
 

 

Dissertationes Forestales 364 

 

 

 

 

 

 

The hidden carbon fluxes — unearthing root-related 

processes in boreal peatland forests 
 

 

 

 

 

 
 

 

 

 

Wei He 

 

Department of Forest Sciences 

Faculty of Agriculture and Forestry 

University of Helsinki 

 

 
 

 

 

 

 

 

 

Academic dissertation 
 

To be presented, with the permission of the faculty of Agriculture and Forestry of the 

University of Helsinki, for public examination in Forest Sciences building, Raisio Hall (B2) 

(Latokartanonkaari 7, Helsinki) on 4 April 2025, at 13 o'clock.   



2 
 

Title of dissertation: The hidden carbon fluxes — unearthing root-related processes in boreal 

peatland forests 

Author: Wei He 

 

Dissertationes Forestales 364 

https://doi.org/10.14214/df.364 

 

© Author 

Licenced CC BY-NC-ND 4.0 

 

Thesis Supervisors: 

Senior Scientist Dr. Päivi Mäkiranta  

Natural Resources Institute Finland (Luke), Finland  

 

Professor Dr. Raija Laiho 

Natural Resources Institute Finland (Luke), Finland  

 

University Researcher Dr. Paavo Ojanen 

Department of Forest Sciences, University of Helsinki, Finland 

 

Pre-examiners: 

Dr. Avni Malhotra  

Pacific Northwest National Laboratory, USA  

 

Assistant Professor Dr. Brian Tobin  

University College Dublin, Ireland 

 

Opponent: 

Professor Dr. Ivika Ostonen  

Department of Geography, Institute of Ecology and Earth Sciences, University of Tartu, 

Tartu, Estonia 

 

ISSN 1795-7389 (online) 

ISBN 978-951-651-818-6 (pdf) 

 

Publishers: 

Finnish Society of Forest Science 

Faculty of Agriculture and Forestry of the University of Helsinki  

School of Forest Sciences of the University of Eastern Finland 

 

Editorial Office: 

Finnish Society of Forest Science 

Viikinkaari 6, 00790 Helsinki, Finland 

 https://www.dissertationesforestales.fi 

 

  

https://doi.org/10.14214/df.364
https://creativecommons.org/licenses/by-nc-nd/4.0
https://www.dissertationesforestales.fi/


3 
 

 
 

He W. (2025) The hidden carbon fluxes — unearthing root-related processes in boreal 

peatland forests. Dissertationes Forestales 364. 44 p. https://doi.org/10.14214/df.364 

 
 
ABSTRACT 
 
 
Fine-root production (FRP) and decomposition are critical processes influencing element 

cycling and carbon (C) balance in boreal peatlands. The aim of this thesis was to estimate 

FRP across various peatland forests, examine the patterns in, and develop statistical models 

for estimating, the relationships between FRP and stand and site characteristics, as well as 

climate variables (I); and to quantify fine-root decomposition rates in various types of drained 

peatland forests and compare them with corresponding rates in mineral-soil forests (II). 

FRP was measured using ingrowth cores, covering the 0−50 cm peat profile across 28 

drained peatland forest sites in Finland (I). Total site-level FRP values ranged from 30 to 473 

g m−2 year−1 of dry mass, with an average of 120 g m−2 year−1, with 76–95% occurring in the 

0−20 cm soil layers. Total FRP showed significant variation across different site types and 

generally declined with decreasing fertility, except for the most fertile site type. Additionally, 

total FRP tended to be higher in sites with a deeper water table (WT). Stand basal area was 

the best predictor of total FRP, explaining 16% of the variation at the stand-level. A model 

incorporating stand basal area and site type explained 47% of the variation in total FRP. 

Fine-root decomposition was studied using litterbags containing roots from three 

dominant tree species (Pinus sylvestris, Picea abies, Betula pubescens) and one fern species 

(Dryopteris carthusiana), covering the 0−30 cm soil profile in six drained peatland and four 

mineral-soil forest sites in Finland (II). Fine-root decomposition showed significant variation 

with soil type and nutrient regime. On nutrient-poor sites, the decomposition of fine roots 

was slower in peat soils compared to corresponding mineral-soil sites, while the opposite was 

observed in nutrient-rich sites. Consequently, fine-root decomposition was fastest in nutrient-

rich peat soils. Sampling depth and root diameter also influenced decomposition rates, with 

slower rates in deeper soil layers and for larger diameter roots. Among the tree species, P. 

abies had the slowest decomposition rate.  

In conclusion, FRP varied significantly across site types, with higher production observed 

in deeper WT sites and nutrient-rich conditions, while stand basal area emerged as a key 

predictor. Fine-root decomposition was influenced by soil type and nutrient regime, root 

diameter, and sampling depth, with faster decomposition in nutrient-rich peat soils and slower 

rates in deeper layers and for larger roots. These findings provide valuable insights into the 

interactions between fine-root dynamics and site-specific characteristics, contributing to a 

better understanding of C cycling in drained peatland forests. 

 

 

Keywords: fine-root production (FRP); fine-root decomposition; drained peatland forests; 

ingrowth-cores; litterbag  
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1 INTRODUCTION 
 
 
1.1 Background 

 

Peatland ecosystems are the carbon (C) hotspots of our planet, encompassing approximately 

3% of the land surface but containing approximately 33% of all soil C (Page et al. 2011; Xu 

et al. 2018). The C pool in peat is the result of a relatively small imbalance between 

production and decay. In northern peatlands, high water-table (WT) level, which creates 

anoxic conditions, accompanied with low soil temperatures are considered the major causes 

for the imbalance. This has resulted in peatlands functioning as a C sink from the atmosphere 

(Gorham 1991; Schulze and Freibauer 2005). Based on a review of different methods in the 

literature, the best estimate for C stored in northern peatlands is 500 ± 100 gigatons of C (GT 

C) (Yu 2012). The C sequestration capacity of peat soils is altered by climate and land-use 

change, e.g. forestry and shaped by the site and environmental characteristics of peatland 

ecosystems.  

A significant portion of peatlands, especially in the boreal regions of Europe, has been 

drained for forestry purposes. In Finland, peatlands (both pristine and drained) account for 

35% (9.1 million ha) of the forest land area, with approximately 4.9 million ha consisting of 

drained peatland forests (Kulju et al., 2023). Lowering of WT accelerates forest succession 

in peatland sites, gradually shifting biomass and nutrient cycles from ground vegetation 

dominance to tree dominance in two decades (Laiho et al. 2003). Simultaneously, the quantity 

and quality of both above- and below-ground litter, along with the location (depth distribution) 

of below-ground litter, differ significantly after WT drawdown compared to those in pristine 

conditions (Laiho et al. 2003; Murphy et al. 2009b; Straková et al. 2010). In pristine peatlands, 

Sphagnum mosses, sedges and shrubs are the major litter sources. After drainage, the tree 

stand, especially its foliage and fine roots, becomes the major litter source (Laiho et al. 2003). 

Fine roots, typically defined as roots less than 2 mm in diameter, contribute significantly 

to the annual NPP of vascular plants in peatlands, accounting for an estimated 25% to 75% 

of annual NPP (Reader and Stewart 1972; Backeus 1990; Weltzin et al. 2000; Wang et al. 

2003; Bond-Lamberty et al. 2004; Wieder 2006). In boreal sedge fens, approximately 90% 

of the plant biomass is allocated to below-ground plant parts (Sjörs 1991; Saarinen 1996, 

1998). Due to the high belowground allocation of plant material, decomposition of fine roots 

contributes greatly to C and nutrient turnover in the soil. Logically, lowered WT with the 

consequent increase in oxygen availability in the surface soil may be assumed to result in 

accelerated decomposition. However, the production and decomposition of fine roots remain 

poorly understood compared to aboveground processes, leading to significant uncertainties 

in determining whether these drained peatland forests are sinks or sources of C to the 

atmosphere (Ojanen et al. 2014). 

The gap in our knowledge largely stems from methodological holdbacks. Measuring fine-

root production (FRP) and decomposition often requires disturbing the system to some extent, 

which can influence the outcome (Milchunas 2009), and is very time-consuming. While fine 

root dynamics in mineral-soil forests are increasingly well understood (Hansson et al. 2013; 

Herzog et al. 2014; Leppälammi-Kujansuu et al. 2014; McCormack et al. 2014; Smith et al. 

2014), the major constraints for ecosystem functioning (e.g., temperature, moisture, and  
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Figure 1. Simplified carbon (C) flow in peatland forests. The Roman numerals in parentheses 

indicate the specific topics of the two main studies comprising this thesis. 

 

 

nutrient availability), as well as the soil physical, chemical and biological properties 

fundamentally differ between peat and mineral soils (Westman and Laiho 2003; Päivänen 

and Hånell 2012), so the patterns of C allocation belowground are likely to differ as well. 

This study aims to examine the production and decomposition of fine roots in boreal peatland 

forests (Figure 1), focusing on how these C fluxes depend on site and environmental 

characteristics. 

 

 

1.2 Fine-root production (FRP) 

 

1.2.1 Factors controlling FRP 

 

The production of fine roots in forest ecosystems is influenced by stand and site characteristic, 

as well as climatic variables, such as plant species, root biomass, latitude, mean annual air 

temperature, and precipitation (Yuan and Chen 2010; Finér et al. 2011b, a). Generally, higher 

annual air temperatures and precipitation promote FRP, and these two climatic variables are 

closely correlated with each other and with latitude (Yuan and Chen 2010; Finér et al. 2011b). 

However, the relationships between FRP and latitude, temperature, and precipitation explain 

less than 45% of the observed variation in FRP, as these relationships are strongly affected 

by data grouping, such as by tree species or stand age (Yuan and Chen 2010; Finér et al. 

2011b, a).  

Stand characteristics have been found to account for more variation in FRP than 

environmental variables (Finér et al. 2011b). There is a strong positive relationship between 
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FRP and fine-root biomass (FRB) in boreal and cold temperate forests (Li et al. 2003; Chen 

et al. 2004). FRB has been shown to be strongly and positively correlated with stand 

characteristics, mainly with stand basal area (Helmisaari et al. 2007; Finér et al. 2011a; 

Lehtonen et al. 2016). 

Moreover, soil properties such as soil nutrient regime can also affect FRP (Nadelhoffer 

2000; Yuan and Chen 2010, 2012), and these effects on FRP may be specific to stand type or 

tree species. Different tree species or plant functional types (PFTs) in peatlands may exhibit 

varying rooting patterns and depths, which reflect their adaptation to specific site conditions 

(Ruseckas 2000; Bhuiyan et al. 2017). 

 

1.2.2 FRP in drained peatland forests 

 

Due to the lack of information concerning peatland forests, it is still common to generalize 

patterns observed in mineral-soil forests in ecosystem and earth models (Yuan and Chen 2010; 

Lehtonen et al. 2016). Since the major constraints for ecosystem functioning—temperature, 

moisture, and nutrient regimes—along with the physical, chemical, and biological properties 

of peat soils, differ fundamentally from those of mineral soils (Westman and Laiho 2003; 

Päivänen and Hånell 2012), the patterns of FRP are also likely to differ. 

Boreal forest ecosystems in northern regions have a cold climate that likely restricts the 

availability of nitrogen (N) and thus fine root growth (Nadelhoffer 2000; Rasse 2002). In 

contrast to mineral soils, peat soils have a higher N content but less mineral nutrients 

(Westman and Laiho 2003; Päivänen and Hånell 2012). Therefore, especially at the most N-

rich sites, the availability of N should be favourable, but higher FRP may be required to 

explore for mineral nutrients such as phosphorus (P) or potassium (K) that are often scarce 

in peat soils (Westman and Laiho 2003). The limited observations in peatland forests 

available so far suggest that total FRP is greater in more nutrient-rich sites (Finér and Laine 

1998; Bhuiyan et al. 2017). But the FRP patterns of individual species may differ from the 

pattern in total FRP. For example, Scots pine may produce fewer fine roots in peatland forests 

when the soil nutrient regime is better (Finér and Laine 1998; Finér and Laine 2000; Bhuiyan 

et al. 2017). In peatlands, even when drained, we also need to consider the WT, which largely 

determines the soil volume where aerobic processes can take place, and is thus a major factor 

controlling ecosystem structure and function in these sites (Murphy et al. 2009a; Peltoniemi 

et al. 2009; Murphy and Moore 2010). A meta-analysis of seven studies (65 observations) 

showed that warming (0–9.0°C) and WT drawdown (4.0–62.5 cm) significantly increased 

FRB in boreal peatlands, with PFTs being a stronger predictor of FRB than treatment 

magnitude (Bucher et al. 2023). 

In peatlands, different species or PFTs may have different rooting patterns and rooting 

depths (Ruseckas 2000; Bhuiyan et al. 2017; Proctor and He 2019). FRB was the most 

significant factor explaining the variation in FRP, and more so at the tree level than at the 

stand level, explaining 53% of the variation in FRP for trees at the tree level in forest 

ecosystems (Finér et al. 2011b). Based on a compilation of tree FRB (diameter < 2 mm) data 

from 95 Finnish forest stands, Lehtonen et al. (2016) developed models for estimating FRB 

of mineral-soil and drained peatland forests and found that basal area of forest stand was a 

better predictor of FRB than any other stand variable alone. However, it is still unclear 

whether stand characteristics, such as basal area of forest stand can be utilized to estimate 

FRP in peatland forests. 
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1.2.3 How to measure FRP? 

 

Sequential soil coring, ingrowth core and minirhizotron are major methods for measuring the 

FRP, but no one method is ideal for all ecosystems or study purposes (Milchunas 2009, 2012). 

Sequential soil coring is simple and effectively captures spatial and temporal heterogeneity 

in FRB distribution over large scales (Makkonen and Helmisaari 1999). FRP can be 

calculated from sequential soil coring data using various approaches, including summing 

changes in living and dead root biomasses and accounting for decomposition (Finér and 

Laine 1998). However, obtaining accurate results requires a large number of core samples, 

and the extensive processing time makes this method costly and impractical for highly 

replicated experiments (Addo-Danso et al. 2016). Minirhizotrons, in which clear plastic tubes 

are inserted into the ground at an angle and then photographed along the top of the tube at a 

known distance (Milchunas 2012), are widely regarded as the most effective method for 

estimating root lifespan and turnover (Johnson et al. 2001). However, they require time-

intensive image analysis, additional data to calculate area-based production estimates, and 

are impractical for use in large-scale inventories. Ingrowth core method involves installing 

mesh cores filled with root-free soil to holes cored in the ground, recovering them after a set 

period, and separating and weighing the roots that have grown in and represent production 

during the incubation period. This method is the most commonly used due to the relatively 

low costs of the equipment required, and the results can be readily interpreted. However, it 

may introduce biases in absolute root production estimates, though it is generally reliable for 

relative comparisons (Milchunas 2009, 2012). 

All methods for estimating FRP require the separation of fine roots from the soil and are 

subject to biases in that procedure (Milchunas 2012). Separating fine roots from soil and 

distinguishing between live and dead roots as well as the species identification of fine roots 

are arduous; especially so when it comes to peat soils that solely consist of plant remains, 

including roots, at various stages of decay (Sjörs 1991). And fine roots from different tree 

species and plant functional type species co-occur in the same layer and exhibit similarities 

in shape and color, making visual identification unreliable. Infrared spectroscopy has been 

shown to be an effective method for identifying species composition within simple root 

mixtures (Roumet et al. 2006; Lei and Bauhus 2010; Straková et al. 2020). If the relationships 

between FRP and more easily measurable stand and site variables could be identified, it 

would make an important contribution to improve soil C stock change estimation in GHG 

inventories and for future predictions. 

 

 

1.3 Fine-root decomposition 

 

1.3.1 Below ground decomposition and controlling factors 

 

The decomposition of plant tissues in terrestrial ecosystems regulates the transfer of C and 

nutrients to the soil and is a major source of CO2 to the atmosphere. Although most previous 

decomposition studies have focused on above-ground litter, isotopic analyses and 

assessments of root and shoot biomarkers suggest root-derived C is retained more efficiently 

in soils and microorganisms than are C inputs from above-ground litter (Kramer et al. 2010; 

Mendez-Millan et al. 2010). Unlike above-ground litter (e.g. foliage and stems), which 

decomposes on or close to the soil surface, root decomposition products are more effectively 

incorporated into soil aggregates and more readily adsorbed onto mineral surfaces (Rasse et 
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al. 2005; Sanaullah et al. 2011). Consequently, below-ground litter, comprising dead roots, is 

a major source of soil organic matter, the largest terrestrial pool of C (Schmidt et al. 2011). 

Litter decomposition is driven by abiotic and biotic factors, including climate, litter 

quality and soil organisms (Krishna and Mohan 2017; Ge et al. 2023). Models of above-

ground litter decay generally suggest that climate is the primary predictor of decomposition 

rates, with litter quality playing a secondary but important role (Aerts 1997; Gholz et al. 2000; 

Trofymow et al. 2002). Because climate is considered a primary controller of the activity of 

decomposers, few studies have assumed that soil decomposers are direct factors influencing 

decomposition rates at the regional scale (Bradford et al. 2016). However, the decomposition 

of roots does not always follow the same patterns as above-ground litter (Silver and Miya 

2001; Hobbie et al. 2010), largely due to differences in the chemical composition of both 

litter types (Kögel-Knabner 2002), and because above-ground litter experiences different 

environmental conditions compared to belowground litter (Hobbie et al. 2010). Previous 

studies comparing root and leaf chemical features showed that roots have higher 

concentrations of lignin, and the lower lignin content in leaves is frequently cited as the main 

factor for their rapid decomposition (Fujimaki et al. 2008). 

 

1.3.2. Fine-root decomposition in drained peatland forests 

 

While most fine roots are found relatively close to the soil surface in both boreal peatland 

and mineral-soil forests (Yuan and Chen 2010; He et al. 2023; Lampela et al. 2023), they may 

extend down to about 60 cm (Schenk and Jackson 2002). The temperature and moisture 

conditions may differ markedly in the depth range where root decomposition takes place, 

likely regulating the decomposition rate. In the 0–10 cm soil layers, roots decompose more 

quickly due to favorable conditions for microbial activity, including higher temperatures, 

greater nutrient availability, and increased oxygen levels. These factors enhance microbial 

breakdown of organic material, resulting in faster root decay near the surface. In contrast, 

deeper soil layers (below 10 cm) experience slower decomposition, possibly due to limited 

oxygen and nutrient availability, which are thought to be essential for microbial degradation 

(Silver and Miya 2001). Studies in both peatlands (Jackson et al. 2009; Steinweg et al. 2018) 

and mineral-soil forests (Herold et al. 2014; Han et al. 2019) have shown that microbial 

biomass and extracellular enzyme activity, both critical for decomposition, decrease with 

increasing soil depth.   

Peat soils have a distinct nutrient regime compared to mineral soils, with significantly 

higher N content but lower levels of mineral nutrients (Westman and Laiho 2003). While the 

higher N concentration in peat soils may promote faster decomposition because of higher 

microbial activities, the better aeration of the drier mineral soils may promote effective 

decomposition due to higher oxygen availability (Abdul Rahman et al. 2021). However, to 

our knowledge, only three studies on fine-root decomposition have been conducted in drained 

peatlands (Domisch et al. 2000; Laiho et al. 2004; Bhuiyan et al. 2023). Moreover, fine-root 

decomposition rates have not been compared between peatland and mineral-soil forests and 

overall, such comparisons are scarce but indicating that foliar litter decomposes more slowly 

in peatland compared to mineral-soil forests (Moore et al. 2005; Moore et al. 2008). In 

peatland ecosystems, even drained ones, the WT largely determines the soil volume where 

aerobic processes, such as FRP and decomposition, can occur. Decomposition rates may 

decrease down the soil profile when approaching anoxic conditions, but in some studies it 

has been suggested that the decomposition rate may be at its highest close to the WT, 

especially in relatively dry peatlands (Laiho 2006). On the other hand, lack of moisture may 
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not as likely restrain decomposition in peatlands as in the surface layers of the drier mineral-

soil forests, even though such a pattern has been recognized also for drained peatland forests 

(Lieffers 1988; Laiho et al. 2004).  

In oxic soil layers, the rate of organic matter decomposition is largely determined by litter 

quality, including its chemical composition and physical structure (Straková et al. 2012). 

Litter quality in turn is dependent on the plant species or plant functional type (Straková et 

al. 2010; Smith et al. 2014). In global scale, the decomposition rate of graminoid species is 

the fastest, followed by that of broadleaf tree roots and then conifer tree roots (Silver and 

Miya 2001). Root diameter also changes the physical and chemical properties of litter that 

regulate the decomposition process (Usman et al. 2000; Zhang and Wang 2015). Among tree 

roots, the distal small-diameter lateral branches comprising first- and second-order roots 

(Pregitzer et al. 2002; Guo 2008) lack secondary (wood) development (Guo 2008). Moreover, 

first- and second-order roots have higher N concentrations (Pregitzer et al. 2002; Guo et al. 

2004) and shorter life spans (Guo et al. 2008a; Guo et al. 2008b) than higher order roots. 

Therefore, finer (lower order) roots are expected to decompose more rapidly than coarser 

(higher order) woody roots (reviewed in (Hishi 2007)). 

 

1.3.3. How to measure fine-root decomposition? 

 

The litterbag method involves incubating litter in mesh bags and measuring its mass over a 

certain period to estimate decomposition rates. Although the reliability of litterbags has been 

questioned because the process of their preparation requires the separation of fine roots from 

soil and rhizosphere communities, as well as the washing and drying of live fine roots before 

field incubation (Dornbush et al. 2002; Beidler and Pritchard 2017), the method is simple, 

cost-effective, applicable to all forest types, and capable of assessing decomposition rates for 

individual species (Li et al. 2022). Consequently, litterbags have become the most commonly 

used method for estimating litter decomposition rates in forest ecosystems (Prescott 2005; 

Harmon et al. 2009; See et al. 2019). The intact core method has been considered an enhanced 

alternative to the litterbag method (Dornbush et al. 2002). This approach assesses fine-root 

decomposition rates by sampling cores from field soils, which are enclosed in plastic sleeves, 

installed in situ, and periodically resampled. However, due to the stringent requirements for 

soil homogeneity and the substantial labour demands, the intact core method is rarely applied 

(Sun et al. 2013). 

Most of litterbag studies have been of short duration. A survey of the duration of exposure 

of litterbag studies in temperate, boreal and subarctic ecosystems showed that most (69%) 

were of 1 to 2 years in duration, 84% were 3 or fewer years, and only 5% were exposed for 

more than 5 years (Moore et al. 2017). There are few studies on fine-root decomposition in 

boreal peatlands (Domisch et al. 2000; Richert et al. 2000; Thormann et al. 2001; Laiho et al. 

2004; Bérubé and Rochefort 2018; Bhuiyan et al. 2023), and all of them have used the litter-

bag method over an incubation period of 1 to 2 years. These short durations, however, may 

not adequately reflect the long-term decomposition process, especially in colder soils where 

decomposition progresses more slowly. This raises concerns about the extent to which short-

term incubations represent long-term litter decomposition. 

Litter mass loss rates are frequently estimated using single-exponential decay curves 

(Olson 1963), which enables the prediction of long-term decay rates from short-term studies. 

However, long-term experiments have shown that the rate of decomposition may decelerate 

in the later stages, deviating from what can be effectively captured by a single-exponential 

decay curve (Berg et al. 2001; Trofymow et al. 2002; Moore et al. 2005). Harmon et al. (2009) 
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showed that after 10 years of decomposition, the double-exponential and asymptotic models 

had superior statistical and biological accuracy compared to a single-exponential model for 

both leaf and fine root litter. In a 23-year experiment on above-ground litter (e.g. leaves, 

shoots, stems) conducted in an English peat bog (Latter et al. 1997), an asymptotic model 

was found to provide the best fit. Therefore, determining the most appropriate model for 

describing fine-root decomposition dynamics in boreal peatland forests, where 

decomposition processes can persist for decades, remains a critical research question. 

 

 

2 OBJECTIVES AND HYPOTHESES  
 

 

My study focuses on determining the two largest fine root-mediated C fluxes in peatland 

forest ecosystems; root production (I) and root decomposition (II). While FRP patterns have 

been studied in mineral-soil forests, comprehensive estimates across a range of drained 

peatland forests remain limited, hindering the development of robust predictive models. 

Similarly, the decomposition rates of fine roots in drained peatland forests have not been 

systematically compared with those in mineral-soil forests. There is no clear evidence of 

whether soil type (peatland or mineral-soil forests) is significant in controlling decomposition 

rates. These knowledge gaps limit our ability to assess the C cycling and ecosystem 

functioning of these ecosystems. 

The main objective of study I was to estimate FRP for drained peatland forests, examine 

the patterns in, and develop models for estimating, the relationships between FRP and stand 

characteristics as well as environmental conditions. The main objective of study II was to 

estimate the rates and controls of fine-root decomposition in drained peatland forests, and 

compare them to decomposition rates and their controls in forests on mineral soils. 

The following hypotheses were stated: 

Fine-root production in drained peatland forests (I): 

1) FRP increases with increased mean annual temperature sum and precipitation; 

2) Nutrient-rich sites have higher FRP than nutrient-poor sites; 

3) Sites with deeper WT support higher FRP; 

4) Stand basal area is the strongest predictor of FRP in peatland forests; 

5) FRP of various species and PFTs show different depth distributions. 

Fine-root decomposition in drained-peatland and mineral-soil forests (II): 

1) Fine-root decomposition rate decreases from nutrient-rich to nutrient-poor sites; 

2) Fine-root decomposition rate is slower in drained peatland forests than in adjacent 

mineral-soil forests; 

3) Fine-root decomposition rate decreases with increasing depth from soil surface; 

4) Fine roots of deciduous species decompose faster than coniferous species. 

 

 

3 MATERIALS AND METHODS  
 

 

A brief overview of the materials and methodology used in this study is provided below. For 

more comprehensive details, please refer to the studies I and II. 
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3.1 Study sites 

 

Fine-root production 

Study I included 28 sites on forestry-drained peatlands located between 60° and 67°N 

(Figure 2) and were a subset of the sites used by Ojanen et al. (2010, 2013) to quantify soil 

greenhouse gas emissions.  We used the site type classification by Laine (1989; see Vasander 

and Laine, 2008) from the most fertile Herb-rich type (HrT) via Vaccinium myrtillus types II 

and I (MT II and I) and Vaccinium vitis-idaea types II and I (VT II and I) to the poor Dwarf 

shrub type (DsT).These sites covered a range of climatic conditions, with mean annual air 

temperature sum (sum of daily mean temperatures exceeding 5 °C) between 1032 and 1424 

degree days (dd) and annual precipitation between 506 and 617 mm.  

 

Fine-root decomposition 

Study II included four drained peatland forest sites located at the Lakkasuo peatland 

complex (Figure 2, 61°47′ N, 24°18′ E), representing the nutrient and productivity gradient 

(Herb-rich type (HrT-P; most nutrient-rich of the sites), Vaccinium myrtillus type I (MT I), 

Vaccinium vitis-idaea type II (VT II) and Dwarf-shrub type (DsT; most nutrient-poor of the 

sites).  For comparison, their counterparts in mineral-soil forests around the Lakkasuo area 

were selected: Herb-rich type (HrT-M), Vaccinium myrtillus type (MT-M; mesic forest), 

Vaccinium vitis-idaea type (VT-M; sub-xeric forest), and Calluna type (DsT-M; xeric forest) 

according to the forest site-type classification system developed in Finland (Pohjanmies et al. 

2021).  

Two other drained peatland forests were also included: Kalevansuo (Figure 2, 60°38′ N, 

24°21′ E), a nutrient-poor Dwarf-shrub type (DsT), and Lettosuo (Figure 2, 60°39′ N, 23°57′ 

E), a more nutrient-rich Vaccinium myrtillus type II (MT II). 

 

 

Figure 2. Location of the study sites 

in Finland. Study I included 28 

forestry-drained peatland sites: 

Herb-rich type (HrT), Vaccinium 

myrtillus types II and I (MT II and I), 

Vaccinium vitis-idaea types II and I 

(VT II and I), and Dwarf shrub type 

(DsT). Study II was carried out in 

Lakkasuo area, Kalevansuo and 

Lettosuo, Southern Finland. 

 

 

3.2 Ingrowth cores 

 

FRP (I) was studied using the 

ingrowth core method (Figure 3) 

following guidelines by Laiho et al. 

(2014) and Bhuiyan et al. (2017). 

The cores were made of polyester 

fabric with a 1 mm × 1 mm mesh, 

with an initial diameter of 4.2 cm, 
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though post-incubation diameters were used in calculations due to soil pressure effects. The 

1 x 1 mm mesh size was chosen to balance two key considerations: (1) retaining the 

homogenized peat within the cores and (2) allowing for the ingrowth and radial growth of 

roots. While the target was to capture roots below 2 mm in diameter, the flexible mesh 

material enabled roots to grow through it, as demonstrated in sedge fens where rhizomes 

thicker than 2 mm were observed growing through the cores (Bhuiyan et al. 2023). Each core 

had an effective length of 50 cm with a visible tail above ground for easy recovery.  

The ingrowth cores were installed between October 15 and November 27, 2013, and 

recovered two years later in November 2015. While 15 cores were placed at each site, some 

cores were not found at the time of recovery, resulting in the recovery of between 7 and 13 

cores per site. After collection, the cores were frozen at −20 °C until processing. 

In the laboratory, the cores were defrosted overnight, cut into five 10-cm segments, and 

their diameters were measured. Any root parts extending beyond the core were cut off, and 

the roots inside were separated from soil, cleaned, and identified as living or dead based on 

color, elasticity, and toughness (Bhuiyan et al. 2017). Cleaned roots were then dried at 30 °C 

and weighed.  

FRP was calculated as grams per square meter per year (g m⁻² year⁻¹) based on root dry 

mass and post-incubation core diameter, divided by the 2-year incubation period. 

 

 

 

Figure 3. (a) The corer-installer. Inner tube in darker grey, outer tube in lighter grey, lock in 

black. (b) Installation of ingrowth cores using the corer-installer. The inner, closed and sharp-

end tube pushes the hole to the ground (1); i.e., no soil volume is removed. When the desired 

depth has been reached, the lock linking the two tubes is released, and the inner tube pulled 

out (2). The hollow outer tube then allows us to drop the ingrowth core into the hole (3). The 

diameter of the cores is chosen so that the core falls freely but when the tube is pulled out, 

the soil closes in tightly around the core (4). The outer tube has an outer diameter of 4.7 cm, 

and an inner diameter of 4.2 cm. To ensure that the cores fall freely, we set the theoretical 

core diameter to 3.18 cm (perimeter 10 cm), when preparing the cores. When the tube is 

pulled out, the displaced soil closes in around the core. From Laiho et al. (2014). 

 

 

 

(a) (b) 
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3.3 Fourier Transform Infrared (FTIR) 

 

We determined FRP by plant functional types using Fourier Transform Infrared (FTIR) 

spectroscopy (I) following Straková et al. (2020). Dried roots from each segment were 

powdered with an oscillating ball-mill, and FTIR spectra were obtained using a Bruker 

VERTEX 70 FTIR spectrometer (Bruker Optics, Germany) equipped with a horizontal 

diamond ATR sampling accessory. The powdered samples were directly placed on the 

diamond crystal with a diameter of 1.8 mm. To ensure uniform distribution and contact 

between the sample and crystal, a MIRacle high-pressure digital clamp was utilized. Each 

spectrum comprised 65 averaged absorbance measurements between 4000 and 650 cm⁻1, 

with a resolution of 2 cm⁻1. Data were collected using OPUS software. 

 

 

3.4 Litterbag preparation and installation 

 

For the litterbags, we used polyester fabric with a 1 mm × 1 mm mesh, allowing small 

mesofauna typical of the sites (Silvan et al. 2000) to enter the bag. Fine root (<2 mm) 

litterbags representing the tree species Scots pine (Pinus sylvestris), Norway spruce (Picea 

abies), and Downy birch (Betula pubescens), covering the 0–30 cm depth from soil surface 

in three 10-cm segments, were installed in autumn 2015 at Lakkasuo for recovery after 1, 2, 

4, and 5 years. 

At the Kalevansuo site, root litterbags were installed in 2008, covering the 0–30 cm soil 

profile, containing fine roots (<2 mm) and small roots (2–10 mm) of P. sylvestris. These were 

recovered after 1, 2, 3, and 4 years. 

At the Lettosuo site, litterbags were installed in 2009 and 2010, covering the 0–20 cm soil 

profile, and recovered after 1, 3, and 5 years. They represented fine roots and small roots of 

P. sylvestris, as well as fine roots of P. abies, B. pubescens and D. carthusiana. 

After recovery, litterbags were transported to the laboratory, where the contents were 

cleaned to remove ingrown materials (Figure 4). The roots were dried to a constant mass and 

weighed with 0.001 g precision. 

 

 

 

Figure 4. The sequential stages of root litterbag recovery and preparation for mass analysis. 

The first stage (a) involves the recovery of the entire litterbag from the 0−30 cm soil profile. 

The second stage (b) divides the entire litter-bag into three 10-segments. The third stage (c) 

shows the cleaned remaining root litter from the litter bag segment (0−10 cm). 

（c） （b） （a） 
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3.5 Statistical analyses 

 

Effect of climatic, environmental and stand variables on FRP 

The effects of climatic variables and stand characteristics on FRP were tested using linear 

mixed-effect models with the ‘lme4’ package (Bates et al., 2015) in R software (I). Climatic 

variables included mean annual precipitation (P) and temperature sum (Tsum) from 

1983−2015, and latitude (L), while stand characteristics included stem volume (V), total tree 

basal area (G), and species-specific basal areas for Scots pine (GP), Norway spruce (GS), 

and deciduous trees (GD). Additional variables tested were site type (ST), the C:N ratio of 

the top 20 cm of peat (CN), nutrient regimes (rich: HrT, MTs; poor: VTs, DsT) (SG), and 

WT.  

First, a ‘null model’ with no predictors was fitted:  

 

FRP = a + csite + ɛ  (1) 

 

where a is the fixed-effect intercept, csite is site-specific random intercept, and ɛ is within-site 

variation. Each climatic, environmental and stand variables was then modeled individually, 

with results shown in Table 4 (from models 2–11 in I), where bi represents the fixed-effect 

parameter for each variable. 

Different combinations of predictors were then tested by adding them one-by-one into a 

model version having intercept and the single variable that had the best predictive power, G. 

This test included predictors (L, ST, WT) with a significant effect on FRP based on models 

2–11 (Table 4 in I). P-values and R² values were calculated using the “lmerTest” package, 

and model selection was based on ANOVA and Akaike Information Criterion (AIC). As the 

FRP on HrT sites was surprisingly low (see Results and Discussion), a second set of models 

was run to exclude the HrT sites from the data (Table 5 in I). 

 

Depth distribution of FRP 

The vertical distribution of FRP was modeled using the asymptotic equation: 

 

X = 1 − βd  (2) 

 

where X represents the cumulative root fraction at a given soil layer (d, cm), and β is the 

depth distribution parameter (Gale and Grigal 1987). The β values, calculated individually 

for each ingrowth core using SYSTAT software, indicate the depth distribution: higher β 

values suggest a greater proportion of roots at deeper layer, while lower values suggest a 

shallower root distribution (Jackson et al. 1996). Then, linear mixed-effect models with the 

‘lme4’ package in R software were applied to analyze β values, as described earlier for FRP, 

to assess how root depth distribution (in terms of β) responds to climatic and stand variables 

(I). 

 

FTIR-derived plant functional type contributions to FRP 

The FTIR data were preprocessed with Savitzky-Golay smoothing, baseline correction, 

mean normalization, and second derivative transformation (Esbensen et al. 2002; Straková et 

al. 2020). The FTIR calibration models for the main plant functional types (PFTs) of northern 

peatlands (open and forestry-drained peatland sites) (Straková et al. 2020) were used to 

predict root mass proportions of five PFTs: graminoids, forbs, ferns, shrubs and birch (B. 

pubescens), and conifers. Then, the linear mixed-effect models with the ‘lme4’ package in R 
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software were used to test how environmental and stand variables affect FTIR-derived FRP 

by plant functional types (I). 

 

Fine-root decomposition 

I assessed how well the proportion of initial mass remaining over time fit three 

decomposition models using nonlinear modeling (Wieder and Lang 1982; Harmon et al. 

2009): 

 

a single-exponential model, X(t)X0 = e−kt     (3) 

 

a double-exponential model, X(t)X0 = Ae−k1t + (1 − A)e−k2t  (4) 

 

an asymptotic model, X(t)X0 = A + (1 − A)e−kat  (5) 

 

where X(t) is the litter mass at time t, and X0 is the initial mass. In the single-exponential 

model, k represents the decomposition rate. The double-exponential model separates 

decomposition into two fractions: A (slow-decomposing, rate k1) and (1 – A) (fast-

decomposing, rate k2). The asymptotic model includes a non-decomposing fraction (A) and 

a decomposing fraction with rate ka. 

The best-fitting model was identified using Akaike’s information criterion for small 

samples (AICc; (Burnham et al. 2011). The double-exponential model fit mass loss data 

relatively well and seemed biologically most realistic (Fig. 1 and Table 3 in II). Therefore, I 

used the double-exponential model parameters (A, k1, k2) to describe fine-root 

decomposition dynamics in Study II. Subsequently, a nonlinear mixed-effects model 

(NLMIXED) was employed to assess the influence of species, soil depth, root diameter, soil 

type (peat or mineral soil), nutrient regime (rich or poor), and their interactions on the double-

exponential model parameters. All analyses were conducted in R software. 

 

Simulation of fine-root contribution to soil organic matter accumulation in drained peatland 

forests 

To estimate soil organic matter (SOM) accumulation from fine roots, a simple simulation 

was conducted using FRP and decomposition data. The standing fine-root biomass was 

assumed to remain constant throughout the simulation period. Consequently, fine-root litter 

input was considered to be equal to FRP. The simulation covered a five-year period and the 

0−30 cm soil layer, as this aligns with the temporal and vertical range of the available 

decomposition data (Study II). The inputs were expected to decompose at the measured rates, 

with the remaining masses summed over five years. Annual litter input estimates (L) were 

based on the mean values of FRP in different soil layers of drained peatland forests from 

different site types in Study I (Table 1). Annual mass loss data (D) for each year was 

calculated by Equation 4 from Study II (Table 1). Total organic matter accumulation 

(OMaccu) from litter input (L) and decomposition (D) over the five-year period was 

estimated using the following equation (Bhuiyan et al. 2023): 

 

𝑂𝑀𝑎𝑐𝑐𝑢 = 𝐿 ∑ (∏ (1 − 𝐷𝑗)
𝑖

𝑗=1
 )

5

𝑖=1
                                                                                                  (6) 
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Table 1. The annual fine root litter input (L, g m⁻² year⁻¹) and annual mass loss ratio for years 

1 to 5 (D1 to D5) for different site types and soil depths. 

 

Site type Soil depth L (g m-2 year-1) D1  D2 D3 D4 D5 

MT 0−10 cm 110.65±15.3 0.48 0.50 0.53 0.55 0.57 

MT 10−20 cm 37.65±9.6 0.42 0.51 0.57 0.61 0.64 

MT 20−30 cm 17.7±2.45 0.36 0.40 0.43 0.46 0.48 

VT 0−10 cm 62.2±7.9 0.46 0.54 0.58 0.61 0.63 

VT 10−20 cm 21.55±3.35 0.37 0.45 0.49 0.52 0.54 

VT 20−30 cm 9.95±1.6 0.47 0.47 0.48 0.48 0.49 

DsT 0−10 cm 49±5.1 0.48 0.51 0.53 0.55 0.57 

DsT 10−20 cm 14.8±1.8 0.32 0.34 0.37 0.40 0.42 

DsT 20−30 cm 9.4±1.2 0.48 0.49 0.50 0.51 0.53 

 

 

where L is the annual litter input (g m⁻2 year⁻1), which is equal to FRP, and Di is the annual 

mass loss ratio (ratio of mass lost during year i to mass in the beginning of year i) during 

each year i, with i representing each year from 1 to 5. 

 
 

4 RESULTS AND DISCUSSION  
 
 
4.1. Fine-root production (FRP) 

 

4.1.1. Mean annual precipitation and temperature sum had no significant effect on total FRP 

 
Mean annual precipitation (Model 2 in Tables 4 and 5 in I) and temperature sum (Model 2 in 

Tables 4 and 5, I) showed no significant relationship with total FRP. Latitude correlated 

negatively with total FRP as expected (model 4 in Table 4 and 5 in I, p = 0.025 and 0.029, 

respectively), indicating that total FRP decreases from south to north along the studied 

geographic range. It is possible that latitude, as a measure of geographical location, 

encompasses a range of environmental conditions that are not captured by mean annual 

temperature or precipitation alone. 

 

4.1.2 Total FRP decreased with decreasing fertility 

  

Total FRP varied considerably among the site types (Figure 5), being at its lowest, 48 ± 7 g 

m−2 year−1, in the HrT sites, and at its highest, 234 ± 27 g m−2 year−1, in the MT II sites. 

Excluding the HrT sites, FRP decreased with decreasing fertility of the site type. The very 

low total FRP in the most fertile HrT sites was an unexpected result. We have two potential 

explanations. First, we observed that the peat used in the cores of the HrT sites contained 

clearly less phosphorus (P) than the ambient soils of the sites (Tables 1 and 2 in I). Thus, the 

lowest FRP observed for the most fertile HrT sites may simply mean that roots avoided the 
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Figure 5. Mean fine-root production, g m-2 yr-1 ± 

standard error, by site type: Herb-rich type (HrT), 

Vaccinium myrtillus types II and I (MT II and I), 

Vaccinium vitis-idaea types II and I (VT II and I), 

and Dwarf shrub type (DsT). Site types are here 

ordered based on their surface peat N content, 

decreasing from HrT to DsT (Westman and 

Laiho 2003). Different letters denote statistically 

significant differences between site types. 

 

 

 

 

 

 

 

 

Figure 6. Relationship between soil water-table level and total fine-root production (a, with 

HrT sites; b, without HrT sites). Open circles represent HrT Sites. Solid line depicts the fitted 

linear regression lines, with their 95% confidence intervals indicated by the shaded areas. 

R2m describes the proportion of variance explained by fixed effects. R2c represents the 

proportion of variance explained by both fixed and random effects. 

 

 

cores in these sites, where P is often a growth limiting nutrient (Päivänen and Hånell 2012). 

To avoid biased results in further studies, the ingrowth cores should preferably be filled with 

peat from the study sites or alternatively, peat from the study sites or alternatively, the main 

nutrient contents of the standard peats should be extensively compared with the peat of the 

study sites in advance, even though both options increase the amount of labour involved. 

Second, the HrT sites were relatively wet, (Fig. 3 in I), which can both limit the availability 

of oxygen to plant roots retarding FRP but also increase nutrient availability with the 

inflowing water leading to less need for FRP. Verifying the critical mechanism would require 

a specific further study.  
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Because of unexpected lowest FRP for the most fertile site type (HrT), we are showing 

model results both with and without HrT data (Table 4 versus Table 5 in I). The C:N ratio of 

the topmost 20 cm peat had a non-significant relation to total FRP at the stand level (model 

9 in Tables 4 and 5 in I). When we excluded the most fertile sites (HrT), total FRP was 

significantly higher in nutrient-rich than in nutrient-poor sites (model 10 in Table 5 in I, p = 

0.010). Recent FRP studies from stands on mineral-soil forests have shown total FRP (pine 

and understorey) to decrease with increasing site fertility (Ding et al. 2021). For peatlands, 

total FRP has previously been observed to be higher in more nutrient-rich and floristically 

diverse sites than in nutrient-poor sites (Finér and Laine 2000; Bhuiyan et al. 2017). In 

contrast, a recent study by Lampela et al. (2023) reported that total FRP was generally higher 

in the nutrient-poor, pine-dominated sites than the nutrient-rich, spruce-dominates sites. 

These contrasting findings highlight the complexity of FRP dynamics and suggest that factors 

such as tree species composition and their associated nutrient requirements may influence 

root productivity. 

 

4.1.3 Total FRP was higher with deeper water table level (WT) 

 

WT also played a significant role in determining total FRP (model 11 in table 4 and 5 in I, p 

< 0.001), with deeper WT generally linked to higher total FRP (Figure 6).  In addition to the 

soil nutrient regime, the growth of tree roots on drained peatlands may be limited 

intermittently due to a lack of oxygen, and several studies have shown a positive correlation 

between WT and total FRP (Finér and Laine 1998; Murphy et al. 2009a; Murphy and Moore 

2010). When WT is deeper, air-filled pore volume of the rooting zone is greater, which 

promotes root growth (Boggie 1972). Also in our study sites, total FRP was generally higher 

with a deeper WT, possibly as a result of a greater volume of aerated soil. However, stand 

basal area and WT depth generally have a positive correlation, due to both better site 

conditions for tree growth when the WT is deeper and the biological drainage through 

evapotranspiration increasing with increasing stand basal area (Sarkkola et al. 2005).This 

hampers determination of the primary factor leading to higher total FRP with deeper WT. 

 

4.1.4 FRP increased with increasing stand basal area and stem volume 

 

Stand characteristics were also earlier found to explain a greater proportion of the variation 

in FRP than environmental factors (Finér et al. 2011b). So, also the possible effect of climate, 

as well as WT, seems to be largely explained by stand characteristics. The basal area of a 

stand of trees is the sum of the cross-sectional surface areas of each live tree, measured at 

1.37 m above ground (DBH), and reported on a per unit area basis (Bettinger et al. 

2017). Stand stem volume (model 5 in Table 4 and 5 in I, p = 0.053 and < 0.001, respectively) 

and basal area (model 6 in Table 4 and 5 in I, p = 0.006 and < 0.001, respectively) correlated 

positively with FRP. At the stand level, stem volume alone explained 8% of the variation in 

FRP (Figure 7a), while stand basal area explained 16% (Figure 7c).  

When we excluded the most fertile sites (HrT), stand stem volume alone explained 24% 

of the variation in FRP (Figure 7b), and the stand basal area explained 34% (Figure 7d), and 

mean FRP was 130 g m−2 year−1. Stand basal area was the best individual predictor for FRP 

(Tables 4 and 5 in I). Finér et al. (2011b) examined the relationships between environmental 

and stand variables and FRP in forests at the stand or tree level. They discovered that basal 

area explained 28% and FRB as much as 53% of the variation in the FRP for trees at the tree 

level. Less variation in FRP could be explained at the stand level. Lehtonen et al. (2016) used  
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Figure 7. Relationship between stand stem volume and fine-root production (a, with HrT sites; 

b, without HrT sites), and stand basal area and fine-root production (c, with HrT sites; d, 

without HrT sites). Open circles represent HrT sites. Solid line depicts the fitted linear 

regression lines, with their 95% confidence intervals indicated by the shaded areas. R2m 

describes the proportion of variance explained by fixed effects. R2c represents the proportion 

of variance explained by both fixed and random effects. 

 

 

data from 95 forest stands (both mineral-soil and peatland forests) to develop models for 

estimating FRB (diameter < 2 mm) of boreal forests and found that stand basal area predicted 

also FRB better than any other stand variable alone. As trees grow in diameter and add to 

their basal area, they require more resources to support their growth and maintenance 

(Forrester 2019), and this is often achieved by increasing the allocation of resources to the 

root system. However, the strength of this relationship can vary depending on site specific 

factors such as soil nutrient and hydrological regimes, as well as tree species composition 

(Finér et al. 2011b; Lehtonen et al. 2016). The relationship between stand basal area and FRP 

at the MT (I) sites was not consistent with the other site types, but this is probably just due to 
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the small variation in the basal area not facilitating reliable estimation of the relationship for 

this site type. 

We observed that site type, a general descriptor of site nutrient regime, was significant 

when added into models with stand basal area (model 12 in Table 4 and 5 in I, p < 0.001 and 

= 0.029, respectively). Site type and basal area together were the best predictors for FRP, 

explaining 47% of the variation in stand-level FRP (Figure 8). The relationship between 

stand basal area and FRP at the MT (I) sites was not consistent with the other site types, but 

this is probably just due to the small variation in the basal area not facilitating reliable 

estimation of the relationship for this site type. Also, WT (model 13 in Table 4 in I, p = 0.007) 

was significant when added into the model with basal area. When we incorporated WT into 

the model with site type and basal area (model 14 in I), we found that the model was not 

improved (Table 6 in I). More detailed reporting of stand and environmental characteristics 

in forthcoming studies could increase the predictive power of FRP models and improve our 

understanding of the C cycle in boreal peatland forests. 

 

4.1.5 Fine-root production by plant functional type  

 

This study is the first to use FTIR spectroscopy to quantify FRP and its depth distribution 

across different tree species and plant functional types in boreal drained peatland forests (I; 

also Lampela et al. 2023). FRP in drained peatland forests was primarily driven by woody 

species (shrubs and trees), which contributed 72% to 94% of the total FRP across various site 

types (Fig. 5 in I). The remaining FRP was contributed by herbaceous species, including 

graminoids, forbs, and ferns (Fig. 5 in I). This illustrates how herbaceous species are largely 

replaced by trees and shrubs following drainage (Lampela et al. 2023).  

The majority of FRP from woody species was concentrated within the upper 20 cm of the 

peat profile, while FRP of herbaceous plants, particularly that of graminoids, reached down 

to 50 cm below the soil surface (Fig. 6 in I). This pattern suggests that trees and shrubs, which 

rely on well-aerated soils, confine their root growth to shallower layers where oxygen 

availability is higher (Murphy and Moore 2010). Graminoids, which often have 

aerenchymatous roots, are better adapted to exploiting deeper, less aerated layers (Proctor 

and He 2019). 

 

 

Figure 8.  Relationship between tree stand 

basal area and fine-root production for the 

different site types separately. Site types: Herb-

rich type (HrT), Vaccinium myrtillus types II and 

I (MT II and I), Vaccinium vitis-idaea types II and 

I (VT II and I), and Dwarf shrub type (DsT). R2m 

describes the proportion of variance explained 

by fixed effects. R2c represents the proportion of 

variance explained by both fixed and random 

effects. Solid lines depict the fitted linear 

regression lines, with their 95% confidence 

intervals indicated by the shaded areas.   
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4.1.6 Total FRP decreases from soil surface to deeper layers 

 

The majority of FRP in drained peatland forests was concentrated in the upper soil layers, 

with 76–95% of total FRP occurring within the top 20 cm of the soil profile (Table 7 in I). 

The decline in FRP with increasing depth is consistent with the findings of previous studies 

(Ruseckas 2000; Murphy and Moore 2010; Bhuiyan et al. 2017; Lampela et al. 2023). The β 

value was employed to describe the depth distribution of FRP. Higher β values indicate a 

greater proportion of roots at deeper soil depths, while lower values indicate a shallower 

distribution of roots. Our findings indicate that neither climatic variables, such as mean 

annual air temperature and precipitation, nor WT exert a significant influence on the vertical 

distribution of total FRP (β value). This finding aligns with the earlier studies, which reported 

that when peatlands are drained, the mean depth of the root system increases only marginally, 

even if the WT drops deeper (Heikurainen 1955; Paavilainen 1966).  

The depth distribution of FRP varied by site type, with more fertile sites, such as herb-

rich sites (HrT), showing a lower proportion of FRP in deeper soil layers (lowest β value) 

compared to nutrient-poor sites like dwarf shrub sites (DsT) (Figure 9).  

A positive correlation was observed between β values and C:N ratio of the topmost 20 cm 

of peat (Model 27 in Table 4 in I), suggesting that roots in nutrient-poor sites tend to grow 

deeper in search of available mineral nutrients  (Jackson et al. 1996). The combination of site 

type and soil C:N ratio was found to account for 20% of the variation in β values (Fig. 8 in 

I), thereby further suggesting that soil nutrient regime plays a crucial role in determining root 

depth distribution. 

 

 

4.2. Fine-root decomposition 

 

4.2.1 Fine-root decomposition rate was slower in drained peatland forests than in mineral-

soil forests 

 

Study II is the first to compare fine-root decomposition between drained peatland forests and 

mineral-soil forests. The results showed that the decomposition rate (k1) of the slow-

decomposing pool was significantly lower in peat soils compared to mineral soils (Table 6 in 

II), leading to greater fine-root mass remaining in drained peatland forests by the end of the 

study (after 5 years). Although waterlogged, anaerobic conditions are common in undrained 

peatlands, the litterbags in Study II were placed in the 0−30 cm soil layer, mostly above the 

average monthly WT, which was 20–32 cm below the surface (Table 1 in II). Therefore, the 

WT may not be the primary factor behind the differences in decomposition rates between 

drained peatlands and mineral-soil forests, suggesting the need to consider factors such as 

litter quality and soil properties.  

In mineral soils, nutrient-rich sites (HrT-M, MT-M) showed lower k1 values compared to 

nutrient-poor sites (VT-M, DsT-M) (Table 6 in II), leading to greater fine-root mass 

remaining in the nutrient-rich sites by the end of the study (Figure 10). This finding may be 

explained by the suppressive effect of rich N on lignin-degrading enzymes in these 

ecosystems, which slows the decomposition of lignin-rich fine roots that are characteristic of 

temperate and boreal forests (Rasse et al. 2005; Xia et al. 2015). In contrast, fine-root 

decomposition was faster in nutrient-rich peatland sites (HrT, MT) compared to nutrient-poor 

sites (VT, DsT) (Figure 10). Compared to mineral soils, peat soils usually contain more N 

but less mineral nutrients such as P and K (Westman and Laiho 2003). A previous study in   
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Figure 9. Mean cumulative fraction of fine-root production for different site types. Error bars 

are standard error of the mean. Site types: Herb-rich type (HrT, n=4), Vaccinium myrtillus types 

II (MT II, n=5) and I (MT I, n=3), Vaccinium vitis-idaea types II (VT II, n=7) and I (VT I, n=3), 

and Dwarf shrub type (DsT, n=5). The lines represent the asymptotic regressions to the data 

using the equation x=1–ß d, where ß describes the relative proportion of root located at depth. 

 

 

 

Figure 10. Comparative decomposition patterns of fine roots across different soil types (peat 

soils and mineral soils) and nutrient regime conditions (nutrient-rich and nutrient-poor). The 

lines represent the double-exponential model-predicted decomposition patterns. 

 

 

two temperate fens found that low nutrient status and pH reduce microbial activity, leading 

to slower decomposition rates (Scheffer and Aerts 2000). In our study, pH showed little 

variation among sites, but WT differed (Table 2 in II). The deeper WT observed in nutrient-

rich sites (HrT, MT) suggests more favorable oxygenation conditions. This is likely to have 

provided a more favorable environment for decomposition. 
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Figure 11. Decomposition patterns of fine roots in Pinus sylvestris (blue), Picea abies (green), 

Betula pubescens (black), and Dryopteris carthusiana (red). The lines are the double-

exponential model-predicted decomposition patterns. 

 

 

4.2.2 Fine roots of deciduous species decompose faster than those of coniferous species 

 

Species-specific traits play a crucial role in determining the rate and extent of fine-root 

decomposition in boreal drained peatland and mineral-soil forests (II). In our study, we 

compared two evergreen coniferous tree species (P. abies and P. sylvestris) and a broadleaf 

deciduous tree species (B. pubescens), which are the three dominant tree species in peatland 

forests in the region. The fine roots of B. pubescens decomposed more rapidly than those of 

P. abies (Figure 11), as evidenced by significant differences in the proportion (A) and 

decomposition rate (k1) of the slow-decomposing pool (Table 6 in II). Silver and Miya (2001) 

analysed 176 root decomposition datasets from diverse geographical locations and found that 

fine roots (0−2 mm) of conifers had the lowest levels of calcium and N, the highest C:N and 

lignin:N ratios, and decomposed at the slowest rates compared to broadleaf trees. In contrast, 

fine-root decomposition of another conifer, P. sylvestris, was not statistically different from 

that of B. pubescens (Table 6 in II). Similarly, Lin et al. (2011) reported that for fine-root 

decomposition, there was no significant difference between conifers and broadleaf trees in 

mid-subtropical China. These results suggest that the decomposition rates of conifer species 

are not always lower than those of broadleaf species, challenging the traditional view based 

solely on botanical classification.  

Additionally, we found that the fern D. carthusiana had the lowest proportion of material 

in the slow pool (A) compared to the tree species, while the mass loss rate of its slow 

decomposition pool (k1) was similar to that of Betula pubescens. It suggests that D. 

carthusiana undergoes an initial decomposition that is faster than the woody tree species, 

followed by a stabilizing phase.  

 

4.2.3 Fine roots decompose faster than small roots 

 

Root diameter also significantly influenced decomposition rates. I compared the 

decomposition of two root size classes: fine roots (<2 mm) and small roots (2–10 mm) in P. 

sylvestris (Figure 12). The results are consistent with previous research on other pine species, 

showing that fine roots decompose more quickly than small roots (Usman et al. 2000; 



29 
 

 
 

Ludovici and Kress 2006; Mao et al. 2011). Globally, when the roots were divided into three 

sizes (<2 mm, 2–5 mm and >5 mm) or two classes (fine roots <2 mm vs. small roots >2 mm), 

fine roots decompose significantly faster (Silver and Miya 2001; Zhang and Wang 2015). 

FTIR analysis by Straková et al. (2020) indicates that fine roots (0–2 mm) had higher 

levels of polyphenolics (lignin) and aliphatic compounds (wax, lipids), while small roots (2–

10 mm) contained higher polysaccharide concentrations. High lignin concentrations in fine 

roots typically slow down decomposition (Luo et al. 2017). Helmisaari (1991) found a 

decrease in nutrient concentrations (N, P, K, and Mg) in P. sylvestris roots with increasing 

root diameter in eastern Finland. Hence, as root diameter increases, cellulose and alpha-

cellulose contents also rise, while lignin content and nutrient concentrations decline (Thomas 

et al. 2014; Zhang et al. 2014), resulting in slower decomposition rates (Jing et al. 2019). 

 

4.2.4 Fine-root decomposition rate decreases with increasing depth from the soil surface 

 

Sampling depth had a significant impact on the decomposition of fine roots both in boreal 

drained peatland and mineral-soil forests (II). A negative correlation between sampling depth 

and decomposition rate (k1) of the slow-decomposing pool was observed in our study II 

(Figure 12). The results showed that fine-root decomposition was fastest in the 0−10 cm soil 

layer and slowed down with increasing soil depth. Similar decline in fine-root decomposition 

at deeper soil layers was also observed in previous studies conducted in boreal peatland 

forests (Laiho et al. 2004; Straková et al. 2012) and temperate mineral-soil forests (Sariyildiz 

2015; Sun et al. 2016). Generally, increasing soil depth reduces soil microbial activity, 

substrate availability, and alters soil moisture and temperature. Studies in both peatlands 

(Jackson et al. 2009; Steinweg et al. 2018) and mineral-soil forests (Herold et al. 2014; Han 

et al. 2019) have shown decreases in microbial biomass and the activity of extracellular 

microbial enzymes involved in decomposition with increasing soil depth. 

Specific factors like WT position and oxygen availability may uniquely influence 

peatland sites. In the drained peatland sites of study II, the mean growing season WT was 

about 20–32 cm below the surface (Table 1 in II), and litterbags were incubated at depths of 

0–10 cm, 10–20 cm, and 20–30 cm. In the summer, the aerobic limit may be approximately 

5−30 cm closer to the peatland surface than to the WT (Lähde 1969), therefore anaerobic or 

reducing conditions may impede fine-root decomposition even in the drained sites, 

particularly in the greater incubation depths (Laiho et al. 2004).   
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Figure 12. Decomposition patterns of fine roots (<2 mm) across different soil depths as 

marked by their lower boundaries, and small roots (2−10 mm). The black lines indicate the 

decomposition patterns of fine roots in the 0−10 cm soil layer, the red lines correspond to the 

10−20 cm layer, and the green lines to the 20−30 cm layer. The blue dotted line represents 

the decomposition patterns of small roots. The lines are the double-exponential model-

predicted decomposition patterns. 

 

 

 

Figure 13. Annual litter inputs (I) vs. remains of the inputs after five years. Site types in the 

drained peatland forests from the most fertile to the nutrient poorest: Vaccinium myrtillus type 

(MT), Vaccinium vitis-idaea type (VT) and Dwarf-shrub type (DsT). 

 

 

4.3 Fine-root contribution to C inputs and soil organic matter accumulation in drained 

peatland forests 

 

The annual litter inputs varied significantly across the different site types, ranging from 73.2 

to 166 g m−2 of dry mass (Figure 13). Based on the assumption that the C content in root 
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biomass was 48% for broadleave-dominated stands and 51% for conifer-dominated stand 

(Lamlom and Savidge 2003; Bārdule et al. 2021; Bardule et al. 2023), the estimated annual 

C input with fine-root litter in our drained peatland forest in Finland ranged from 0.36 to 0.82 

t C ha−1 year−1. These values are comparable to those observed in drained or naturally wet 

hemiboreal forest stands in Latvia, where C input with fine root litter ranged from  0.28 ± 

0.06 to 0.68 ± 0.14 t C ha−1 year−1 (Lazdiņš et al. 2024). While well-drained peatlands in 

Estonia showed higher annual C input from fine-root litter, ranging from 0.9 to 1.5 t C ha−1 

year−1 (Uri et al. 2017), though this may be attributed to better drainage conditions supporting 

larger FRP. 

The estimated potential for soil organic matter (SOM) accumulation from fine roots in 

our study is a reflection of the combined effects of FRP and decomposition rates in drained 

peatland forests. While the results of this simplistic evaluation should be interpreted with 

caution, they provide insight into the contribution of fine roots to SOM accumulation in 

drained peatland forests. Despite variation in estimated annual fine-root litter inputs, a clear 

pattern emerged: after five years, a significant portion of the inputs had decomposed, leaving 

81.8–178.7 g m−2 remaining (Figure 13). Although fine root decomposition rates were high 

at the nutrient-rich site (MT), inputs of fine root litter were also high, resulting in a greater 

net accumulation in nutrient-rich sites than in nutrient-poor sites. It could be inferred that 

environmental conditions favourable for root production also favour root abscission and 

decomposition. This suggests that more productive and nutrient-rich sites can retain at least 

in short term more SOM from fine roots than less productive and nutrient-poor sites, even 

with higher decomposition rates, thereby showing greater potential for C sequestration. 

 

 

4.4 Implications for ecosystem C cycling 

 
Fine roots provide a direct input of organic matter to soil, and their turnover is a major 

component of the C cycle. A small change in FRP can thus affect the ecosystem C sink.  In 

peatlands, land-use practices often involve artificial drainage, and a substantial proportion of 

these ecosystems, particularly in the European boreal zone, has been drained for forestry 

purposes. Furthermore, climate warming is projected to enhance evapotranspiration (Helbig 

et al. 2020) and lead to lowered WT in peatlands. The increase in total FRP in lower WT 

environments (I) represents a significant increase in C flux to peat soil. As a result of this 

labile C addition, the decomposition of old SOM may either increase (positive priming) or 

decrease (negative priming)  (Kuzyakov 2010). Gavazov et al. (2018) and Yan et al. (2022) 

studied root-induced priming on pristine peatlands, showing a positive priming effect on peat 

decomposition. On the contrary, Linkosalmi et al. (2023)  found that in forestry-drained 

peatlands, microbial communities preferentially utilize fresh C inputs from vegetation over 

older C in the short term, resulting in suppressed peat decomposition. This effect is 

particularly pronounced in nutrient-poor peat soils, where the presence of fresh C inputs 

exerts a stronger influence on decomposition dynamics. 

Also plant functional group shifts due to WT lowering have important implications for 

ecosystem C cycling as different life strategies can create inherent differences in the 

partitioning of C, as well as in the decomposition of different plant parts. Following drainage, 

the tree layer typically dominates biomass composition (Laiho et al. 2003).  In drained 

peatland forests (Study I), trees and shrubs account for the largest proportion of total FRP, 

contributing nearly 80%. However, the precision of our Fourier Transform Infrared (FTIR) 

spectroscopy analysis was insufficient to distinguish between tree species. Future research 
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should focus on examining the response of FRP across different tree species to changes in 

WT driven by global warming or drainage practices. Additionally, certain herbaceous species, 

particularly graminoids, allocate a larger proportion of their root production to deeper soil 

layers compared to trees (I). This pattern is likely driven by their aerenchymatous roots, 

which enable them to access less-aerated soil layers (Proctor and He 2019), thereby 

contributing plant-derived C to the soil organic matter pool at greater depths. In contrast, 

boreal trees and shrubs primarily confine their root growth to shallower layers where oxygen 

availability is higher. 

The shift in functional groups influencing fine root production (FRP) also has 

implications for the decomposability of root tissues. Study II revealed that the fine roots 

of fern species (D. carthusiana) initially decompose more rapidly than those of tree species 

(P. sylvestris, P. abies, B. pubescens). This finding aligns with broader patterns observed in 

other studies, which demonstrate that herbaceous roots tend to decompose faster than woody 

roots due to their lower lignin content, higher nutrient concentrations, and more favorable 

C:N ratios (Silver and Miya 2001; Cornwell et al. 2008; Sun et al. 2018; See et al. 2019). 

Future studies should consider the root systems of other herbs, such as graminoids and forbs, 

in peatlands for comparison with trees and shrubs. Several studies have demonstrated that 

drainage triggers a shift in vegetation structure, with shrubs being the first to benefit from 

lowered WT (Laine et al. 1995; Laiho et al. 2003). Over time, trees often become dominant, 

leading to the gradual replacement of mire species by forest species (Laine et al. 1995; 

Vasander et al. 2018). These changes are most evident in initially wet, nutrient-rich sites, 

while nutrient-poor sites experience smaller shifts (Laine et al. 1995). I hypothesize that 

drainage increases the proportion of roots produced by more decomposition-resistant 

functional groups, such as trees and shrubs, thereby contributing a greater amount of root-

derived C to the SOM pool following drainage. This highlights the complex interplay 

between plant functional group composition, WT conditions, and decomposition processes 

in shaping SOM dynamics. 

 

 

5 CONCLUSIONS  
 

 

In this study (I), a set of models was developed to estimate the FRP by using stand and 

environmental variables. Stand basal area predicted FRP better than any other stand variable 

alone, explaining 16% of the variation in stand-level total FRP. Total FRP varied considerably 

among the site types and, with the exception of the most fertile site type, decreased with 

decreasing fertility. A model that included stand basal area and site type accounted for 47% 

of the variation in stand-level total FRP. Total FRP was generally higher with a deeper WT. 

Together, WT and basal area explained 25% of the variation in stand-level total FRP. These 

results can be used with forest inventory data to improve the quantification of FRP in peatland 

forests.  

The decomposition process (II) in peatlands was fastest in nutrient-rich peat soils 

compared to poorer soils, while in mineral-soil forests the trend was the opposite, 

emphasizing different relationships between nutrient regime and the decomposer 

communities. Soil depth emerged as another influential factor, with deeper layers exhibiting 

slower decomposition rates compared to surface layers across both peatland and mineral-soil 

forests. Additionally, root diameter exerted an impact on decomposition dynamics, with 

smaller-diameter roots decomposing at a faster rate than larger-diameter roots. Among the 
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dominant tree species (P. sylvestris, P. abies, B. pubescens), fine roots of P. abies decomposed 

the slowest. 

Overall, the results highlight the multifaceted nature of fine-root production and 

decomposition in boreal forests, which is influenced by species composition, site 

characteristics, and environmental factors. The results of this study can be used in modelling 

peatland ecosystem structure and function, and their responses to changes in, e.g. water level 

and nutrient regime. A major practical use for the information is developing more reliable 

belowground forest C budgets to support greenhouse gas inventories in peatlands under 

climate or land use change.    
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