living (and presumably functional) for a 

majority of the year, contributing to ecosystem carbon 

and nutrient fluxes even in autumn/winter. 

Unfortunately, minirhizotrons do not allow a clear 

determination whether roots are dead or alive. Still, 

Radville et al. (2016a) suggested that roots are not 

generally dormant during winter, and growth can occur 

year-round if conditions become favourable and this 

seems to be the case here. Further, the stagnation of 

the root length might also indicate that as many roots 

were decomposed as produced in this time.  

Abiotic factors driving changes in root length in 

different depths 

As predicted, belowground growing season was 

shifted later in the season with increasing depth, while 

growing season length did not change with depth (Fig. 

3). The offset of growth with a later start, but also a later 

end of the growing season with increasing soil depth is 

likely related to the buffer function of the soil which 

causes temperature in deeper depths to warm later in 

spring and stay warm longer in autumn (Fig. 1). This 

buffer effect could be of even greater importance given 

the extremely warm conditions that prevailed in 2018, 

as it protected the root system from extreme 

temperature increases. The model that included both 

soil temperature and water table described root length 

changes best in the upper soil layer (0-15 cm), while 

for the deeper soil layers of 15-30 and 30-45 cm water 

table was not included in the models that described 

variation in root length changes best (Table 3). While 

differences in species composition are most likely still 

R
2
m R

2
c AICc R

2
m R

2
c AICc R

2
m R

2
c AICc

soil T × water table × management × fen type 0.53 0.67 -4157 0.49 0.63 -4707 0.30 0.66 -5065

soil T × management × fen type 0.49 0.71 -4069 0.33 0.48 -4736 0.26 0.64 -5213

water table × management × fen type 0.47 0.61 -4096 0.33 0.48 -4548 0.18 0.55 -4944

soil T × water table × fen type 0.49 0.71 -4100 0.45 0.66 -4629 0.29 0.67 -5035

soil T × water table × management 0.11 0.42 -3886 0.11 0.42 -4469 0.10 0.57 -4963

management × fen type 0.21 0.36 -4061 0.22 0.35 -4638 0.14 0.50 -5071

soil T × fen type 0.23 0.38 -4076 0.24 0.39 -4667 0.19 0.54 -5124

soil T × management 0.02 0.35 -4028 0.05 0.38 -4621 0.06 0.55 -5105

water table × fen type 0.45 0.64 -4067 0.28 0.44 -4501 0.15 0.50 -4910

water table × management 0.09 0.42 -3886 0.05 0.34 -4432 0.02 0.49 -4898

soil T × water table 0.11 0.42 -3888 0.06 0.38 -4436 0.06 0.55 -4938

soil T 0.01 0.35 -4030 0.00 0.34 -4596 0.05 0.54 -5105

water table 0.11 0.43 -3889 0.02 0.33 -4421 0.01 0.49 -4897

management 0.01 0.35 -4023 0.01 0.34 -4595 0.01 0.48 -5062

fen type 0.20 0.35 -4064 0.19 0.34 -4635 0.13 0.49 -5076

model parameters (fixed effects)
0-15 cm 15-30 cm 30-45 cm

Models with the lowest AICc for the respective depths are highlighted in bold.
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Figure 3. Belowground growing season length for the three soil depths 0-15, 15-30, and 30-45 cm in the three studied fen 

types Alder forest, Percolation fen and Coastal fen. Grey bars show 83% confidence intervals to test for significant 

differences in start and end of the growing season between the depths at the α=0.05 level. Asterisks indicate significant 
differences in start (left) and end (right) of the growing season between the soil depths, respectively (*** p<0.001, ** 

p<0.01, * p<0.05). 

 

the main determinant of root phenology, these results 

imply that soil temperature is of particular importance 

when predicting root phenology and that its relative 

influence increases with increasing soil depth. Different 

controls of changes in root length with increasing depth 

might be linked to changes in soil properties with 

increasing depth (Jobbágy and Jackson 2000, 2001; 

Schenk and Jackson 2005), but also differing rooting 

depth between species, and thus a change in ‘species 
composition’ with different depths. The growth of 
shallow roots has shown to be more strongly 

influenced by environmental factors (i.e. soil moisture, 

water table, temperature), while deeper roots are 

suspected to be rather influenced by strong 

endogeneous controls in forest ecosystems (Hendrick 

and Pregitzer 1997; Schwieger et al. 2019). The fact 

that the length of the growing season at deeper depths 

remains the same, even though the factors 

determining root length changes are changing, shows 

that the potential for carbon sequestration also in 

deeper soil layers might be high. More so because 

colder and wetter conditions with increasing soil depth 

are ideal to promote the accumulation of organic 

matter and trap the carbon in the soil. Deep-rooting 

species, such as graminoids, can extend into soil 

depths that are still anoxic or at least moister even 

under drought conditions. Therefore, rewetting can 

facilitate the root production under drought conditions 

by maintaining the water table permanently or at least 

seasonally at levels that can be reached by these deep 

rooting species (Fig. 1). 

In temperate regions, temperature is considered to 

be one of the main drivers of spring root phenology 

(Pregitzer et al. 2000; Steinaker and Wilson 2008; 

Steinaker et al. 2010; McCormack et al. 2014; 

Schwieger et al. 2019). In our study, the increase in 

root length resembled strongly the course of soil 

temperature, which varied between drained and 

rewetted sites (Fig. 1). Especially for the percolation 

fen, soil temperature in the drained site was higher 

throughout the season and depth and started to 

increase earlier than in the rewetted site. As a result, 

the 10% of maximum growth that we had determined 

as the beginning of the growing season was reached 

45 days later in the rewetted percolation fen than in the 

drained site. Due to the high water tables in spring on 

the rewetted site, soil temperatures took longer to 

warm up in spring than in the drained site. Here, water 

tables sank 30 days earlier below soil surface than in 

the rewetted site (Fig. 1). Differences in soil 

temperature between the management types of the 

alder forest and coastal fen were less pronounced and, 

similarly, no significant difference in the start of 

growing season between management types was 
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found for those sites (Figs 1 and 2). Therefore, it seems 

as if the differences in soil temperature in spring 

courses might be responsible for the shifts in growing 

season starts between the sites under the warm and 

dry conditions of 2018.  

Even though the growing season in our sites 

generally ended when temperatures started to 

decrease, it seemed that root length was less affected 

by soil temperature in the drained compared to the 

rewetted sites (except the rewetted coastal site, Fig. 1). 

The drained sites experienced a water table drawdown 

up to -45 cm, which resulted in a significantly earlier 

end of the growing season even before the maximum 

soil temperatures where reached. It appears that the 

plant communities in the drained sites (and the 

rewetted coastal site) were less able to cope with the 

dry soils (mirrored in the decrease in water table depth) 

in this particularly warm and dry year and that those 

conditions overrode the generally positive effects of 

temperature on root production. Mäkiranta et al. (2018) 

showed that an increase in temperature alone has less 

of an effect on root production and phenology in boreal 

sedge-dominated fens, whereas water-level 

drawdown, with or without warming, was the more 

dominant control by changing the contribution of plant 

functional types to biomass production. Warming and 

water level drawdown did not decrease the biomass 

production of sedges, but decreased the relative 

contribution of forbs, which was compensated by an 

increased contribution of shrubs to biomass 

production. Drought stress has also been shown to 

inhibit root growth and can cause root production to 

shift to more favourable, in this case wetter, times of 

the year (Hendrick and Pregitzer 1997; Joslin et al. 

2000). While Schwieger et al. (2019) also found a 

relationship between soil warming and onset of root 

production in spring in peatland sites very similar to the 

ones studied here, root production in autumn was 

limited by rising water tables. Thus, the drivers of root 

phenology in autumn remain unclear, and likely differ 

between plant communities. 

In most of the rewetted sites (percolation fen and 

alder forest), the growing season was clearly linked to 

soil warming in spring and ended shortly after soil 

temperatures peaked in the end of August (Fig. 1). 

Here, rewetting promoted higher water tables during 

the growing season even under drought conditions and 

growing season started in spring even under 

waterlogged conditions, as high water tables do not 

inhibit root production of the prevailing plant species 

adapted to flooding. Furthermore, plants on the 

rewetted sites even maintained their high productivity 

in the dry and warm summer of this year. In contrast to 

the alder forests and percolation fens, the water table 

in the rewetted coastal fen is highly dependent on sea 

levels, with water tables above soil surface twice 

during storms and flooding, in October and November 

2018. Root phenology, therefore, strongly resembles 

that of the drained coastal fen except for the slight 

increase in root length at the end of the year.  

Conclusion 

Our results underline the high potential rewetting can 

have in supporting the carbon sink function under 

drought. However, since anoxia created by a high 

water table is the main determinant of the peatland 

ecosystem, the increase of droughts in the future might 

seriously threaten the function of peatland ecosystems 

as carbon sinks. Our results might not reflect the long-

term consequences of continuing summer droughts, 

such as a possible change in plant composition to 

drought-adapted species. Further studies on the long-

term effects of changing climate and land use on root 

phenology are therefore crucial. Nevertheless, root 

growth in deeper soil depths that remain anoxic even 

under drought conditions promote the systems function 

as carbon sink as these conditions impede the 

decomposition of organic matter and favour its 

accumulation.  
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Fig. S1 Root length (in %) in the six study sites alder 

forest, drained (AD), alder forest, rewetted (AW), 

percolation fen, drained (PD), percolation fen, rewetted 

(PW), coastal fen , drained (CD), coastal fen, rewetted 

(CW). Displayed are the three soil depths 0-15 cm 

(blue), 15-30 cm (yellow) and 30-45 cm (grey). Error 

bars show 83% confidence intervals. 

Table S1 Mean values for root length (pixel in %) 

measured with minirhizotrons in 45-60 cm depth with 

standard deviation (sd), standard error (se) and 95% 

confidence interval (ci). No data available for the 

rewetted coastal, because of appearance of mineral 

soil in 30 cm depth. 
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• Background and Aims Forest peatlands represent 25 % of global peatlands and store large amounts of carbon 
(C) as peat. Traditionally they have been drained in order to increase forestry yield, which may cause large losses 
of C from the peat. Rewetting aims to stop these losses and to restore the initial storage function of the peatlands. 
As roots represent major peat-forming elements in these systems, we sampled roots with diameter <5 mm in a 
drained and a rewetted forest peatland in north-east Germany to evaluate differences in tree biomass investments 
below ground, root functional characteristics and root age.
• Methods We cored soil next to Alnus glutinosa stems and sorted root biomass into <1, 1–2 and 2–5 mm diam-
eter classes. We measured biomass distribution and specific root area (SRA) in 10-cm depth increments down to 
50 cm, and estimated root age from annual growth rings.
• Key Results Root biomass in the rewetted site was more than double that in the drained site. This difference 
was mostly driven by very fine roots <1 mm, which accounted for 51 % of the total root biomass and were mostly 
(75 %) located in the upper 20 cm. For roots <1 mm, SRA did not differ between the sites. However, SRA of the 
1–2 mm and 2–5 mm diameter roots was higher in the drained than in the rewetted site. Root age did not differ 
between sites.
• Conclusions The size-dependent opposite patterns between root biomass and their functional characteristics 
under contrasting water regimes indicate differences between fine and coarse roots in their response to environ-
mental changes. Root age distribution points to similar root turnover rates between the sites, while higher root 
biomass in the rewetted site clearly indicates larger tree C stocks below ground under rewetting, supporting the C 
sink function of the ecosystem.

Key words:  Alder forest, Alnus glutinosa, annual growth rings, biomass distribution, fine roots, forest peatland, 
functional traits, root age, rewetting, specific root area.

INTRODUCTION

Forest peatland ecosystems account for up to 25  % of peat-
lands globally. They play a major role in the global carbon 
(C) cycle by sequestering high amounts of C as plant bio-
mass and through long-term storage of C as peat (Zoltai and 
Martikainen, 1996). Forest peatlands are dominated by tree 
species that tolerate permanent to semi-permanent flooding. 
Across Europe, black alder (Alnus glutinosa) is a widespread 
species, typically found in mixed broadleaved forests in wet 
areas (Claessens et al., 2010) and known to be peat-forming 
(Succow and Joosten, 2001; Barthelmes et al., 2010; Jurasinski 
et  al., 2020). Drainage of peatlands and subsequent use for 
agriculture or forestry have strongly reduced the occurrence of 
wet alder forest peatlands (Prieditis, 1997). These areas have 
effectively been turned into C sources through enhanced de-
composition of peat, reversing their climate change mitigation 
function (Joosten et al., 2016; Leifeld et al., 2019). In an ef-
fort to counteract these consequences, more and more sites are 
being rewetted, but so far it is unclear how rewetting will affect 

C cycling in these forest peatlands and, ultimately, their soil C 
storage function.

Roots are pivotal elements in soil C cycling and storage, 
as they constitute up to 60  % of net primary production in 
forest ecosystems (Jackson et al., 1997). In fact, in many peat-
land ecosystems roots are key peat-forming elements (Succow 
and Joosten, 2001; Jurasinski et al., 2020). With their short 
lifespan, high nutrient content and high respiration rates, 
fine roots (≤2 mm in diameter) are more important in terms 
of C and nutrient budgets than larger-diameter woody roots 
(Iversen et al., 2015).

Plants respond to environmental changes through plastic 
adjustments of their traits. Functional traits are a useful tool 
for studying how such changes affect ecosystem processes 
(Bardgett et al., 2014; Díaz et al., 2016). Most trait-related 
research has focused on above-ground plant traits, but it is 
increasingly recognized that root traits are pivotal for eco-
system processes like C and nutrient cycles (Iversen et al., 
2015; McCormack et al., 2015). However, our understanding 
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of the response of root functional traits to environmental 
changes and their link to root growth and lifespan is still very 
limited. Thus, research on root traits is necessary to under-
stand plant adjustments to rewetting and their potential ef-
fects on soil C storage.

There are several root traits that may be important for plant 
functioning and C storage. For example, biomass distribution of 
fine roots, specific root area (SRA; root surface area per mass) 
and specific root length (SRL) influence the rates of resource 
uptake (Jackson et al., 1997; Makita et al., 2012; McCormack 
et al., 2012; Bardgett et al., 2014). Specific root area is tightly 
linked to root functioning, since roots with a greater surface 
area per biomass are able to explore larger soil volumes more 
efficiently (Hajek et al., 2013). Biomass distribution of roots 
throughout the soil profile is related to soil properties, as these 
change with soil depth (e.g. oxygen content, soil moisture, bulk 
density, temperature and soil texture) (Schenk and Jackson, 
2005). Similarly, root traits may differ with depth, affecting nu-
trient uptake and C storage.

Root age estimations provide valuable information about 
root turnover and, therefore, the inputs of C from roots into the 
soil and the persistence of organic matter as living roots be-
fore they are decomposed and converted to soil organic matter 
(Eissenstat and Yanai, 1997). Still, root age is amongst the most 
overlooked parameters in forest ecosystem research. Direct ob-
servation of fine-root longevity done in situ with minirhizotrons 
(e.g. Withington et al., 2006; McCormack et al., 2013) seems to 
systematically overestimate fine-root age and turnover (Strand 
et  al., 2008), because it favours the sampling of smaller and 
more dynamic lower-order roots (Guo et  al., 2008). The de-
termination of fine-root age from the analysis of C isotopes 
(e.g. Gaudinski et al., 2001; Sah et al., 2011), however, tends 
to systematically underestimate the turnover of individual roots 
(Strand et al., 2008). The reasons for such underestimation are 
the time lag between C acquisition and the use of that same 
C for fine-root growth, and also the uptake of older C sources 
from the soil for growing new roots (Solly et al., 2018). Root 
age determination with annual growth rings is a less common 
approach, although it has been successfully applied in tree spe-
cies from seasonal climates (Vurdu, 1977; Reynolds, 1983; 
Solly et  al., 2018). This approach does not require repeated 
sampling over years, as does the minirhizotron method, but still 
informs about the age of the sampled roots (and not the age of 
the C used, as C isotopes do).

Understanding patterns in the distribution and functioning 
of fine-root biomass and linkages to the water regime in for-
ested peatland ecosystems will improve our ability to predict 
ecosystem responses to environmental changes, and the con-
sequences of restoration through rewetting of formerly drained 
peatlands. Here, we asked whether the water regime (drained or 
rewetted) of a temperate peatland forest affects (1) (fine) root 
biomass and (2) (fine) root functional characteristics (i.e. SRA) 
throughout the depth profile, and (3) (fine) root age. Therefore, 
we sampled roots of A. glutinosa, sorted them into two fine-
root classes (<1 mm and 1–2 mm) and one coarse root diameter 
class (2–5 mm) and measured biomass distribution and SRA 
down to 50 cm, as well as root age by counting annual growth 
rings. Despite not having information on root production before 
the rewetting, we here provide an assessment of below-ground 

biomass and root functional traits for these two forests, each 
one under a different water regime.

MATERIALS AND METHODS

Study site

The study sites are located in Wöpkendorf, in north-eastern 
Germany. The study region has a maritime climate with a mean 
annual temperature of 8.8 °C and mean annual precipitation of 
601 mm. Typically, January is the coldest month, with a mean 
temperature of 0.7 °C and a mean precipitation of 46 mm, while 
July is the warmest month, with a mean temperature of 17.8 °C 
and a mean precipitation of 59 mm (meteorological data pro-
vided by Germany’s National Meteorological Service from 
1981 to 2010).

The study sites are a drained (54°08′06″ N, 12°32′11″ E, 44 
m a.s.l., ~0.27  ha) and a rewetted alder stand (54°07′37″  N, 
12°29′04″  E, 37 m a.s.l., ~0.75  ha) within the same forest, 
which was originally a natural alder forest. This alder forest is 
a deciduous fen woodland, dominated by Alnus glutinosa with 
a poorly developed shrub layer, but a species-rich field layer. 
These kinds of forest prefer base-rich soil conditions, often-
moving groundwater and a rather constant water table (Joosten 
et al., 2017). Both sites were drained for wood pasture at the end 
of the 18th century. In 2003, a rewetting action was initiated in 
the rewetted stand (Bönsel, 2006) by filling the ditches to stop 
the drainage. The vegetation of the drained alder stand is char-
acterized by a mixed stand of A. glutinosa and a few Fraxinus 
excelsior individuals. The understorey is dominated by Urtica 
dioica (~45  % cover) and Rubus idaeus (~40  % cover). The 
peat layer in the drained site is rather shallow (~60  cm) and 
strongly degraded. In the rewetted alder stand, A. glutinosa is 
the only tree species and its understorey is dominated by Carex 
riparia (~70  % cover) with Glyceria fluitans (~30  % cover) 
and Solanum dulcamara (~20 % cover). The peat layer in the 
rewetted site reaches >2 m in depth.

Both sites are study sites within the interdisciplinary joint pro-
ject WETSCAPES, aiming to develop scientific principles for 
sustainable cultivation of wet peatlands, particularly of drained 
areas that were later rewetted (Jurasinski et al., 2020). Our study 
compared two sites with replicates within each site but not for 
each treatment (i.e. water regime) because appropriate, add-
itional replicates at the peatland forest type level are not readily 
available in this region, in particular for the rewetted state. 
Nonetheless, the selected forest stands are representative of the 
peatland forest types present in the area (Jurasinski et al., 2020).

Study species

Alnus glutinosa is a typical species of mixed broadleaved 
forest on wet sites and is widespread across Europe, repre-
senting ~5 % of the forest area in Central Europe (Claessens 
et  al., 2010). The root system of A.  glutinosa is very well 
adapted to water-saturated conditions; it tolerates stagnant 
waters (McVean, 1956) and trees are therefore often found on 
peatland sites (Succow and Joosten, 2001). Alnus glutinosa is 
an important pioneer species that is able to fix nitrogen (N) 
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through symbiotic interactions with the bacterium Frankia alni, 
as well as with ecto- and arbuscular mycorrhizal fungi (McVean, 
1953; Bond et al., 1954). Through these effective symbioses, 
A. glutinosa can facilitate nutrient uptake in N-poor conditions 
(Barea and Azcon-Aguilar, 1983; Orfanoudakis et al., 2010).

Root sampling

At each study site, five soil cores (ø = 18.8 cm, length = 50 cm) 
were taken between November 2018 and February 2019, each 
at 80  cm distance from an individual tree. The soil was pre-
cored with a metal pipe corer (Clymo, 1988), and a saw was 
used to cut large roots to avoid soil compression with the corer 
insertion. Afterwards, the soil cores were extracted with a 
plastic (PVC) pipe and sealed with a lid. Cores were stored at 
+4  °C until processing. We divided the cores into five slices 
spanning 10  cm depth intervals (0–10, 10–20, 20–30, 30–40 
and 40–50 cm). Undecomposed roots were washed, sieved with 
meshes of 1, 2 and 5 mm and assigned to three diameter classes: 
very fine roots of <1 mm, fine roots of 1–2 mm and coarse roots 
of 2–5 mm. Large structural roots were avoided with our sam-
pling method. Roots with a diameter >5 mm found in our cores 
were discarded in further analysis. We oven-dried the root ma-
terial at 60 °C for 48 h, and weighed it to calculate dry weight 
fine-root biomass for every depth and diameter class.

To avoid unwanted effects of stand density differences be-
tween the sites (rewetted, ~311 trees per ha; drained, ~273 trees 
per ha) on our root biomass measurements, we sampled in close 
proximity (80 cm) of individual tree stems so that our biomass es-
timates represent the cored individual tree. We tried to minimize 
differences in tree size (i.e. diameter at breast height and height), 
but also in microtopography (avoiding hollows and hummocks) 
(see data on tree metrics in Supplementary Data Table S1).

Determination of SRA

We selected a subsample of each diameter class and depth to 
estimate the root area. We used the program IJ_Rhizo (Pierret 

et al., 2013), written as a macro for ImageJ (Abràmoff et al., 
2004).

We calculated SRA by using the ratio of acquisition (i.e. 
A = root area in cm2) to resource investment (i.e. M = mass 
in g):

SRA =

A

M

Root age determination

We selected three roots per diameter class (<1, 1–2 and 
2–5 mm) within the 10- to 20-cm depth slices for root age ana-
lyses (N = 90). We prepared 15-µm-thick root cross-sections 
with a rotary microtome (Leica RM 2245, Leica Microsystems, 
Germany), which were stained with a 1:1 mixture of safranin 
and astra blue, rinsed with ethanol solutions of increasing con-
centration (50 %, 70 %, 96 %), embedded in Euparal and dried 
at 65–70 °C for 48 h. We photographed the sections at ×50 or 
×100 magnification with a digital camera attached to a micro-
scope (Leica DM  2500, Leica Microsystems, Germany). For 
the larger root sections, we took several 30 % overlap photo-
graphs per section and stitched them with the open-source soft-
ware ImageJ (Abràmoff et  al., 2004; Preibisch et  al., 2009; 
Schindelin et al., 2012). For each section, we counted the an-
nual growth rings and measured root diameter with Image J 
(Fig. 1).

Abiotic parameters and nutrient availability

General weather data were recorded at a local weather sta-
tion ~1 km from either study site.

The groundwater table relative to the soil surface was re-
corded at 15-min intervals in a slotted PVC pipe using a 
CS456 pressure transducer connected via an SDI-12 sensor to a 
CR1000 data logger (Campbell Scientific, Bremen, Germany) 
at each site (Fig. 2A). Gaps in water table data recording be-
tween 23 August and 27 October 2018 resulted from water 

400 µm 400 µm 800 µm

A B C

Fig. 1. Cross-sections of A. glutinosa roots. (A) A <1-year-old root, (B) a 2-year-old root and (C) a 4-year-old root. Yellow lines indicate the annual growth ring 
boundaries. Sections (A) and (B) belong to the rewetted stand and section (C) belongs to the drained stand.
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tables below 70 cm, which exceeded the reach of the ground-
water pipe at this site.

Soil water content was measured by taking 4–5 g soil sam-
ples at three depths (0–5, 15–20 and 25–30  cm) in three lo-
cations at each study site. Sampling started in April 2017 and 
was performed every 4  months in 2017 and every 2  months 
in 2018 (Supplementary Data Fig. S1). Soil samples were in-
cubated for 24 h in a drying chamber at 90 °C to remove the 
water. Gravimetric water content (i.e. mass of water per mass 
of dry soil) was calculated as the percentage weight decrease 
after drying.

Soil temperature data were collected using Hobo data log-
gers (Onset Computer Corporation, Bourne, MA, USA) at 
15-min intervals at 5 and 15 cm depth by six loggers per site. 
Air temperature was recorded at each site at 2 m height using 
a CR300 data logger (Campbell Scientific, Bremen, Germany) 
and averaged over 30 min (Fig. 2B, C).

Between 7 July and 18 October 2018 we measured nu-
trient supply rate (µg cm−2 burial time−1) for nitrate (NO

3
-N), 

ammonium (NH
4
-N) and phosphorus (P) available to plants 

using Plant Root Simulator (PRS)™ probes with ion-exchange 
membranes (Western Ag Innovations, Saskatoon, SK, Canada; 
Fig. 3). Two pairs of anion and cation PRS™ probes (total sur-
face area = 17.5  cm2) were inserted vertically for 10  cm into 
the soil in five plots at each site and then pooled per plot for 
analysis (drained, n = 5; rewetted, n = 5). After removal, the 

PRS™ probes were washed in the laboratory with deionized 
water, and were thoroughly scrubbed with a coarse brush to en-
sure complete removal of residual soil. Afterwards, the probes 
were send to the Western Ag laboratory for analysis. For a de-
tailed description of the methods used for the analysis of the 
PRS™ probes see Hangs et al. (2004).

Data analysis

All statistical analyses and visualizations were done in R ver-
sion 3.5.3 (R Core Team, 2019). We tested for differences in 
root biomass, SRA and age between water regime (drained and 
rewetted), root diameter class (<1, 1–2 and 2–5 mm), depth (0–10, 
10–20, 20–30, 30–40 and 40–50 cm) and their interactions with 
a linear mixed-effect model ANOVA [R package lmerTest, ver-
sion 3.1–0; Kuznetsova et al. (2017); and nlme, version 3.1–137; 
Pinheiro et  al. (2018)]. We used water regime, diameter class 
and depth as interacting explanatory variables, and core ID as 
a random factor (i.e. identity of the sampled tree individual per 
site). Models were fitted with the restricted maximum likelihood 
(REML) estimation method. For each model, we plotted the re-
siduals with normal Q–Q plots and residual versus fitted values 
to graphically test the assumptions of normality and homo-
geneity of variance. When necessary, data were log- or square 
root-transformed to meet the assumptions. We used the varIdent 
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structure (Zuur et al., 2009) when the homogeneity of residuals 
was not reached. A Tukey’s HSD test [R package emmeans, ver-
sion 1.4.1; Lenth (2019)] was used for each response variable to 
test for differences within water regimes, depths and diameter 
classes. We tested whether root age can be predicted by diameter 
size with a simple linear regression. Visualizations were done 
using the package ggplot2 [version 3.2.1; Wickham (2016)]. 
Effects were considered significant at P < 0.05.

RESULTS

Site characteristics

The two studied alder forest stands are in close proximity to 
each other and therefore share a macroclimate but differ in their 
microclimate (Supplementary Data Table S2). Mean annual air 
temperature was 9.9 °C, while soil temperatures varied between 
9.4 and 10.2  °C (Fig.  2B, C). In 2018, water tables dropped 
down below −70 cm at both sites (Fig. 2A). Still, the rewetted 
sites experienced water saturation close to or exceeding the 
soil surface ~40 % more time during 2018 than the drained site 
(Supplementary Data Table S2). Similarly, soil water content 
was significantly higher in the rewetted site for all measured 
depths (0–5, 15–20 and 25–30 cm) compared with the drained 
site (rewetted, 77 ± 0.79 %; drained, 46 ± 0.86 %; F = 718.7, 
P < 0.001; Supplementary Data Fig. S1). There was no signifi-
cant water regime × depth interaction (F = 0.2, P = 0.79).

The amount of NO
3
-N was 50 times higher in the drained 

site (7755 ± 883 µg cm−2 3 months−1) than in the rewetted site 
(145 ± 45 µg cm−2 3 months−1; F = 197.7, P < 0.001; Fig. 3A). 
We found almost 2.5 times higher availability of NH

4
-N 

(rewetted, 45 ± 6 µg cm−2 3 months−1; drained, 18 ± 12 µg cm−2 
3 months−1; F = 8.0, P = 0.022; Fig. 3B) and ~7.5 times higher 

availability of P (rewetted, 6.00 ± 3.24  µg  cm−2 3 months−1; 
drained, 0.78 ± 0.15 μg cm−2 3 months−1; F = 8.7, P = 0.018; 
Fig. 3C) in the rewetted site compared with the drained site.

Root biomass

Water regime had a significant effect on total root bio-
mass (≤5  mm), which was higher in the rewetted site 
(192.4 ± 55.9  g  m−3, mean ± s.e.) than in the drained site 
(67.0 ± 11.7  g  m−3) (F = 8.1, P = 0.022). However, the sig-
nificant water regime × diameter class interaction (F = 2.6, 
P = 0.079) indicated that root biomass was significantly higher 
under rewetting for the <1 mm (Tukey HSD, P = 0.005) and 
1–2  mm classes (Tukey HSD, P = 0.036), but not for the 
2–5  mm class (Tukey HSD, P = 0.085). Diameter class also 
had a significant effect on root biomass (F = 29.1, P < 0.001). 
Roots belonging to the <1 mm diameter class had the highest 
biomass and made up 51 % of the total root biomass sampled. 
Root biomass of the 1–2 mm diameter class was the lowest and 
accounted only for 14 % of the total root biomass. Biomass of 
the <1 mm fine roots (rewetted, 103.4 ± 41.0 g m−3; drained, 
29.5 ± 5.1 g m−3) was 3 times as high as the 1–2 mm fine roots 
(rewetted, 25.3 ± 6.7  g  m−3; drained, 9.8 ± 2.4  g  m−3; Tukey 
HSD, rewetted P < 0.001, drained P = 0.004), but showed 
no significant difference from the 2–5  mm roots (rewetted, 
63.7 ± 14.0 g m−3; drained, 27.7 ± 7.0 g m−3). Root biomass dif-
fered significantly with depth (F = 9.6; P < 0.001), but we also 
found a significant water regime × depth (F = 2.9, P = 0.025) 
and a diameter class × depth (F = 5.5, P < 0.001) interaction. 
Root biomass was higher at the rewetted site than at the drained 
site from soil surface to 40  cm depth, but not at 40–50  cm, 
where there were no clear differences between water regimes 
(Tukey HSD, P = 0.209; Fig. 4). Root biomass of the diameter 
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class <1 mm was higher in shallow depths and declined with 
increasing depth (Fig. 4A), while roots of the 1–2 mm class 
showed no clear difference along the soil profile (Fig. 4B), and 
roots of 2–5 mm diameter slightly increased with increasing 
depth (Fig. 4C; Supplementary Data Table S3).

Specific root area

Diameter class had a significant effect on SRA (F = 110.1, 
P < 0.001). Roots of the diameter class 1–2 mm had the highest 
SRA (drained, 460 ± 51  cm2  g−1; rewetted, 178 ± 49  cm2  g−1), 
followed by the 2–5  mm roots (drained, 260 ± 14  cm2  g−1; 
rewetted, 97 ± 27 cm2 g−1) and the <1 mm roots with the lowest 
SRA (drained, 46 ± 3 cm2  g−1; rewetted, 75 ± 9 cm2  g−1). Water 
regime had a significant effect on SRA, which was higher in the 
drained site than in the rewetted site (F = 21.5, P = 0.002; Fig. 5). 
However, the significant water regime × diameter class interaction 
(F = 37.7, P < 0.001) showed that the drained site had significantly 
higher values for the 1–2 and 2–5 mm diameter classes (Tukey 
HSD, 1–2  mm P = 0.007, 2–5  mm; P = 0.001), but not for the 
<1 mm roots (in this case there was only a trend towards larger 
values under rewetting; Tukey HSD, <1  mm, P = 0.062). The 
SRA of the diameter class <1 mm was significantly lower than 
that of the diameter classes 1–2 mm (Tukey HSD, P < 0.001) and 
2–5 mm (Tukey HSD, P < 0.001) in the drained site, while the 
SRA in the rewetted site did not differ between diameter classes. 
Soil depth had a significant effect on SRA (F = 3.3, P = 0.013, 
Supplementary Data Fig. S2). SRA was highest shallow soil layers 
(0–10 cm) and decreased with increasing depth.

Root age

Out of the 90 initial root samples for root age analysis, ten were 
discarded due to damage during preparation and/or uncertainties 
in the ring counting. In addition, measurements of the exact root 

diameter were only performed in 60 roots, since the bark was re-
moved or damaged during section preparation and thus could not 
be accounted for. Root age generally increased with diameter class 
(F = 33.3, P < 0.001; Fig. 6), but did not differ significantly be-
tween the rewetted and drained sites (F = 0.0, P = 0.994). The 
actual measured diameter of roots (not diameter class) explained 
44 % of the variance in root age for the drained site (R2 = 0.44, 
F

1,26
 = 20.7, P < 0.001; Supplementary Data Fig. S3), and 55 % of 

the variance in root age for the rewetted site (R2 = 0.55, F
1,30

 = 37.1, 
P < 0.001; Supplementary Data Fig. S3). The low R2 values are re-
lated to the relatively wide range of age (zero to four growth rings) 
in roots of smaller diameter classes (<1 and 1–2 mm) regardless of 
their measured diameter (Supplementary Data Fig. S3). Mean root 
age was 2.1 ± 0.3 years for the <1 mm class, 2.9 ± 0.2 years for the 
1–2 mm class and 5.5 ± 0.5 years for the 2–5 mm diameter class.
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DISCUSSION

Effects of water regime on root biomass distribution versus 

functional characteristics

Alnus glutinosa showed higher root biomass in the rewetted 
than in the drained site in almost the entire sampled soil profile, 
from 0 to 40 cm. The rewetted site is characterized by longer 
periods with high water table levels above the surface, while 
the drained site is characterized by longer periods in which the 
water table falls below the soil surface (Fig.  2A) leaving the 
rhizosphere exposed to oxygen. In addition, plant-available 
soil N concentration at the drained site was higher than at the 
rewetted site (Fig.  3A). High soil N concentrations are often 
found in degraded forest peatlands due to their high decompos-
ition rates after aeration of the soil caused by drainage (Laiho, 
1998; Nieminen et  al., 2017). When A.  glutinosa is growing 
under waterlogged conditions in anaerobic soils, oxygen may 
enter the stems through enlarged lenticels, and is transported 
via aerenchyma (i.e. tissue containing enlarged gas spaces) to 
roots (McVean, 1956; Schröder, 1989a, b; Machacova et  al., 
2013). This adaptation to water-saturated conditions enables 
the tree to transport oxygen into the otherwise anoxic rhizo-
sphere, allowing root growth deep into waterlogged soils 
(Evans, 2004; Voesenek et  al., 2006; Colmer and Voesenek, 
2009) and explains why root growth of A. glutinosa is not nega-
tively affected by waterlogging. We were not able to identify 
aerenchyma in our samples of A. glutinosa roots because, as 
in many species with secondary growth (Philipson and Coutts, 
1980; Wang and Cao, 2012), this tissue is found in the root 
cortex (Schweingruber et  al., 2013), which was not properly 
preserved in our xylem-focused preparations. The ability of 
Alnus species to form symbiotic relationships with Frankia 
and to fix N is also an important feature that improves growth 
and facilitates nutrient uptake in N-poor conditions (Barea and 

Azcon-Aguilar, 1983; Orfanoudakis et  al., 2010). Previous 
studies on A. glutinosa found that high N concentrations (in the 
form of NO

3
− or NH

4
+) reduce nodule initiation and growth as 

well as nitrogenase activity, since sufficient amounts of N are 
available for the trees and thus reduce the need for the symbi-
otic N-fixation (Bond et  al., 1954; Huss-Danell et  al., 1982; 
Gentili and Huss-Danell, 2003). Furthermore, a study on Alnus 
maritima showed that nodule growth and nitrogenase activity 
are inhibited in soils with low oxygen concentrations (Dawson, 
1978; Kratsch and Graves, 2005). The increased root biomass 
in the rewetted site might be related to the lower oxygen con-
centrations under waterlogging, which might reduce nodule 
activity, forcing the tree to rely more on nutrient acquisition 
through roots. Since the rewetted site has lower N concentra-
tions, more roots would be needed to fulfil the nutrient require-
ments. Additionally, the larger root biomass under rewetting 
could be linked to the need to oxidize the rhizosphere by re-
leasing oxygen from the root tips to facilitate nutrient uptake in 
anoxic soil conditions (Wötzel, 1997).

The very fine root compartment (<1  mm) had the highest 
biomass compared with the 1–2 mm fine roots and the 2–5 mm 
coarse roots in both sites. Despite the larger biomass of the very 
fine roots <1 mm at the rewetted site, their functional character-
istics did not differ between sites (although the small trend of 
higher SRA in the rewetted site could be related to a higher pro-
portion of aerenchyma tissue in these roots; Fig. 5). Therefore, 
A. glutinosa seems to respond to rewetting by increasing bio-
mass investments in very fine roots <1 mm rather than modi-
fying their functional characteristics. Biomass of 1–2 mm fine 
roots was also significantly higher in the rewetted site than in 
the drained site, but that of the 2–5 mm coarse roots did not 
differ between water regimes (Fig. 4B, C). The SRA, however, 
was significantly higher in the drained site for these two diam-
eter classes (Fig. 5). Therefore, while biomass of the very fine 
roots <1 mm was higher in the rewetted site, but showed almost 
no change in functional characteristics, we found the opposite 
pattern for the 2–5 mm coarse roots (no difference in root bio-
mass between the two water regimes, but a significantly lower 
SRA in the rewetted site; Fig. 5). The large differences in SRA 
between diameter classes within the drained site, but not in the 
rewetted site, might be explained by the larger fluctuations in 
the water table in the drained site (Fig. 2A). These fluctuations 
may have large effects across the depth profile and as a result 
affect roots differently, since the distribution of diameter classes 
changes within this profile. The differences in SRA between the 
<1 mm and 1–2 mm roots suggest potential functional differ-
ences even between these small-diameter roots in A. glutinosa 
under fluctuating water table levels. Our findings indicate that 
in the drained site plants invested proportionally less resources 
in mass for roots of 1–5 mm (Supplementary Data Fig. S4A), 
while plants in the rewetted site invested proportionally more 
in mass (Supplementary Data Fig. S4B), resulting in a signifi-
cantly higher SRA at the drained site. In fact, we would have 
expected to find lighter roots with higher SRA in the rewetted 
site due to a higher need for aerenchyma tissue under (seasonal) 
flooded conditions. Very fine roots <1 mm showed a tendency 
in this direction, but the observed opposite pattern for the fine 
(1–2 mm) and coarse (2–5 mm) roots is difficult to explain con-
sidering the higher aeration and the higher nutrient content at 
the drained site. Roots with higher SRA or SRL are not just 
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expected to have higher resource acquisition efficiency, but also 
higher respiration rates and shorter lifespan, thus impacting 
soil C cycling (Makita et al., 2012; McCormack et al., 2012; 
Bardgett et al., 2014). Our findings indicate that rewetting not 
only supports the peatland function as C sink by enabling the 
system to sequester more C in form of root biomass, but also 
might lead to lower respiration rates of roots with a lower SRA 
in the rewetted state.

Depth distribution and root age determine C input into the soil

Biomass distribution throughout the depth profile varies, 
mirroring the change in soil properties with soil depth (e.g. 
oxygen content, soil moisture, bulk density, temperature, nu-
trient availability or soil texture) (Schenk and Jackson, 2005). 
With increasing soil depth, root biomass decreased for very fine 
roots <1 mm (Fig. 4A), did not change for 1–2 mm fine roots 
(Fig.  4B) and increased for 2–5  mm coarse roots (Fig.  4C). 
Similar results were previously found for other temperate tree 
species from drier sites (i.e. Acer saccharum, Fagus grandifolia 
and Betula alleghaniensis), where roots <2 mm in diameter were 
more concentrated in shallow soil layers compared with 2–5 mm 
roots (Yanai et al., 2008). Comparable results were also found for 
Quercus serrata, where the biomass of roots <0.5 and 0.5–1 mm, 
but not that of 1–2 mm roots, decreased with soil depth (Makita 
et al., 2011). In our study, very fine roots <1 mm made up 51 % 
of the total root biomass, with the highest proportion in the 
shallow soil layers (0–10 and 10–20 cm). These results reflect 
previous accounts of the root system of A. glutinosa, with hori-
zontal nutrient-absorbing roots growing at the surface (McVean, 
1953, 1956), where higher oxygen and nutrient availability fa-
cilitate the uptake of nutrients (Gill and Burke, 2002). Our water 
table measurements show that the upper soil layers experienced 
the lowest number of water-saturated days (i.e. days when water 
was above the soil surface, so the rhizosphere could be con-
sidered as completely flooded) compared with the deeper soil 
layers (Supplementary Data Table S2). Accordingly, there were 
also longer periods with higher oxygen availability in the surface 
layers than in the lower soil depths in our study sites.

We found that root diameter explained a significant pro-
portion of variance in root age (Supplementary Data Fig. S3) 
and very fine roots <1  mm were the youngest, on average 
2.1 ± 0.3  years. Our age estimations of fine roots are in line 
with previous findings showing that the mean chronological 
age of fine roots in temperate and boreal forests usually ranges 
between 1 and 3  years (Solly et  al., 2018). Since these fine 
and young roots in our alder stands made up half of the total 
root biomass proportion and are mainly located in soil depths 
0–20 cm, we can assume that turnover rates of roots and nutri-
ents are higher in these shallow layers than in deeper soil layers, 
where the proportion of larger and older coarse roots (2–5 mm) 
is higher. This pattern coincides with previous findings that 
fine roots <0.5 mm and, in general, those near the surface have 
a more rapid turnover than 0.5–2 mm roots and deeper roots 
in a mature hardwood forest dominated by Quercus species 
(Joslin et al., 2006). Furthermore, respiration rates of fine roots 
(≤2 mm) are much higher and more variable than those of larger-
diameter roots of broad-leaved forests (Pregitzer et al., 1998; 

Makita et al., 2012). High root respiration is a major source of 
CO

2
 efflux from forests soils (Valentini et al., 2000) and can 

account for up to 41% in afforested peatlands (Mäkiranta et al., 
2008). Thus, a higher biomass allocation to fine roots compared 
with larger roots could drive changes in soil C storage and nu-
trient cycling through greater C inputs into a more dynamic 
C compartment, and could counteract to some extent the in-
creased C sink through biomass inputs with rewetting.

Our findings that larger-diameter roots (2–5 mm) are more 
abundant at deeper depths matches previous findings in broad-
leaved temperate forests (Wells and Eissenstat, 2002; Makita 
et al., 2011). Their longer lifespan (Wells and Eissenstat, 2002; 
Guo et  al., 2008) seems to compensate for the higher C in-
vestment per root area/length compared with smaller-diameter 
roots (Eissenstat and Yanai, 1997). The deeper soil layers are 
more likely to be at least seasonally water-saturated in these 
forest peatland ecosystems (Fig. 2A) and the low oxygen avail-
ability under anoxic soil conditions impedes decomposition of 
roots (Moore et al., 2007). More C invested in larger, longer-
living roots with slower turnover rates in combination with 
lower decomposition rates due to anoxic conditions favours a 
slower cycling of C in deeper soil layers.

Conclusions

The highest proportion of roots up to 5 mm in A. glutinosa 
is made up of very fine roots of <1 mm. Alnus glutinosa in-
creased investments in very fine roots <1 mm under rewetting 
rather than altering the root functional characteristics, while 
coarse roots of 2–5 mm showed the opposite response. These 
contrasting patterns in biomass versus functional traits under 
rewetting underline the differences between fine and coarse 
roots, not only in size, but also in their functional response 
to environmental changes. In addition, the large differences 
found in SRA between diameter classes within the drained 
site, which has larger water table fluctuations, emphasize the 
importance of the water regime with respect to root structure 
and function. The combination of root age determination and 
root biomass distribution in diameter classes and depths indi-
cates higher rates of C turnover in shallow soil layers (<20 cm) 
in both sites, and higher below-ground C investments in the 
rewetted site. Rewetting of forest peatlands supports their 
function as a C sink by enhancing renewed C sequestration in 
the form of root biomass, which is another piece of evidence 
supporting peatland rewetting for climate change mitigation 
strategies.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: data on 
the trees next to which soil cores were taken in the drained 
and rewetted alder stands. Table S2: abiotic parameters for the 
drained and rewetted alder stands. Table S3: results of Tukey’s 
HSD comparison of root biomass of A. glutinosa. Figure S1: 
gravimetric water content in the rewetted and drained alder 
forest stands. Figure S2: SRA across the depth profile. Figure 
S3: relationship between measured root diameter and age of 
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roots sampled at depth 10–20 cm in the rewetted and drained 
alder forest stands. Figure S4: total root area in relation to total 
root mass of roots.
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manuscripts contributing to this thesis and the primary data as it is stored on the primary 

data server. 
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