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A B S T R A C T

Fine roots may contribute significantly to soil organic matter pool in forest ecosystems; however, their decom
position is often overlooked in studies on litter decomposition and carbon (C) and nutrient cycling. To address 
this gap, we conducted a five-year litterbag experiment encompassing three representative tree species (Pinus 
sylvestris, Picea abies, Betula pubescens), and one fern species (Dryopteris carthusiana) across various boreal 
peatland forest types, comparing them with corresponding rates in upland forests on mineral soils. Litterbags 
were recovered annually, and mass remaining was first characterized by three different model types with varying 
complexity. Based on this preliminary screening, we chose for the final analyses a double-exponential model, 
which examined parameters A, i.e. the proportion of material in the slow-decomposing pool, k1, the mass loss 
rate of the slow-decomposing pool, and k2, the rate of mass loss in the fast-decomposing pool. Fine-root 
decomposition exhibited significant variation with soil type and nutrient regime. In mineral soil, lower k1 
values indicated slower decomposition in more nutrient-rich sites. Conversely, in peat soil, higher k1 values 
indicated faster decomposition in more nutrient-rich sites. Soil depth and root diameter emerged as influential 
factors, with deeper layers and larger diameter roots exhibiting slower decomposition rates. Species-specific 
effects were also significant, with D. carthusiana exhibiting the lowest A value, indicating faster initial decom
position compared to tree species. Among the tree species, differences in A value were minor, with variation 
observed primarily in k1 value, where P. abies had the lowest rate. No significant effects on k2 value were 
observed. These findings underscore the complex interplay between species characteristics, soil type, site 
nutrient regimes, and root morphology in determining fine-root decomposition dynamics in boreal forests. 
Importantly, our results show that soil type must be considered when modeling decomposition dynamics.

1. Introduction

One of the main mechanisms influencing nutrient and carbon (C) 
cycling in terrestrial ecosystems is the decomposition of plant litter 
(Berg and McClaugherty, 2003; Krishna and Mohan, 2017). In pristine 
peatlands, decomposition is slower than the production, and thus these 
ecosystems are accumulating organic matter. High soil water-table 
levels (WT) and the consequent anoxia are considered the major cau
ses for the imbalance (Laiho, 2006). This imbalance has resulted that 
peatlands are a significant sink of C from the atmosphere, and the 
greatest terrestrial C pool (Gorham, 1991). Some peatlands are naturally 
forested, and the amount of peatland forests has been further increased 
by drainage for forestry that facilitates increased tree growth in sites that 
were suboptimally wet for trees (Heikurainen, 1964; Macdonald and 

Yin, 1999; Socha, 2012; Beaulne et al., 2021). In peatland forests, 
whether drained or undrained, several ecosystem properties differ from 
those in open, non-forested peatlands, including vegetation composition 
(Tuittila et al., 2007; Talbot et al., 2010; Laine et al., 2021), litter inputs, 
litter quality and decomposability (Laiho, 2006; Straková et al., 2010, 
2012). One significant difference in ecosystem structure is the preva
lence of tree roots (Lampela et al., 2023) and their contribution to 
below-ground processes.

Fine roots (diameter less than 2 mm) may account for 33–75 % of 
annual net primary production in forest ecosystems (Grier et al., 1981; 
Santantonio and Grace, 1987; Vogt, 1991; Jackson et al., 1997), while 
more recent estimates, however, place this range between 13 % and 
27 % (McCormack et al., 2015). The rapid turnover of fine roots in 
forests (ca. 56 % annually) brings a high labile litter input to soil (Gill 

* Corresponding author.
E-mail address: raija.laiho@luke.fi (R. Laiho). 

Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

https://doi.org/10.1016/j.foreco.2025.122564
Received 10 September 2024; Received in revised form 11 February 2025; Accepted 13 February 2025  

https://orcid.org/0000-0002-7628-2732
https://orcid.org/0000-0002-7628-2732
https://orcid.org/0000-0002-9391-2775
https://orcid.org/0000-0002-9391-2775
https://orcid.org/0000-0003-4785-3521
https://orcid.org/0000-0003-4785-3521
https://orcid.org/0000-0001-7767-8520
https://orcid.org/0000-0001-7767-8520
mailto:raija.laiho@luke.fi
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2025.122564
https://doi.org/10.1016/j.foreco.2025.122564
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2025.122564&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Forest Ecology and Management 582 (2025) 122564

2

and Jackson, 2000). In boreal forests, fine roots are one of the largest 
sources of litter input to the soil (Clemmensen et al., 2013; Lep
pälammi-Kujansuu et al., 2014; Ojanen et al., 2014). The decomposition 
of these litters significantly contributes to the flux of C to the atmosphere 
(Girkin et al., 2018; Hermans et al., 2022). However, decomposition of 
fine roots is much less studied for all types of peatlands than that of leaf 
litter (Latter et al., 1997; Moore et al., 2007, 2008; Straková et al., 
2012), and still especially so for drained peatland forests that are an 
important group of forest ecosystems in northern Europe, e.g., Finland. 
Where fine roots have been considered (Laiho et al., 2004; Straková 
et al., 2012), the time period covered has remained too short to capture 
the decomposition dynamics apart from the first two years.

Unlike above-ground litter (e.g. foliage and stems), which de
composes on or close to the soil surface, the decomposition location of 
roots depends on their distribution in the soil. 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. These depth-related gradients 
are often (e.g., Gill and Burke, 2002; Sariyildiz, 2015; Hicks Pries et al., 
2018; Han et al., 2019) but not always (e.g., Solly et al., 2015; Bhuiyan 
et al., 2023) reflected as decreasing decomposition rates with increasing 
depth. In addition to the depth-related factors, local site conditions, 
including nutrient regime, litter and soil chemistry, as well as decom
poser community, also affect litter decomposition (Chapin et al., 2011). 
Low nutrient status may result in lower microbial activity, and conse
quently lower decomposition rates (Scheffer and Aerts, 2000; Kya
schenko et al., 2019).

Peat soils have a distinct nutrient regime compared to mineral soils, 
with significantly higher nitrogen (N) content but lower levels of min
eral nutrients (Westman and Laiho, 2003). While the higher N concen
tration 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, root 
decomposition rates have not been compared between peatland and 
mineral-soil forests and overall, such comparisons are scarce but indi
cating that foliar litter decomposes more slowly in peatland compared to 
mineral-soil forests (Moore et al., 2005, 2008). In peatland ecosystems, 
even drained ones, the WT largely determines the soil volume where 
aerobic processes, such as fine-root production and decomposition, can 
occur. Decomposition rates may decrease down the soil profile when 
approaching anoxic conditions, but in some studies, it has been sug
gested 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 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 order and 
diameter also describe the physical and chemical properties of litter that 
regulate the decomposition process (Usman et al., 2000; Zhang and 
Wang, 2015). Among tree roots, small-diameter roots generally 
decompose faster than large-diameter roots (Han et al., 2019; Liu et al., 
2019) because they contain more nutrients and less structural carbo
hydrates (Silver and Miya, 2001; Ludovici and Kress, 2006). The distal 
small-diameter lateral branches comprising first- and second-order roots 
(Pregitzer et al., 2002; Guo et al., 2008c) lack secondary (wood) 

development (Guo et al., 2008c). 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, 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).

Litter mass loss rates are frequently estimated using single- 
exponential decay curves (Olson, 1963), which enable the prediction 
of long-term decay rates from short-term studies. However, long-term 
experiments have shown that the rate of decomposition may decel
erate 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) 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 aboveground litter (e.g. leaves, shoots, stems) conduct
ed in an English peat bog (Latter et al., 1997), an asymptotic model was 
found to provide the best fit. Therefore, determining the most appro
priate model for describing fine-root decomposition dynamics in boreal 
peatland forests, where decomposition processes can persist for decades, 
remains a critical research question.

In this study, we assessed the fine-root decomposition rates of three 
representative tree species: Scots pine (Pinus sylvestris), Downy birch 
(Betula pubescens) and Norway spruce (Picea abies), and one fern species 
(Dryopteris carthusiana) in different boreal peatland forest types and 
compared them with the corresponding rates in upland forests on min
eral soils. Our study involved root litterbag experiments over a five-year 
period at most, collecting data at three soil depths. The overall aim of 
this study was to improve our understanding of the complex dynamics of 
fine-root decomposition in boreal peatland forests and to identify the 
influence of substrate and environmental factors on decomposition 
rates. We hypothesized that fine-root decomposition rates 1) are slower 
in peatlands than in nearby forests on mineral soils; 2) decrease with soil 
depth; and 3) are faster for fine roots (diameter <2 mm) compared to 
small roots (diameter 2–10 mm). We also hypothesized that double- 
exponential and asymptotic models would provide a more accurate 
description of fine-root decomposition dynamics than single- 
exponential models.

2. Materials and methods

2.1. Study sites

The study was conducted in six drained peatland forest sites and four 
mineral-soil forest sites. Four of the drained peatland forests (described 
in Lampela et al., 2023) as well as the mineral-soil forests (Merilä et al., 
2014; Ding et al., 2021) were located at or adjacent to the Lakkasuo 
peatland complex. The two other drained peatland forests were Kale
vansuo (Minkkinen et al., 2018) and Lettosuo (Bhuiyan et al., 2017). All 
sites were located in southern Finland, and they covered the fertility and 
productivity gradient of southern boreal forests as distinguished by site 
types defined based on understorey vegetation composition.

Lakkasuo (61◦47′ N, 24◦18′ E) is a partially drained eccentric boreal 
raised bog complex characterized by a vast lagg area and diverse site 
types. The region experiences an annual precipitation of 710 mm, with 
about one-third of it falling as snow. The average annual temperature 
sum (with a threshold value of 5 ◦C) is 1160 degree days. The average 
temperatures for January and July are − 8.9 ◦C and 15.3 ◦C, respectively 
(Finnish Meteorological Institute, Juupajoki weather station 
1961–1990). For this study, we chose four forestry-drained sites at 
Lakkasuo or the Hanhisuo basin next to it: Herb-rich type (HrT-P; most 
nutrient-rich of the sites; drained 1928), Vaccinium myrtillus type (MT-P; 
drained 1965), Vaccinium vitis-idaea type (VT-P; drained 1961) and 
Dwarf-shrub type (DsT-P; most nutrient-poor of the sites; drained 1961), 
according to the drained peatland forest site-type classification used in 

W. He et al.                                                                                                                                                                                                                                      



Forest Ecology and Management 582 (2025) 122564

3

Finland (Vasander and Laine, 2008). 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). For soil and 
stand characteristics see Table S1 and Table S2.

Kalevansuo (60◦38′ N, 24◦21′ E) was a Dwarf-shrub type peatland 
forest (DsT-P), drained in 1971. The long-term annual mean precipita
tion in the region has been 722 mm, with an annual mean air temper
ature of 5 ◦C (Kasimir et al., 2021). The tree stand was mainly composed 
of P. sylvestris with a scattered understorey of B. pubescens and P. abies. 
The forest floor vegetation was mainly made up of dwarf shrubs such as 
Betula nana, Empetrum nigrum, Ledum palustre, V. myrtillus, Vaccinium. 
uliginosum, and V. vitis-idea, as well as some cottongrass (Eriophorum 
vaginatum) and cloudberry (Rubus chamaemorus).

Lettosuo (60◦39′ N, 23◦57′ E) is located approximately 22 km west of 
Kalevansuo and shares similar long-term annual mean precipitation and 
air temperature conditions. The site, drained in 1969, was classified as 
V. myrtillus type (MT-P). The stand consisted mainly of P. sylvestris, with 
some co-dominant B. pubescens and P. abies forming a vigorous under
storey. Notably, Lettosuo exhibited a more diverse forest floor vegeta
tion compared to Kalevansuo, featuring additional species such as 
certain Carex species and herbs such as D. carthusiana and Trientalis 
europaea.

In the following analyses, the site types HrT-P, MT-P in peatlands and 
HrT-M, MT-M in mineral-soil forests were grouped as “nutrient rich”, 
and the site types VT-P, DsT-P in peatlands and VT-M, DsT-M in mineral- 
soil forests “nutrient poor”, similarly to, e.g., Ojanen et al. (2014). This is 
because the number of replicates was not high enough to facilitate more 
detailed site-type level analysis.

2.2. Litterbag preparation and installation

We applied the litterbag method (e.g., Straková et al., 2012) to 
analyze the mass loss of fine roots. For preparing the litterbags, we used 
polyester fabric with a mesh size of approximately 1 mm × 1 mm. This 
mesh size enables small mesofauna, typical of the sites (Silvan et al., 
2000), to enter the bags. Three tree species (B. pubescens, P. abies, P. 
sylvestris) were selected as they were the primary biomass production 
components in the sites. Litterbags with different tree species roots were 
distributed to the sites based on their tree stand composition. Full sets 
were installed for the dominant tree species of each site, while tree 
species found as admixture were represented to the extent made possible 
by the amount of homogeneous root materials available.

For the Lakkasuo area sites, we used fine roots (<2 mm), harvested 
from tree seedlings cultivated in the nursery, which were washed and 
air-dried at room temperature until reaching a constant weight. The 
weights of fine roots for each individual litterbag were as follows: 
0.211 − 1.644 g for B. pubescens, 0.285 − 2.429 g for P. abies, and 
0.120 − 1.129 g for P. sylvestris. The variation in fine roots weight among 
litterbags was due to our choosing to maintain their intact form by not 
cutting or mixing them. The litterbags were divided into three 10-cm 
segments that covered the 0 − 30 cm soil profile. They were installed 
in the autumn of 2015 and recovered after 1, 2, 4, and 5 years. For each 
soil depth and species, 3 − 7 litterbags were recovered each time.

In Kalevansuo, litterbags covering the 0–30 cm peat profile as three 
10-cm segments were installed in 2008 for recovery after 1, 2, 3, 4 years. 
Roots from mature P. sylvestris trees from a seed orchard were washed 
and air-dried at room temperature to constant weight and sorted into 
two diameter classes: fine roots and small roots (2–10 mm). For each 
separate litterbag, 1.364–2.871 g fine roots and 2.722–5.586 g small 
roots were weighed. For each soil depth and root size, 10 litterbags were 
recovered each time.

In Lettosuo, litterbags covering the 0− 20 cm peat profile as two 
10 cm segments were installed in 2009 and 2010 for recovery after 1, 3, 

5 years. Fine roots from nursery-grown seedlings of B. pubescens, P. abies 
and P. sylvestris, as well as fine and small roots of P. sylvestris from the 
same mature trees as for Kalevansuo, were used. Fine roots of 
D. carthusiana were further locally harvested, as they were common in 
this site and no earlier information was available about their decom
position rate. All roots were washed and air-dried at room temperature 
until a constant weight was achieved. The weights of roots for each in
dividual litterbag were as follows: 0.502–0.673 g for B. pubescens, 
0.692–0.809 g for P. abies, 0.409–1.88 g for P. sylvestris fine roots, 
3.938− 4.897 g for P. sylvestris small roots, and 0.460–0.540 g for 
D. carthusiana. For each soil depth, species, and root size, 5− 10 litter
bags were recovered each time.

After each recovery, litterbags were transported to a laboratory 
where the content was cleaned by gently removing all additional 
(ingrowth) materials, to determine the remaining root mass. The roots 
were dried at 60 ℃ to a constant mass and weighed with a 0.001 g 
precision.

We acknowledge that the litterbag method along with the use of 
living roots as substrate involves weaknesses, such as substrate quality 
and altered effects of living roots and mycorrhizal fungi, that may affect 
the results (e.g., Li et al., 2022). However, it has been widely used and 
generally considered the best available method for generating large data 
sets (Zhang and Wang, 2015) that are used in modelling (Bona et al., 
2018).

2.3. Statistical analyses

Data analyses were conducted using R software (R Core Team; R 
version 3.5.3; RStudio version 1.2.1335). We examined how well the 
data representing the proportion of initial mass remaining over time fit 
simple mathematical models by comparing three types of decomposition 
models using nonlinear modeling (Wieder and Lang, 1982; Harmon 
et al., 2009):

a single-exponential model, X(t)/X0 = exp (− kt);
a double-exponential model, X(t)/X0 = A exp(− k1t) + (1 − A) exp 

(− k2t);
an asymptotic model, X(t)/X0 = A + (1 − A) exp(− kat).
In all models, X(t) is litter mass at time t, X0 is initial litter mass, X 

(t)/X0 is the proportion of initial mass remaining at time t. In the single- 
exponential model, k is the decomposition rate loss (Olson, 1963). In the 
double-exponential decomposition model, k1 is the decomposition rate 
of the more slowly decomposing fraction of the initial mass (A) and k2 is 
the decomposition rate of the more rapidly decomposing fraction of the 
remaining mass (1 − A). Finally, in the asymptotic model, A is the 
fraction of initial mass that decomposes at a rate of zero (i.e., the 
asymptotic mass remaining) and ka is the decomposition rate of the 
remaining mass (1 − A; i.e., the more rapidly decomposing fraction).

We used Akaike’s information criteria modified for small sample 
sizes (AIC; (Burnham et al., 2011) to select the best decomposition 
model. The model with the lowest AIC value is considered the best fit 
and most aligned with the true model. After selecting which decompo
sition models to use, we employed a nonlinear mixed-effects model 
(NLMIXED) to determine the effect of species, soil depth, root diameter, 
soil type (peat, mineral soil), site nutrient regimes (nutrient-rich, 
nutrient-poor) and their interactions on the parameters of the best fit 
model.

3. Results

3.1. Decomposition models

When assessing model performance by pooling time points from each 
site, we found that asymptotic models provided the best fit for the mass 
loss data (lowest AIC in Table 1) but tended to overestimate mass loss in 
the early stages of decomposition while underestimating it in later years 
(Fig. 1). In contrast, double-exponential models appeared to be 
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biologically the most realistic (Fig. 1) and provided a relatively good fit 
to the mass loss data, as shown by the AIC comparison (Table 1). Single- 
exponential models had the highest AIC values (Table 1), predicting 
disproportionately low mass loss initially and excessively high levels in 
later years (Fig. 1).

We further compared the fit of the three competing models to indi
vidual fine-root decomposition curves (Figs. 2 and 3). AIC comparison 
showed that the double-exponential model best described the pattern of 
litter mass loss in 38 % of the individual decomposition curves (153 out 
of 405 cases), while the single-exponential model and the asymptotic 
model met these criteria in 30 % (129 cases) and 31 % (123 cases) of 
instances, respectively. In mineral-soil forests (120 cases), 63 % of the 
individual decomposition curves could be best characterized by double- 
exponential model, compared to 17 % for the asymptotic model. In 
peatlands (135 cases), the single- and double-exponential model best fit 
40 % and 36 % of cases, respectively, while the asymptotic model 
described only 24 %. Therefore, the double-exponential model appeared 
to better capture the dynamics of fine-root decay over time, exhibiting a 
more balanced prediction throughout the study period.

3.2. Effects of species and root size, soil type and nutrient regime, depth

We describe the decomposition dynamics using the double- 
exponential model parameters (A, k1, k2) (Tables 2 and 3). The pro
portion (A) and decomposition rate (k1) of the slow-decomposing pool 
were affected differently by species and root size, and soil type. How
ever, no significant effects on the decomposition rate (k2) of the fast- 
decomposing pool were observed.

Species had a significant effect on A and k1 values. For P. abies, both 
the proportion (A Table 4, p = 0.036) and the decomposition rate (k1 
Table 4, p < 0.001) of the slow-decomposing pool were lower than those 
of B. pubescens and P. sylvestris, which exhibited a similar pattern on both 
parameters with no statistically significant differences (Fig. 4). From the 
root biomass of the fern D. carthusiana, it was observed that it had the 

lowest A values (Table 4, p = 0.000), indicating that a larger proportion 
of the material was fast decomposing (1 − A) compared to that of the 
tree species. However, no statistically significant differences were 
observed in decomposition rates, with k1 values similar to those of 
B. pubescens (Table 4).

Soil type (peat and mineral soils) and nutrient regime (rich and poor) 
significantly influenced both A and k1 values. The decomposition rate 
(k1) of the slow-decomposing pool was generally significantly slower in 
peat than in mineral soils (Table 4, p = 0.001; Fig. S1). In nutrient-rich 
sites (HrT, MT), decomposition proceeded more rapidly initially 
compared to poor sites (VT, DsT) (Fig. 5). This trend was also reflected in 
the proportion (A) of the slow-decomposing pool, which was signifi
cantly smaller at nutrient-rich sites than at nutrient-poor sites (Table 4, 
p < 0.001). On nutrient-poor sites, the decomposition rate (k1) of the 
slow-decomposing pool was slower in peat soils compared to corre
sponding mineral soil sites (Table 4, p < 0.001), while the opposite was 
observed in nutrient-rich sites. Consequently, decomposition was fastest 
in nutrient-rich peat soils (Fig. 5).

Soil depth had a significant effect on the decomposition dynamics of 
fine roots (Fig. 6). A negative correlation between soil depth and k1 
(Table 4, p = 0.000) indicated a slower rate of mass loss from the slow 
decomposing pool in deeper soil layers. There was no significant inter
action between soil type and depth, nor between soil nutrient regime 
and depth, affecting fine-root decomposition rates.

Root diameter significantly influenced the composition of the 
decomposing material. Small roots (2 − 10 mm) showed a higher pro
portion of material allocated to the slow-decomposing pool (A) (Fig. 6
and Table 4, p < 0.001), compared to fine roots (<2 mm). This indicated 
that larger roots tended to retain a greater proportion of their mass in the 
slow decomposing pool, thereby slowing the overall decomposition 
rates.

4. Discussion

4.1. Model selection

Double-exponential and asymptotic models offered superior statis
tical accuracy compared to single-exponential models in delineating 
fine-root decomposition dynamics within boreal peatland forests, as 
well as adjacent upland forests. This aligns with a previous 23-year 
litter-bag study on aboveground litter (leaves, stem, shoot) decomposi
tion in an undrained peatland (Latter et al., 1997). In boreal peatlands, 
single-exponential models generally provided a poor fit across above- 
and below-ground litter (a total of 39 litter types) also in an earlier 
two-year study carried out in different locations at Lakkasuo (Straková 
et al., 2012). Trofymow et al. (2002) observed that while the 
single-exponential model generally fit well across most sites and 
below-ground litter types during a six-year exposure at 18 mineral-soil 
forest sites across Canada, it exhibited the least accuracy for cold sites 
with low-quality materials. Single-exponential models, which assume a 
constant decomposition rate, tend to underestimate the remaining mass 
in the later stages of decomposition (Manzoni et al., 2012; Xia et al., 
2018), as observed in our study. Multi-pool models, such as 
double-exponential models (Xia et al., 2018) or asymptotic models 
(Hobbie et al., 2010; Sun et al., 2016), have been shown to outperform 
single-exponential models in fitting fine-root decomposition data in 
temperate forests. In a 10-year litter-bag study encompassing leaf and 
fine root litter across various forest ecosystems ranging from tropical to 
temperate to boreal zones, as well as a few grasslands and wetlands sites, 
Harmon et al. (2009) compared several models and found that the 
double-exponential and asymptotic model statistically and biologically 
fit more combinations of litter type and site than the single-exponential 
model. Our study extends this study by focusing specifically on boreal 
peatlands and adjacent upland forests on mineral soil, addressing a gap 
in previous research. By doing so, we emphasize the importance of 
model selection in accurately capturing decomposition dynamics across 

Table 1 
Summary of results of three exponential decomposition models.

Model df AIC Test P

Single exponential model 1 4 − 1301.292 ​
Double exponential model 2 5 − 1560.903 1 vs 2 < 0.0001
Asymptotic model 3 9 − 1621.713 2 vs 3 < 0.0001

AIC indicates is Akaike’s information criteria. Test indicates compared models. P 
indicates p values in ANOVA comparison.

Fig. 1. Decomposition patterns of fine roots across all sites, species, and soil 
depths in a 10-year timescale. Red line is the single-exponential model, black 
line is the asymptotic model, blue line is the double-exponential model.
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different ecosystems. It was possible to describe the decomposition dy
namics with one model when soil type was included as a factor.

The multi-pool models suggest that decomposition begins with the 
rapid breakdown of easily decomposable compounds like sugars, starch, 
and simple phenolics, along with cellulose and hemicellulose, often 
leading to about 40 % mass loss (Coûteaux et al., 1995; Heim and Frey, 
2004). Further, soluble carbohydrates leach out quickly and are utilized 
by soil bacteria, accelerating decomposition (Ahmed et al., 2022). 
Following this initial phase, the decomposition slows as it involves more 
resistant polymers like lignocellulose, condensed tannins, and cutin, 
which account for the remaining 40–100 % mass loss, leading to a 
convex curve of remaining mass over time (Berg, 2000; Berg and 
McClaugherty, 2003). While our study found a strong fit for the 
asymptotic model based on the five-year litterbag incubation period, 
this model tended to overestimate mass loss during the early stages of 

decomposition and underestimate it in later years. The 
double-exponential model parameters (A, k1, k2), which account for 
both rapid (k2) and slow (k1) decomposition rates of different chemical 
fractions, offer a biologically realistic depiction of fine-root decompo
sition (Berg and McClaugherty, 2003).

4.2. Effects of species and root size

Fine-root decomposition is a complex ecological process influenced 
by climate factors, root substrate quality, soil properties and microor
ganisms (Saha et al., 2023). In general, root substrate quality in forest 
ecosystems is largely dependent on tree species and root size (Makita 
et al., 2015; Sariyildiz, 2015). Botanical criteria, such as the distinction 
between conifer and broadleaf trees, are sometimes used to predict 
decomposition rates based on the quality of roots. Silver and Miya 

Fig. 2. Fine-root decomposition patterns of Betula pubescens, Picea abies, and Pinus sylvestris at various depths in peatland and mineral-soil forests in the Lakkasuo 
area. Site types in the peatland sites from the most fertile to the nutrient poorest: Herb-rich type (HrT-P), Vaccinium myrtillus type (MT-P), Vaccinium vitis-idaea type 
(VT-P), and Dwarf-shrub type (DsT-P), as well as their counterparts in mineral-soil forests: Herb-rich type (HrT-M), Vaccinium myrtillus type (MT-M), Vaccinium vitis- 
idaea type (VT-M), and Dwarf-shrub type (DsT-M). Each data point represents the mean with standard error. The dashed lines represent the predicted decomposition 
patterns of the single-exponential model, the solid lines represent the predicted decomposition patterns of the double-exponential model, and the dotted lines 
represent the predicted decomposition patterns of the asymptotic model. Red lines represent the 0 − 10 cm soil layer, black lines represent the 10 − 20 cm soil layer, 
and blue lines represent the 20 − 30 cm soil layer.

W. He et al.                                                                                                                                                                                                                                      



Forest Ecology and Management 582 (2025) 122564

6

(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 our study, fine roots (0–2 mm) of the broadleaf B. pubescens tended to 
decay faster than those of the conifer P. abies, as reflected by significant 
differences in the proportion (A) and decomposition rate of the 
slow-decomposing pool (k1). Contrary to that, the proportion and 
decomposition rate of the slow-decomposing pool for another conifer, 
P. sylvestris, were nearly indistinguishable from those of B. pubescens. 
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. Additionally, in the alpine forests of the 
eastern Tibetan Plateau in China, Zhuang et al. (2018) reported the root 
litter of a broadleaf tree (B. albosinensis) tended to decay faster than 
those of two coniferous trees (A. faxoniana and P. asperata) for coarser 
roots (2–5 mm and 5–10 mm), with no significant difference observed 
for fine roots (<2 mm). Together, these results suggest that the 
decomposition rates of conifer species are not always lower than those of 
broadleaf species, challenging the traditional notion based on botanical 

criteria alone. Instead, other traits should be used to group the litters in 
models.

In northern peatlands, for woody species including shrubs, 
B. pubescens, P. abies, and P. sylvestris, the within-species variation in 
root chemistry related to diameter was generally higher than the dif
ferences between species, as evaluated by Fourier transform infrared 
spectroscopy (FTIR) (Straková et al., 2020). Our results showed that fine 
roots of P. sylvestris tended to decay faster than small roots, which is 
consistent with our hypothesis. Similar results have been observed in 
other pine species such as P. roxburghii, P. taeda and P. tabulaeformis 
(Usman et al., 2000; 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 decomposed significantly faster (Silver and Miya, 2001; Zhang 
and Wang, 2015).

The FTIR analysis by Straková et al. (2020) indicates that fine roots 
(0–2 mm) have higher levels of polyphenolics (lignin) and aliphatic 
compounds (wax, lipids), while small roots (2–10 mm) contain higher 
polysaccharide concentrations (Straková et al., 2020). High lignin con
centrations in fine roots typically slow down decomposition (Luo et al., 

Fig. 2. (continued).
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2017). High-quality root litters, characterized by higher nutrient con
tents and lower stoichiometric ratios, generally decay faster than 
poorer-quality root litters (Makita et al., 2015). Helmisaari (1991) found 
a decrease in nutrient concentrations (N, phosphorus (P), potassium (K), 
and Magnesium (Mg) in P. sylvestris roots with increasing root diameter. 
Hence, with increasing root diameter, the cellulose content and 
alpha-cellulose content increase, and the lignin content and nutrient 
concentration decrease (Thomas et al., 2014; Zhang et al., 2014), 
leading to slower decomposition rates (Jing et al., 2019).

Additionally, we found that the fern D. carthusiana had lower pro
portion of material in the slow pool (A) compared to the tree species, 
while its mass loss rate of the slow decomposition pool (k1) was similar 
to that of Betula pubescens. It suggests that D. carthusiana undergoes an 
initial decomposition that is faster than tree species, followed by a sta
bilizing phase. These results highlight differences in decomposition 

dynamics between ferns and tree species. However, further research is 
necessary to clarify the underlying mechanisms.

4.3. Effects of soil type and nutrient regime

Our results showed that root decomposition occurred at a slower rate 
in peatlands than in adjacent mineral-soil forests, aligning with our 
hypothesis and previous findings on foliar litters and wood blocks 
(Moore et al., 2008). Although the WT may be a primary control on these 
differences, other factors such as nutrient regime are also important. Our 
results suggest that in nutrient-rich sites, a smaller proportion of fine 
root material is in the slowly decomposing pool (A) compared to 
nutrient-poor sites. However, interesting patterns emerged when 
considering the interaction between soil type and nutrient regime in the 
rate of mass loss (k1) from slowly decomposing pools.

Fig. 3. Fine-root decomposition patterns of Pinus sylvestris, Picea abies, Betula pubescens, and Dryopteris carthusiana at various depths in Lettosuo (Vaccinium myrtillus 
type, MT-P), and Kalevansuo (Dwarf-shrub type, DsT-P) peatlands. P. sylvestris roots are categorized into two classes: < 2 mm and 2 − 10 mm, while roots of other 
tree species are < 2 mm. Each data point represents the mean with standard error. Dashed lines depict the predicted decomposition patterns of the single-exponential 
model, solid lines represent the double-exponential model, and dotted lines depict the asymptotic model. Red lines represent the 0 − 10 cm soil layer, black lines 
represent the 10 − 20 cm soil layer, and blue lines represent the 20 − 30 cm soil layer.

Table 2 
Fine-root decomposition rates (k1, k2, year− 1) and slow pool proportions (A) obtained by fitting a double-exponential decay model for each site type, species, root size 
class, and soil depth in the peatland forests.

Location Site type Species Diameter 
(mm)

Depth 
(cm)

Double exponential model: 
X(t)/X0 = A exp(− k1t) + (1 − A) exp(− k2t)

​ ​ ​ ​ ​ A ± SE k1 ± SE k2 ± SE
Lakkasuo (61◦47’N, 

24◦18’E)
HrT-P Betula 

pubescens
< 2 0 − 10 0.626 ± 0.073 0.054 ± 0.047 12.175 ± 9.558

10 − 20 0.676 ± 0.166 0.097 ± 0.076 9.150 ± 9.107
20 − 30 0.607 ± 0.094 0.074 ± 0.042 10.231 ± 10.319

Picea 
abies

< 2 0 − 10 0.771 ± 0.048 0.102 ± 0.032 10.153 ± 7.772
10 − 20 0.670 ± 0.150 0.057 ± 0.061 12.061 ± 9.231
20 − 30 0.695 ± 0.100 0.069 ± 0.051 10.006 ± 10.688

MT-P Betula 
pubescens

< 2 0 − 10 0.433 ± 0.171 0.044 ± 0.062 8.380 ± 10.257
10 − 20 0.438 ± 0.383 0.098 ± 0.081 6.100 ± 10.291
20 − 30 0.715 ± 0.106 0.105 ± 0.058 12.113 ± 9.045

Pinus 
sylvestris

< 2 0 − 10 0.596 ± 0.353 0.005 ± 0.006 6.538 ± 12.183
10 − 20 0.394 ± 0.386 0.013 ± 0.010 0.660 ± 0.656
20 − 30 0.607 ± 0.344 0.004 ± 0.005 4.859 ± 6.355

Picea 
abies

< 2 0 − 10 0.623 ± 0.185 0.107 ± 0.076 9.134 ± 9.374
10 − 20 0.691 ± 0.119 0.099 ± 0.077 13.959 ± 10.331
20 − 30 0.704 ± 0.072 0.057 ± 0.067 18.625 ± 8.679

VT-P Betula 
pubescens

< 2 0 − 10 0.222 ± 0.230 0.011 ± 0.000 0.532 ± 0.480
10 − 20 0.635 ± 0.073 0.006 ± 0.006 6.007 ± 8.080
20 − 30 0.729 ± 0.042 0.007 ± 0.007 11.858 ± 9.651

Pinus 
sylvestris

< 2 0 − 10 0.303 ± 0.418 0.057 ± 0.075 4.776 ± 9.583
10 − 20 0.167 ± 0.292 0.025 ± 0.027 0.563 ± 0.716
20 − 30 0.204 ± 0.323 0.022 ± 0.028 4.213 ± 8.955

Picea 
abies

< 2 0 − 10 0.645 ± 0.040 0.008 ± 0.008 10.330 ± 11.382
10 − 20 0.631 ± 0.053 0.020 ± 0.021 7.274 ± 10.992
20 − 30 0.673 ± 0.027 0.007 ± 0.005 6.410 ± 9.357

DsT-P Pinus 
sylvestris

< 2 0 − 10 0.543 ± 0.319 0.049 ± 0.040 8.058 ± 10.377
10 − 20 0.714 ± 0.400 0.042 ± 0.033 10.602 ± 8.948
20 − 30 0.532 ± 0.489 0.023 ± 0.022 7.578 ± 9.267

Kalevansuo(60◦39’N, 
24◦22’E)

DsT-P Pinus 
sylvestris

< 2 0 − 10 0.657 ± 0.237 0.181 ± 0.109 12.293 ± 4.566
10 − 20 0.480 ± 0.281 0.065 ± 0.087 3.479 ± 5.011
20 − 30 0.562 ± 0.221 0.048 ± 0.056 6.495 ± 6.964

2–10 0 − 10 0.138 ± 0.312 0.020 ± 0.028 1.536 ± 4.255
10 − 20 0.322 ± 0.424 0.021 ± 0.024 1.935 ± 3.426
20 − 30 0.552 ± 0.389 0.025 ± 0.026 5.286 ± 6.033

Lettosuo 
(60◦39’N, 
23◦57’E)

MT-P Betula 
pubescens

< 2 0 − 10 0.433 ± 0.124 0.050 ± 0.067 7.148 ± 8.487
10 − 20 0.523 ± 0.137 0.084 ± 0.059 8.762 ± 8.779

Pinus 
sylvestris

< 2 0 − 10 0.479 ± 0.045 3.001 × 10− 4 ± 0.001 1.956 ± 0.806
10 − 20 0.558 ± 0.143 0.059 ± 0.063 6.498 ± 7.937

2–10 0 − 10 0.149 ± 0.227 0.011 ± 1.988 × 10− 4 0.475 ± 0.241
10 − 20 0.551 ± 0.213 0.010 ± 0.004 1.035 ± 0.640

Picea 
abies

< 2 0 − 10 0.527 ± 0.088 0.032 ± 0.057 5.131 ± 7.484
10 − 20 0.626 ± 0.126 0.091 ± 0.088 10.786 ± 9.728

Dryopteris 
carthusiana

​ 0 − 10 0.359 ± 0.148 0.005 ± 0.006 11.771 ± 10.143
10 − 20 0.320 ± 0.030 0.007 ± 0.006 25.434 ± 42.505

Herb-rich type (HrT-P), Vaccinium myrtillus type (MT-P), Vaccinium vitis-idaea type (VT-P), and Dwarf shrub type (DsT-P).
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Contrary to our expectations, in mineral soils, nutrient-rich sites 
exhibited lower k1 values compared to nutrient-poor sites, resulting in 
greater fine-root mass remaining in the more fertile sites at the end of the 
study (Fig. 5). This finding may potentially be explained by the inhibi
tory effect of added N on lignin-degrading enzymes in these ecosystems, 
which slows the decomposition of lignin-rich fine roots typical of 
temperate and boreal forests (Rasse et al., 2005; Xia et al., 2015). In 
mineral-soil forests, N is considered the growth-limiting nutrient. 
Deforest et al. (2004) and Edwards et al. (2011) observed that the ac
tivity of lignin-degrading enzymes is reduced when N is added to soil, 
leading to slower decomposition rates. For instance, Xia et al. (2018)
reported that N additions inhibited the later stages of fine-root decom
position at four sugar maple dominated northern hardwood forests 
following a three-year litter-bag study, which was consistent with 
observed decreases in lignin-degrading enzyme activities with N 

additions at these sites. However, this explanation remains tentative. A 
comparison between robust site nutrient regime classes, such as ours, 
has to our knowledge not been done before. Such a grouping may be a 
useful way to handle the variation in site characteristics, and we 
recommend testing it in future studies involving sites with varying 
nutrient status.

Peat soils generally contain more N but fewer mineral nutrients like P 
or K compared to mineral soils (Westman and Laiho, 2003). In peat soils, 
we observed higher decomposition rate of the slow-decomposing pool 
(k1) for fine roots in nutrient-rich sites (HrT-P, MT-P) compared to 
nutrient-poor sites (VT-P, DsT-P), which is consistent with our expec
tations. At nutrient-rich sites, N and P are more readily available 
compared with nutrient-poor sites, which enhances microbial activities 
and thus instigates greater mass loss (Straková et al., 2011). Similarly, 
Scheffer and Aerts (2000) reported that a low nutrient status and a low 
pH resulted in lower microbial activity, and consequently lower 

Table 3 
Fine-root decomposition rates (k1, k2, year− 1) and slow pool proportions (A) obtained by fitting a double-exponential decay model for each site type, species, root size 
class, and soil depth in the mineral-soil forests.

Location Site type Species Diameter 
(mm)

Depth 
(cm)

Double exponential model: 
X(t)/X0 = A exp(− k1t) + (1 − A) exp(− k2t)

​ ​ ​ ​ ​ A ± SE k1 ± SE k2 ± SE
Lakkasuo (61◦47’N, 

24◦18’E)
HrT-M Picea 

abies
< 2 0 − 10 0.534 ± 0.054 0.007 ± 0.006 5.776 ± 8.372

10 − 20 0.522 ± 0.296 0.005 ± 0.007 18.155 ± 17.278
20 − 30 0.637 ± 0.081 0.002 ± 0.005 17.120 ± 9.633

MT-M Betula 
pubescens

< 2 0 − 10 0.646 ± 0.197 0.120 ± 0.097 8.440 ± 10.071
10 − 20 0.462 ± 0.182 0.017 ± 0.034 0.819 ± 0.431
20 − 30 0.582 ± 0.358 0.050 ± 0.064 3.794 ± 6.749

Pinus 
sylvestris

< 2 0 − 10 0.638 ± 0.095 0.009 ± 0.005 2.044 ± 0.981
10 − 20 0.649 ± 0.041 0.006 ± 0.008 6.679 ± 8.637
20 − 30 0.632 ± 0.135 0.005 ± 0.007 5.789 ± 9.367

Picea 
abies

< 2 0 − 10 0.602 ± 0.177 0.073 ± 0.062 14.405 ± 12.309
10 − 20 0.708 ± 0.076 0.045 ± 0.019 14.098 ± 10.240
20 − 30 0.643 ± 0.088 0.006 ± 0.014 10.451 ± 11.139

VT-M Betula 
pubescens

< 2 0 − 10 0.456 ± 0.189 0.009 ± 0.005 7.000 ± 13.583
10 − 20 0.345 ± 0.336 0.011 ± 0.001 0.740 ± 0.523
20 − 30 0.573 ± 0.332 0.005 ± 0.005 6.052 ± 9.077

Pinus 
sylvestris

< 2 0 − 10 0.556 ± 0.066 0.010 ± 0.002 1.653 ± 0.354
10 − 20 0.494 ± 0.310 0.010 ± 0.006 6.267 ± 10.690
20 − 30 0.403 ± 0.261 0.008 ± 0.007 5.864 ± 10.169

Picea 
abies

< 2 0 − 10 0.531 ± 0.126 0.011 ± 0.001 2.466 ± 0.954
10 − 20 0.557 ± 0.044 0.011 ± 0.001 2.712 ± 0.615
20 − 30 0.598 ± 0.049 0.009 ± 0.007 8.877 ± 9.342

DsT-M Pinus 
sylvestris

< 2 0 − 10 0.644 ± 0.100 0.015 ± 0.024 9.534 ± 10.741
10 − 20 0.674 ± 0.160 0.097 ± 0.058 6.090 ± 9.632
20 − 30 0.532 ± 0.489 0.023 ± 0.022 7.578 ± 9.267

Herb-rich type (HrT-M), Vaccinium myrtillus type (MT-M), Vaccinium vitis-idaea type (VT-M), and Dwarf shrub type (DsT-M).

Table 4 
Summary of nonlinear mixed-effects model results for double-exponential model 
parameters (A, k1, k2).

Estimate ± SE P-value

k1.(Intercept) 0.210 ± 0.024 0.000
k1.species Dryopteris carthusiana − 0.085 ± 0.062 0.170
k1.species Picea abies − 0.056 ± 0.016 0.001
k1.species Pinus sylvestris − 0.009 ± 0.017 0.610
k1.soiltype peat − 0.048 ± 0.014 0.001
k1.nutrient regime rich − 0.108 ± 0.023 0.000
k1.depth 10 − 20 cm − 0.022 ± 0.005 0.000
k1.depth 20 − 30 cm − 0.047 ± 0.005 0.000
k1.soiltype peat: nutrient regime rich 0.097 ± 0.017 0.000
k2 4.436 ± 2.613 0.090
A.(Intercept) 0.809 ± 0.031 0.000
A.nutrient regime rich − 0.078 ± 0.023 0.001
A.species Dryopteris carthusiana − 0.268 ± 0.058 0.000
A.species Picea abies − 0.049 ± 0.023 0.036
A.species Pinus sylvestris 0.004 ± 0.025 0.870
A.root size 2 − 10 mm 0.117 ± 0.018 0.000

In the summary, the intercept is Betula pubescens, poor mineral soil, depth 
0 − 10 cm, and root size below 2 mm. Everything else is compared against that. 
P < 0.05 indicated in bold.

Fig. 4. Comparative decomposition patterns of fine roots of Pinus sylvestris 
(blue), Picea abies (green), Betula pubescens (black), and Dryopteris carthusiana 
(red). The lines are the double-exponential model-predicted decomposi
tion patterns.
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decomposition rates in two temperature fen ecosystems. While there was 
little difference in pH between our sites, WT levels varied. Nutrient-rich 
sites, with deeper WT (Table S1) and more oxic conditions, possibly 
facilitated increased decomposition through several mechanisms.

4.4. Effects of soil depth

As hypothesized, our findings showed that the mass loss rate of the 
slow-decomposition pool (k1) peaked in the topsoil (0 − 10 cm) and 
decreased in deeper soil depths, both in peatland and mineral-soil for
ests. 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). Similarly, fine-root biomass 
and production decline from the topmost 0–10 cm layer toward deeper 
layers in both peatland and mineral-soil forests (Ding et al., 2021; He 
et al., 2023; Lampela et al., 2023), suggesting that soil environmental 
conditions favorable for fine-root biomass and production also facilitate 
faster fine-root decomposition. 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 our boreal drained peatland sites, 
the WT during the growing seasons was about 20–30 cm below the 
surface. Our root litter was incubated at depths of 0 − 10 cm, 
10 − 20 cm, and 20 − 30 cm below the surface. In the summer, the aer
obic limit may be approximately 5 − 30 cm closer to the peatland surface 
than to the WT (Lähde, 1969), therefore anaerobic or reducing condi
tions may impede fine-root decomposition even in the drained sites, 
particularly in the greater incubation depths. Previous research has 
shown that mass loss from fine-root (diameter <2 mm) litter is more 
rapid in the 0 − 10 cm layer than in the 10 − 20 cm layer in peatland 
forests (Laiho et al., 2004). Our results align with the conclusion of 
Straková et al. (2012), based on cellulose decomposition, that the best 
environmental conditions for decomposition in peatlands are generally 
in moss patches and soil 0–10 cm layer.

4.5. Implications for forest management

Linked with data on fine-root biomass, production, and longevity 
(Lehtonen et al., 2016; He et al., 2023; Lampela et al., 2023; Minkkinen 
et al., 2024) the results of this study can be used to support forest carbon 
management. Even though decomposition rates are very basic ecological 
parameters, they had so far not been rigorously evaluated for fine roots 
in drained peatland forests. Lack of data on root-related C fluxes leads to 
significant uncertainties in determining whether forest soils are sinks or 
sources of C to the atmosphere (Ojanen et al., 2014). This is especially 
critical for drained peatland forests that are soil C hotspots and range 
from strong sources to moderate sinks of atmospheric C (Jauhiainen 
et al., 2023). Our decomposition models are the final tool needed to 
facilitate evaluating how management-induced changes in tree stand 
basal area and species composition, which determine the quantity and 
quality of fine-root litter inputs to soil, affect the amount of SOM 
deriving from fine roots in different forest site types. Comparing 
different options helps optimizing C sequestration and minimizing C 
losses. For instance, the slow decomposition rates of P. abies fine roots 
suggest that promoting this species may enhance long-term soil C stor
age, in such site types where this nutrient-demanding species can be 
grown. Decomposition models are further needed for model-based Tier 3 
methods in greenhouse gas inventories.

5. Conclusions

Our study provides insight into the complex dynamics of fine-root 
decomposition in boreal forests growing on different soil types. The 
model selection process revealed that the double-exponential model 
provides a statistically and biologically superior fit compared to both the 
single-exponential and asymptotic models for characterizing fine-root 
decomposition. This model’s ability to capture both the rapid initial 
mass loss and the subsequent slower rates highlights the importance of 
understanding the temporal dynamics of decomposition. Accurately 
modelling these phases allows us to better predict where and how mass 
loss might converge over time, underscoring the value of studies that can 
capture these critical decomposition stages.

Species composition was found to be a crucial factor affecting fine- 
root decomposition rates. The fern D. carthusiana showed a distinct 
decomposition pattern, with rapid initial decay followed by stabiliza
tion. Although the tree species studied had similar proportions of ma
terial allocated to the slow decomposition pool (A), differences were 
observed in the mass loss rate (k1) of the slow-decomposition pool, with 
P. abies exhibiting the slowest decomposition. Moreover, the dynamics 
of fine-root decomposition were significantly influenced by soil type and 
nutrient regime. The decomposition process in peatlands was fastest in 
nutrient-rich peat soils, while in mineral-soil sites it was the opposite, 

Fig. 5. 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.

Fig. 6. Comparative 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.
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emphasizing different relationships between nutrient availability and 
soil characteristics. 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. Addition
ally, root diameter exerted an impact on decomposition dynamics, with 
smaller-diameter roots decomposing at a faster rate than larger- 
diameter roots.

Overall, our results highlight the multifaceted nature of fine-root 
decomposition in boreal forests, which is influenced by species 
composition, site characteristics, and environmental factors. The results 
may be used in modelling peatland ecosystem structure and function, 
and to support forest C management and model-based greenhouse gas 
inventories.
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Nöjd, P., Rautio, P., Salemaa, M., Ukonmaanaho, L., 2014. Above- and below-ground 
N stocks in coniferous boreal forests in Finland: Implications for sustainability of 
more intensive biomass utilization. For. Ecol. Manag. 311, 17–28. https://doi.org/ 
10.1016/j.foreco.2013.06.029.
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Minkkinen, K., Laiho, R., Salomäki, J., 2024. Fine root longevity and biomass production 
in boreal peatlands. Copernic. GmbH. https://doi.org/10.5194/egusphere-egu24- 
10218.

Moore, T.R., Trofymow, J.A., Siltanen, M., Prescott, C., Group, C.W., 2005. Patterns of 
decomposition and carbon, nitrogen, and phosphorus dynamics of litter in upland 
forest and peatland sites in central Canada. Can. J. For. Res. 35, 133–142. https:// 
doi.org/10.1139/x04-149.

Moore, T.R., Bubier, J.L., Bledzki, L., 2007. Litter decomposition in temperate peatland 
ecosystems: the effect of substrate and site. Ecosystems 10, 949–963. https://doi. 
org/10.1007/s10021-007-9064-5.

Moore, T.R., Trofymow, J.A., Siltanen, M., Kozak, L.M., 2008. Litter decomposition and 
nitrogen and phosphorus dynamics in peatlands and uplands over 12 years in central 
Canada. Oecologia 157, 317–325. https://doi.org/10.1007/s00442-008-1076-0.

Ojanen, P., Lehtonen, A., Heikkinen, J., Penttilä, T., Minkkinen, K., 2014. Soil CO2 
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Straková, P., Niemi, R.M., Freeman, C., Peltoniemi, K., Toberman, H., Heiskanen, I., 
Fritze, H., Laiho, R., 2011. Litter type affects the activity of aerobic decomposers in a 
boreal peatland more than site nutrient and water table regimes. Biogeosciences 8, 
2741–2755. https://doi.org/10.5194/bg-8-2741-2011.
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