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ABSTRACT

Carbon (C) sequestrated in the boreal forest ecosys-

tems plays an important role in climate regulation.

This study’s objectives were to quantify the differ-

ences in the components of the forest C cycle along a

1000 km latitudinal gradient within the boreal re-

gion and between dominant coniferous species in

Fennoscandia. The study included seven xeric–sub-

xeric and eight mesic–herb-rich heath forests domi-

nated by Scots pine and Norway spruce, respectively.

The total site carbon stock (CS) ranged from 81 to

260 Mg ha-1. The largest ecosystem component CSs

were tree stems, mineral soil, and humus layer,

representing 30 ± 2%, 28 ± 2%, and 13 ± 1% of

total CS, respectively. On average, the spruce sites

had 40% more C than the pine sites, and CS stored in

most compartments was higher on spruce than on

pine sites. As exceptions, understorey vegetation and

litter layer had a larger CS on pine than on spruce

sites. The northern sites had an average of 58% less C

than the southern sites. Humus layer CS was the only

compartment showing no latitudinal trends. North-

ern sites had a significantly larger fine and small root

CS and understorey CS than southern sites. Most CS

compartments were significantly correlated with lit-

terfall C transfer components. Dissolved organic

carbon (DOC) flux in throughfall was positively

correlated with the aboveground tree compartment

CS. Our study revealed patterns of C distribution in

major boreal forest ecosystems along latitudinal and

fertility gradients, which may serve as a reference for

Earth system models and in the evaluation of their

projections.

Key words: boreal forest ecosystems; carbon

fluxes; carbon pools; ICP Forests; norway spruce;

scots pine; site fertility.

HIGHLIGHTS

� We report carbon stocks (CS) and transfers in 15

boreal (60-69 �N) forest ecosystems
� Total site CSs ranged 81–260 Mg ha-1; stems, soil

and humus layer were largest CSs

� Humus layer CS was the only compartment

showing no latitudinal trend
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INTRODUCTION

Boreal forest ecosystems account for about 32% of

global forest ecosystem carbon (C) stocks (Pan and

others 2011). The sequestration and change of C

pools are driven by environmental factors such as

climate, site fertility, and moisture conditions (Ortiz

and others 2013; Fernández-Martinez and others

2014; Todd-Brown and others 2013; Ťupek and

others 2016; Nanko and others 2017) and are

mediated by the structure and species composition

of the tree stand and forest vegetation as a whole

(Andivia and others 2016; Dawud and others 2016;

Shanin and others 2014; Vesterdal and others

2013).

Boreal forests are largely characterised by conif-

erous trees. In Fennoscandia, the dominant conif-

erous species are Scots pine (Pinus sylvestris L.) and

Norway spruce (Picea abies (L.) Karst.), which,

according to National Forest Inventory, represent

50% and 30% of stem volume in Finnish forests,

respectively (Korhonen and others 2021). As pro-

ducers of economically valuable raw material,

these species have also been favoured in forest

management. Scots pine dominates xeric and sub-

xeric upland sites on mineral soil of lower fertility,

while Norway spruce thrives on mesic and herb-

rich sites (Ilvessalo 1927). Characteristically, a large

proportion of C in boreal forests is stored in rela-

tively recalcitrant forms in soil organic matter

(SOC), resulting from the short and cool growing

seasons and the low substrate quality of the litter,

which reduce soil microbial activity (Fierer and

others 2005). For long periods, boreal forests have

acted as an important carbon sink to balance out

the increasing atmospheric CO2 concentration. In

addition to the importance of boreal forest C in

climate regulation, it holds a multitude of func-

tional roles and is a crucial factor behind forests’

ecosystem services.

In Fennoscandia, the SOC decreases, and the

proportion of forest understorey vegetation bio-

mass to that of the tree stand canopy increases,

from south to north (Merilä and others 2014;

Lehtonen and others 2016). Although the litera-

ture on boreal forest C is vast, comprehensive

studies that include both the distribution of C in

different compartments of the ecosystem and the

transfers of C are relatively scarce (Berggren Kleja

and others 2008; Hansson and others 2013; Laga-

nière and others 2015; Melvin and others 2015).

In this study, we examined C stocks and transfers

(Figure. 1) in 15 boreal forest ecosystems on min-

eral soil in Finland, based on the measured data

from the sites belonging to the UNECE ICP Forests

Level II programme (that is, intensive monitoring

programme; Lorenz and Fischer 2013). The sites

include two site fertility moisture levels dominated

by Scots pine (Pinus sylvestris (L.)) and Norway

spruce (Picea abies (L.) Karst.), respectively (Sale-

maa and others 2008). Our objectives were to

quantify the differences in the components of the

forest C cycle between latitudinal locations within

boreal regions (southern vs northern boreal) and

between dominant coniferous species. In particu-

lar, we aimed to evaluate species-specific and lati-

tudinal patterns of measured C stocks in plant

biomass and soil.

MATERIALS AND METHODS

Sample Sites

The data were collected during 1996–2009 from

seven xeric and sub-xeric (hereafter xeric) and

eight mesic–herb-rich (hereafter mesic) heath for-

ests dominated by Scots pine (hereafter pine) and

Norway spruce (hereafter spruce), respectively. For

stand and site characteristics see Table 1 and Merilä

and others (2014), and for the composition of forest

floor vegetation see Table 2. The study sites were

divided in northern (northern or middle boreal)

and southern (southern boreal) sites (Ahti and

others 1968); northern sites included three pine

and three spruce sites, whereas southern sites in-

cluded four pine and five spruce sites (Figure. 2a).

The sites are part of the European intensive forest

monitoring network (Level II), established under

the UNECE ICP Forests monitoring programme

(Lorenz and Fischer 2013). The monitoring activi-

ties on the study sites started in 1995–1999. Twelve

sites are in managed forests. The stands are natu-

rally regenerated, apart from site nr. 23, which was

planted for spruce. The major management mea-

sure carried out on these study sites is thinnings,

the aim of which is to direct the biomass produc-

tion to best growing stems and thus enhance tim-

ber production and prevent self-thinning of the

stand. Five of the sites were slightly thinned after

the dormant season 2004–2005 when measure-

ments for calculation of stand biomass were carried

out: site nr. 16 was thinned in 2005, nrs. 5, 11, and

23 in 2006, and site nr. 6 in 2008. The thinnings

may have had a minor effect on the results of lit-

terfall (calculated as mean 1996–2007) and

understorey vegetation (sampled in 2009), as their

sampling period occurred at least partly after the

thinnings. However, no drastic changes were

noticeable in these variables in comparison with

pre-thinning years (data not shown). Three sites
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are in protected conservation areas where forest

management has not been carried out for at least

the last 50 years. Most of the pine sites are on

sorted glaciofluvial material, where sand fraction is

dominant, and the spruce sites on till soils repre-

senting a mixture of different texture classes with

sand fraction as the dominant fraction. Each site

consists of three subplots (30 9 30 m) and a sur-

rounding mantle (Figure. 2b). The three subplots

are reserved for different purposes: one is for

destructive sampling (for example, deposition, fo-

liar, litterfall, soil, and soil water sampling), the

second one for vegetation observations and the

third one for tree growth measurements.

Estimation of Carbon Stocks (CS)

Stand biomass. The diameter at a height of 1.3 m,

tree height, and crown length were measured for

each tree on all three subplots of each 15 moni-

toring sites during the autumn of 2004 and spring

of 2005, as described in Merilä and others (2014).

The biomasses of individual trees were estimated

using allometric equations by Repola and others

(2007) except for needle biomass, which was cal-

culated using equations of Repola (2009). The

biomasses of individual trees were summed to ob-

tain total stand biomass (kg ha-1 dry weight). For

further information, see Supplementary Material.

Sampling of stem wood, bark, living, and

dead branches for C analysis. To determine the

C concentrations in the aboveground tree com-

partments (stem wood, bark, living, and dead

branches), five randomly selected trees from the

dominant canopy layer were harvested on each of

the sites in 2006 and sampled for C analysis as

described in detail in Ukonmaanaho and others

(2008), Merilä and others (2014), and in Supple-

mentary Material.

Sampling and pre-treatment of needles for

C analysis. Sample branches (all present needle

year classes) were collected in late October–early

December 2007 with a pruning device from the

uppermost third of the living crown of 10 pre-

dominant or dominant sample trees on one subplot

of each site, as described in Merilä and others

(2014) according to Rautio and others (2020). See

Supplementary Material for details. In the compu-

tation of the needle C pool, we used the mean C

concentration of all needle year classes present in

Figure 1. A cross section of the forest ecosystem illustrating the compartments of forest carbon cycle included in the study.

Carbon stocks are framed, and carbon transfers are indicated with an arrow.
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lä
a
n

d
o
th

e
rs

2
0
1
4
)

S
it

e
n

r
N

a
m

e
L

a
t

(�
N

)
L

o
n

g
(�

E
)

E
ff

.
te

m
p

.
su

m
a
(d

.d
)

P
re

c.
a

(m
m

)
S

te
m

n
r

(h
a

–
1
)

M
e
a
n

st
a
n

d
a
g
e

(y
e
a
rs

)

N
o
rt

h
S
co
ts
p
in
e

1
S
e
v
e
tt

ij
ä
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‡ 50% of the sample trees of each site, weighed by

their share of biomass in sample branches.

Understorey vegetation and litter (L) layer.

The aboveground biomass of understorey vegeta-

tion was harvested from 28 squares (30 9 30 cm2

each) located systematically along the sides of the

vegetation monitoring subplots of the Level II

monitoring sites (Merilä and others 2014) in July–

September 2009. For each site, the aggregated area

of the squares was 2.52 m2. The living biomass and

necromass of understory vegetation were separated

by plant species in each sample (Merilä and others

2014). Living vascular plant species biomasses were

further separated for leaves and stems and moss

and lichen species (or species groups) for upper

(living) and lower (dead; considered as L layer)

part.

The collection of the litter (L) layer took place in

2002–2003 (10 sites; Hilli and others 2008a). Site

nr. 1 in Sevettijärvi was correspondingly sampled

in 2009. Missing data for understorey vegetation

(one site) and litter biomass (five sites) were

modelled (see Table 3). From the L layer, the fol-

lowing fractions could be separated: coarse tree

litter; needle litter; the dead parts of dwarf shrubs,

grasses, and herbs; and lower (decomposing and

dead) parts of mosses and lichens (Hilli and others

2008a).

The vegetation and L layer fractions were dried at

60 �C and weighed separately. The total living

biomass of the understorey vegetation per site was

calculated as a sum of all species. The total mass of

the L layer was obtained by summing the mass of

the individual litter fractions. To determine the C

concentrations, 1–8 joint samples were formed for

each plant species or litter fraction in a site,

depending on the plant and litter composition of

the square. The site-specific carbon stock (CS)

representing the whole understorey vegetation was

calculated as a sum of C quantities of individual

species (sum of dry weight of species fractions *C

concentration). Similarly, the CS of the whole litter

layer per site was calculated as a sum of C quanti-

ties of different litter fractions (dry weight of a

fraction *C concentration).

Living fine and small roots of trees and

understory vegetation. Fine (diameter < 2 mm)

and small (diameter 2–5 mm) root samples were

taken between 20 July and 12 August in 1998 as

described in Merilä and others (2014). From each

stand, 12 root cores were taken with a cylindrical

soil corer (diameter 40 mm). The cores were di-

vided into sections comprising the organic layer

and the 0–5, 5–10, 10–20, and 20–30-cm mineral

soil layers. For further information, see HelmisaariT
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and others (2007), Merilä and others (2014), and

Supplementary Material.

Soil sampling and analysis. Soil sampling in-

cluded the organic layer (OFH) and mineral soil

layers (depths of 0–5, 5–10, 10–20, and 20–40 cm).

Organic layer samples were collected from 40 sys-

tematically located points with soil corer on the

30 m 9 30 m plot and combined to provide 3–4

composite samples. Mineral soil samples were ta-

ken from 24 systematically located points by soil

corer or with a shovel depending on the stoniness

of the site and combined to provide 4 composite

samples for each 15 study sites in 2006, as described

in Merilä and others (2014) and in Lindroos and

others (2022). The bulk density of the humus layer

and mineral soil on the sites was determined by

taking soil samples using steel cylinders (Merilä and

others 2014). Soil C pools, based on the volumetric

mineral soil samples, were corrected for the stone

content, using the rod penetration method (Viro

1952; Tamminen 1991; Tamminen and Starr 1994).

For details, see Supplementary Material.

Determination of C concentrations, calcu-

lation of C stocks. The total C concentrations of

all compartments were measured with a CHN

analyser (LECO). The C pool ha-1 stored in each

forest ecosystem compartment (including needles,

living and dead branches, stems, bark, stumps,

coarse roots, living fine and small roots, under-

storey vegetation, litter and humus layers, and

mineral soil (0–40 cm)) was calculated by multi-

plying the mass ha-1 of each compartment by its C

concentration. For details, see Supplementary

Material.

Estimation of Carbon Transfers (CT)
in Tree Stand Increment, Litterfall,
Cellulose Decomposition, and Water
Fluxes (WF)

Stem volume increment of the stand. The

diameter at breast height and tree height was

measured for all trees on the site with a diameter

‡ 5.0 cm at two timepoints. The stem volumes of

Table 2. Average Cover Percentages for Species Groups in Understory Vegetation

Site Dwarf shrubs Herbs Grasses Bryophytes Lichens Shrubs > 50 cm

Northern Scots pine

1 40.6 0.0 0.0 16.9 49.6 0.5

6 22.3 0.0 0.0 89.0 0.5 1.2

20 65.6 4.5 0.0 93.1 0.6 0.4

North pine mean (%) of total 42.8 1.5 0.0 66.3 16.9 0.7

North SD 21.7 2.6 0.0 42.9 28.3 0.4

Southern Scots pine

10 59.6 2.6 1.7 89.9 0.1 3.3

16 28.2 1.9 0.0 96.0 0.0 2.2

18 23.4 0.0 0.0 70.1 3.8 0.0

13 33.9 6.7 4.3 59.6 0.2 2.4

South pine mean (%) of total 36.3 2.8 1.5 78.9 1.0 2.0

South SD 16.1 2.8 2.0 17.0 1.9 1.4

Scots pine total mean 39.1 2.2 0.9 73.5 7.8 1.4

Northern Norway spruce

3 53.2 0.3 1.2 93.3 0.2 12.2

5 45.8 0.0 0.5 89.6 0.0 0.1

21 72.5 0.4 0.7 89.8 0.0 1.7

North spruce mean (%) of total 57.1 0.2 0.8 90.9 0.1 4.7

North SD 13.8 0.2 0.4 2.1 0.1 6.6

Southern Norway spruce

23 1.1 5.4 4.4 40.0 0.0 0.6

11 24.8 41.2 18.2 56.7 0.0 1.6

17 4.4 16.5 0.3 75.1 0.0 9.2

19 23.4 4.7 0.5 43.3 0.0 2.5

12 53.2 4.0 3.1 72.3 0.2 2.1

South spruce mean (%) of total 21.4 14.4 5.3 57.5 0.0 3.2

South SD 20.8 15.9 7.4 16.1 0.1 3.4

Norway spruce total mean 34.8 9.1 3.6 70.0 0.1 3.8

n = 16 sample quadrats per plot.
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individual trees were computed for each tree using

the KPL programme package, which computes

stand and single-tree characteristics from sample

plot measurements (Heinonen 1994). KPL applies

the volume functions by Laasasenaho (1982). The

annual stem volume increment (m-3 ha-1 y-1)

was calculated as the difference between stem

volume per hectare during the autumn of 2004 and

spring of 2005 and the autumn of 1999 and spring

of 2000, divided by the number of growing seasons

between the measurements (five).

The stand volume increment was converted to

increment in stem (aboveground stump stem,

including bark) biomass C content using conver-

sion factors presented by Tomppo (2000).

Litterfall (LF) (other than large branches) was

collected using 12 traps located systematically on a

10 9 10 m grid on one subplot (30 9 30 m) on

each Level II site stand during 1996–2007; sam-

pling on some of the sites started later than 1996

(Ukonmaanaho and others 2008, 2016). Large LF

branches that did not fit into litter bags were col-

lected in 2007 using 12 circular traps of 0.5 m2 laid

on the ground next to the litter funnels described

above. Litterfall of understorey vegetation was not

measured. For details of the method, see Supple-

mentary Material.

Cellulose decomposition. As an empirical

variable for decomposition rate, we determined the

mass loss of bleached cellulose (softwood pulp;
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Lähde 1974) on the 15 sites included in this study

(Table 1) and on two additional pine sites (sites

number 2 and 9; see Table 2 in Merilä and Derome

2008). Cellulose strips (1 9 30 9 47 mm) were dry

weighed (24 h 105 �C), singly closed into a nylon

mesh bag (1 mm mesh), and transported to the

field in August 2006. With the help of a rock wool

knife, sixteen cellulose bags were placed at regular

intervals in the interface of F and H layers on four

sides of the square subplots (30 9 30 m) of each

site. After an incubation of 12 months, the cellu-

lose bags were collected in August 2007 and

transported to the laboratory, where adhering

material was carefully removed and washed off,

after which the cellulose strips were oven-dried

and weighed, as described above. The cellulose

decomposition was calculated as the 1-year mass

loss percentage.

Fluxes of dissolved organic carbon (DOC) in

bulk deposition (BD), stand throughfall (TF),
and percolation water (PW). The bulk deposi-

tion (BD), stand throughfall (TF), and soil perco-

lation water (PW) samples were collected during

1998–2004 on the study sites (Lindroos and others

2008). However, in this study, the data were

investigated in a broader context than in Lindroos

and others (2008). TF samples were collected

within the site by 20 deposition collectors during

the snow-free period (funnel collector, diameter

200 mm) and during the winter by 6–10 snow

collectors (collector ring, diam. 360 mm). The col-

lectors were located systematically on the

30 9 30 m subplot. BD samples were collected in

an open area (3 funnel collectors, 2 snow collec-

tors) in the vicinity of the sites. PW samples were

collected during the snow-free period by funnel

shaped zero-tension lysimeters (diam. 200 mm) at

depths of 5, 20, and 40 cm below the ground sur-

face. Samples were collected at 2–4-week intervals

(Clarke and others 2016).

The amount of precipitation in BD and TF were

measured by weighing, and the water amount in

PW was estimated by the anion budget method

using sulphate (SO4
2-) as a conservative anion

(Nilsson and others 1998; Lindroos and others

2008). In the calculation, the following formula

was used:

WFx ¼ SO4TF � WFTF=SO4x; ð1Þ

where WFx = water flux (mm) at x cm depth

(x = 5, 20 or 40 cm below the ground surface),

SO4TF = TF sulphate concentration (mg l–1),

WFTF = water flux (mm) in TF, and SO4x = sul-

phate concentration (mg l–1) in percolation water

at a depth of x cm. The BD, TF, and PW samples

were filtered through a membrane filter (0.45 lm),

and the concentration of dissolved organic carbon

(DOC) was determined by a TOC analyser (Shi-

madzu TOC5000) and SO4
2- by ion chromatogra-

phy (IC).

Statistical Methods

We used linear mixed models to detect possible

differences in C stocks and in C transfers between

different compartments, tree species, and north/-

south locations. In the models, C stocks/transfers

were dependent variables, and the compartment,

species, and location north/south (and their inter-

actions) were explanatory fixed factors. As the

compartments were not (spatially) independent,

compartment was defined as a repeated (within

subject) factor, whereas tree species and location

were between-subjects factors. As subjects (random

factor), we used monitoring sites. For the repeated

factor, the diagonal covariance structure was se-

lected based on Akaike’s information criterion. The

relationships between variables were investigated

by means of Spearman’s rank correlation coeffi-

cient (rs).

Due to statistically significant complex interac-

tions between the above factors (Tables S1 and S3),

we dissected the analysis into compartment-wise

comparisons of tree species and locations. This was

done by means of general linear models with C

stock/transfer as the dependent variable, and tree

species and location (and their interaction) as fixed

factors while monitoring site was the random fac-

tor.

Statistical analyses were performed using IBM

SPSS Statistics software (ver. 22–24).

RESULTS

Comparisons Between South and North
and Between Tree Species

C Stocks (CS)

The total site C stocks (CSs) varied from 81 to

260 Mg ha-1, observed on the northernmost Scots

pine site at Sevettijärvi and on the southern Nor-

way spruce site at Evo, respectively (Table 3). Tree

species, ecosystem compartment, location (north/-

south), and the interaction terms species*com-

partment and compartment*location showed a

statistically significant effect on the CSs (Table S1).

The major CSs were stems (30 ± 2% of total CS),

mineral soil (28 ± 2%), and humus layer

(13 ± 1%; Table 3, Figure. 3). Similarly to these
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three compartments, dead branches and stumps

showed no significant difference between pine and

spruce sites (Table S2). However, the interaction

term Species*Location was significant for dead

branches, indicating that the magnitude of differ-

ence between north and south was larger in spruce

than in pine (Figure. 3). On average, the spruce

sites had 40% higher CS than the pine sites. This

difference was statistically significant (Table S2),

but Species*Location interaction (p = 0.056) indi-

cates it to be more apparent on southern sites

(Figure. 3). Coherently, the CSs of needles, living

branches, bark, and both root compartments were

significantly larger in spruce than in pine sites

(Tables 3 and S2, Figure. 3). However, understory

plants and litter layers showed larger CS on pine

than on spruce sites (Tables 3 and S2, Figure. 3).

On average, the total CSs of northern sites were

58% lower than those on the southern sites. Con-

sistently, the CS of most compartments was lower

in the north than the south. However, understorey

CS was on average 2.1 times higher in the north

than the south. Moreover, northern sites also had

significantly more fine and small root C than

southern sites (Tables 3 and S2, Figure. 3). Only

humus layer CS showed no significant difference

between northern and southern sites (Table S2).

The difference in total CS between northern and

southern sites was more distinct among spruce

sites, the CS being on average c. two times higher

in the south than the north. This was primarily due

to a larger stem volume and thus CS in southern

stands, though the southern spruce sites showed

higher CS for most compartments than on the

northern sites (Table 3, Figure. 3).

The C ratio between above- and belowground

tree compartments was significantly lower in the

north than the south (Table S2). At the ecosystem

level, the aboveground C/belowground C ratio

showed no significant differences between north

and south (p = 0.140) or between tree species.

C in stand Increment, Transfers, and Water Fluxes

Quantity of carbon in the annual increment of stem

volume was significantly lower in the north than

the south (Tables 4 and S4). Similarly, the annual

LF CT (carbon transfer via litterfall), sampled with

funnels (needles and other LF), traps on the ground

(large branches), or both, showed no significant

differences between tree species, and was signifi-

cantly smaller in the north than the south

(Table S4). In the case of total funnel LF, the

interaction term Species*Location was significant,

indicating a larger difference between north and

south on spruce than pine sites (Tables 4 and S4).

For total LF, this term was tentatively significant.

The flux of dissolved organic carbon (DOC) in

bulk deposition (BD) was significantly lower in the

north than the south (Table S4). In throughfall

(TF), the DOC flux was higher on spruce than pine

sites and higher in the south than the north; the

interaction term Species*Location was also signifi-

cant, indicating that the difference in TF DOC flux

between the south and north was greater in spruce

than in pine (Tables 4 and S4). DOC fluxes in soil

percolation water at depths of 5, 20, and 40 cm

showed no significant differences between tree

species or between north and south (Table S4).

Cellulose mass loss percentage was significantly

lower in the north than the south; this difference

was somewhat greater on pine sites than on spruce

sites, but not quite significantly (Species*Location

interaction: p = 0.101; Figure. 4, Tables S4, S5).

The Relationships Between C Stocks, C Transfers,

and Water DOC Fluxes

All aboveground tree compartment CSs, mineral

soil CS, and total CS were positively correlated

(rS = 0.51–0.89, p £ 0.054, n = 15; Table S6) with

litterfall CT components (needle LF, total funnel

LF, large branch LF, and the sum of all LF com-

ponents). The correlations of LF CTs with under-

story vegetation CS were negative (rS = - 0.88 to

- 0.80, p < 0.01) and remained nonsignificant

with CSs of live fine and small roots, litter layer,

and humus layer.

On average, annual LF CTs, that is, needle LF,

total LF captured by funnels, large branches, and

the sum of all LF components, were 1.6 ± 0.13%,

2.7 ± 0.18%, 0.4 ± 0.05%, and 3.1 ± 0.22%

(mean ± S.E.) of the stem C stock, respectively.

Figure 3. The C stocks on the studied northern Scots

pine and Norway spruce sites (n = 3 in both) and on

southern Scots pine and Norway spruce sites (n = 4 and

5, respectively).
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These proportions showed no significant differ-

ences between tree species or between north and

south; the only exception was large branch LF

(north < south, p = 0.027). The proportions of the

respective LF CTs from the total aboveground tree

CS were all significantly higher in the south than

the north (0.007 £ p < 0.056).

Generally, DOC in throughfall (TF) was posi-

tively correlated with the aboveground tree com-

partment CSs (rS = 0.57–82, p < 0.03). As DOC in

bulk deposition (BD) decreases from south to north

similarly to tree CSs, DOC in BD was also positively

correlated with some of the tree compartment CSs,

for example, with stem CS (rS = 0.58, p = 0.023).

DOC fluxes in percolation water (depths 5, 20,

and 40 cm) were not significantly correlated with

any of the measured CSs. However, DOC fluxes in

the north (depth 20 cm) were significantly corre-

lated with live branch, bark, and live fine and small

root CS (rS = 0.94, p = 0.005, n = 6). In addition,

Table 4. Carbon Transfer (C kg ha-1 year-1) in Litterfall Compartments, Carbon in Annual Stump-Stem
Increment (Increment in Aboveground Stump-Stem, Including Bark Biomass C Content; Tomppo 2000), and
Fluxes of Dissolved Organic Carbon (DOC g ha-1 year -1) in Bulk Deposition and Throughfall, and in
Percolation Water at Soil Depths of 5, 20 and 40 cm

Site Needle

litterfall

Branch

litterfall

Other

litterfall

Stump-

stem

increment

DOC Bulk

deposition

DOC

Throughfall

DOC

5 cm

depth

DOC

20 cm

depth

DOC

40 cm

depth

C kg ha-1 year-1 C g ha-1 year-1

Northern Scots pine

1 200 40 230 370 70 200 420 180 190

6 500 40 230 2400 110 320 1540 760 1110

20 390 70 430 340 130 480 1320 650 310

N pine mean 360 50 300 1040 100 330 1090 530 540

N pine SD 150 20 120 1180 30 140 590 310 500

Southern Scots pine

10 570 100 480 1800 120 490 1480 1270 320

16 890 380 730 3200 120 460 1740 970 400

18 580 170 570 1300 120 470 1000 370 170

13 1060 360 860 3300 130 570 1550 340 240

S pine mean 770 250 660 2400 120 500 1440 740 280

S pine SD 240 140 170 1000 5 50 310 460 100

Scots pine

total mean

600 170 500 1800 110 430 1290 650 390

Northern Norway spruce

3 220 30 60 480 100 330 1410 290 130

5 460 120 160 1200 110 390 1870 1040 370

21 240 80 390 700 70 270 1230 770 130

N spruce

mean

310 80 200 800 90 330 1500 700 210

N spruce SD 130 50 170 370 20 60 330 380 140

Southern Norway spruce

23 1570 480 790 4000 100 710 nd nd nd

11 1200 260 730 3100 120 680 1960 790 130

17 1090 320 790 3100 110 690 870 330 110

19 790 270 1070 1500 140 700 nd nd nd

12 1060 340 670 2900 130 850 830 540 60

S spruce

mean

1140 330 810 2920 120 730 1220 550 100

S spruce SD 280 90 150 900 20 70 640 230 40

Norway

spruce to-

tal mean

830 240 580 2100 110 580 1360 630 160
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DOC flux at a depth of 40 cm was correlated with

needle LF (rS = 0.812, p = 0.050, n = 6).

The cellulose mass loss percentage was nega-

tively correlated with latitude (rS = - 0.56,

p = 0.03, n = 15) and with live fine and small root

CS (rS = - 0.60, p = 0.017).

C/N Ratio of the Organic Layer: Relationships with Lat-

itude, C Transfers, and C Stocks

The C/N ratio of the organic layer (C/Norg), often

used as an index of site fertility, was significantly

higher in the north (p < 0.001) than the south and

higher on the pine sites than the spruce sites

(p = 0.052). C/Norg was also positively correlated

with latitude (rS = 0.61, p = 0.016). C/Norg was

negatively correlated with most CSs and CTs; the

highest correlation appeared with the total CS

(rS = - 0.90, p < 0.001) and throughfall DOC flux

(rS = –0.91, p < 0.001). C/Norg was positively

correlated with understorey vegetation (rS = 0.86,

p < 0.001).

DISCUSSION

Carbon Stocks (CS) and Allocation
to Different Ecosystem Compartments

In our study, forest ecosystem C stocks decreased

northwards, which may be attributed to climate,

the main driver of biomass production. The C/N

ratio of the organic layer (C/Norg), often used as an

index of site fertility (for example, Tamminen

2000), was higher in the north and on the pine

sites, having lower site fertility than spruce sites.

Thus, both the variation in climatic conditions and

the differences in site fertility were reflected in the

organic layer C/N ratio which negatively correlated

with most CSs and CTs, indicating the N limitation

of the ecosystems. However, the relationship be-

tween CSs and the C/N ratio is poorly represented

in soil carbon and ecosystem models, which may

result in spatial discrepancies and underestimation

of modelled soil carbon stocks (Hashimoto and

others 2017; Ťupek and others 2016).

Basically, our results on C stocks and transfers

were of the same order of magnitude with those in

previous studies, for example, by Berggren Kleja

and others (2008) and Hansson and others (2013).

The largest CSs in our study sites were stems

(30 ± 2%), mineral soil (0–40 cm; 28 ± 2%), and

humus layer (13 ± 1%). Our study sites were lo-

cated in mature stands and had on average 65%

and 116% higher stem volume than the mean

stand volumes in northern and southern Finland,

respectively (Merilä and others 2014; Korhonen

and others 2021). However, stem volumes of our

forest sites (145 ± 90 and 310 ± 146 m3 ha–1 for

northern and southern sites, respectively) corre-

sponded well to those given by National Forest

Inventory for mature managed forest sites in

northern (147 m3 ha–1) and southern (284 m3 ha–

1) Finland (Natural Resources Institute Finland

2023). It should be noted that our southern sites

included Norway spruce-dominated protected for-

est in Evo (nr. 19) having exceptionally high stem

volume (650 m3 ha-1).

Our results for C stocks, with the previous results

on N stocks (Merilä and others 2014), reveal the

importance of mineral soil (0–40 cm layer) as a

major long-term storage of organic C and N (c. 70%

of total N; Merilä and others 2014) in boreal

coniferous forest ecosystems. The accumulation of

C in mineral soil results from a positive balance

between organic matter input (organic matter

production and consequent above- and below-

ground litterfall) and output (decomposition and

leaching) within the forest ecosystem. As discussed

in Merilä and others (2014), podzolisation pro-

cesses drive the stratification of C in mineral soil,

resulting in the accumulation of dissolved organic

matter in the enrichment layer (B-horizon) of the

podzolic soil profile (for example, Lindroos and

others 2008). Besides root litter, soil-forming pro-

cesses have a strong influence on the composition

of organic carbon in mineral soil layers and consist

of resistant, slowly decomposing humic substances

(Rumpel and others 2002; Hilli and others 2012).

Figure 4. Mean cellulose mass loss percentages (± SD)

on 17 study sites after a one-year incubation, presented

as a function of the site’s latitudinal position.
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According to Kauppi and others (1997), the

average C stock in humus layer and mineral soil of

upland forests in Finland was 72 000 kg ha-1 in the

top 75 cm layer. In our study, the mean C stock in

the organic layer and mineral soil (0–40 cm) ran-

ged 39 000–123 000 kg ha-2. Moreover, in our

study sites the average proportion of C stock in the

organic layer from the total soil stock was 31%

(mineral soil layer 0–40 cm), while the respective

value reported by Liski and Westman (1997) for

Finland was 28% (mineral soil layer 0–100 cm).

This comparison indicates that soil C stocks of our

study sites were somewhat above national average,

which is most probably due to higher fertility of our

sites compared to national average (see also Lin-

droos and others 2022). The greatest change in the

C stock is considered to take place in the organic

layer and topmost mineral soil (Gaudinski and

others 2000). However, as deeper mineral soil

possesses a large C stock, its role in the C cycling

would deserve more attention and examination.

After stems and mineral soil, humus layer

formed the third largest C stock (13% of total),

being higher on spruce than pine sites. Also, the

total C stocks were largest on spruce sites, espe-

cially in the south. As site fertility was higher on

spruce sites than pine sites, the pure effect of tree

species on the C sequestration in the humus layer

and the whole ecosystem remained untested.

However, in a study including data from four dec-

ades of mean humus layer thickness in > 82 000

plots, Berg and others (2009) reported that in

similar site conditions, pine sequestered more C

than spruce (difference of 71 kg C ha-1y-1), indi-

cating the importance of pine forests for C seques-

tration. Especially, Scots pine is adapted to

conditions of low moisture and nutrient availability

showing higher volume production than Norway

spruce in such conditions (Ilvessalo 1927; Heiska-

nen and Mäkitalo 2002; Ekö and others 2008).

Interestingly, humus layer was the only com-

partment showing no significant difference in C

stocks between north and south despite harsher

climate and lower fertility in the north. Although

the mean humus layer C stock within the spruce

sites was higher in the south than the north, the

difference remained nonsignificant because of the

large variation within the southern sites. In addi-

tion to the balance between sequestration and

losses of C, stabilisation of soil organic matter

(SOM) leading to protection of organic matter from

mineralization plays a major role in the formation

of humus layer and its C storage. Higher C/N ratio

in the humus layer of our northern sites compared

to southern ones suggests higher recalcitrance of

SOM (Nohrstedt 1985), which thus might be one

factor explaining nonsignificant differences in hu-

mus layer CSs between north and south, even

though both chemically resistant and more labile

compounds are known to form stable SOM (Co-

trufo and others 2015). Furthermore, Hilli and

others (2008a, b) who used a subset of our study

sites found that the northern sites showed lower

concentrations of the recalcitrant fraction (acid

insolubles) of organic matter and higher concen-

trations of more easily degradable fractions (water-

soluble extractives and nonpolar extractives) than

the southern sites, presumably due to the lower

decomposition rate in the northern climate. Alto-

gether, SOM stabilisation is a result of many factors

(Clemmensen and others 2013; Cotrufo and others

2015; Liang and others 2017) and cannot be ex-

plained only by recalcitrance of plant necromass or

climate (Adamczyk 2021).

The allocation of C, as well as N (Merilä and

others 2014), to roots was proportionally higher in

the north than the south. This is in line with the

results of Leppälammi-Kujansuu and others

(2014), who found that Norway spruce stands in

the northern boreal region produced relatively

more litter below- than aboveground. These results

reflect the lower fertility and lower density of

northern forests, where the resource competition

for nutrients is more severe than for light. In con-

trast, the canopy interception of light is much

higher in southern spruce forests and thus controls

the resource availability of the understorey more

severely (Valladares and others 2016), which is

reflected in the lowest understorey C stocks on

these sites. There, the understorey vegetation

community also includes more herbs (and grasses)

with lower biomass than perennial dwarf shrubs,

which are more abundant on less fertile pine sites

and northern spruce sites.

The opposite response of understory vegetation

to site fertility in comparison with tree C stocks

reflects the control of the tree canopy on the re-

source availability of understory vegetation.

Lehtonen and others (2016) estimated that in

eastern and northern Finnish Lapland the under-

storey litterfall equals c. half of the total litter input

and concluded that ecosystem modelling and

greenhouse gas inventory schemes should elabo-

rate estimates of understorey litter production in

the northern latitudes. Further, Leppälammi-

Kujansuu and others (2014) found that on north-

ern boreal Norway spruce sites, understorey litter

may form up to a third of the total annual above-

ground litter production and nearly a quarter of

that of belowground litter production. Results
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showing that sites with lower fertility produced

relatively more belowground litter were also re-

ported for Scots pine (Ding and others 2021) on a

site fertility gradient in southern Finland. In those

Scots pine stands, the understorey production

contributed 18–41% of belowground production.

The data for the ecosystem components were

collected in different years during 1996–2009. For

example, root sampling occurred in 1998, tree

stand measurements during dormant period in

2004–2005, and sampling for understorey vegeta-

tion in 2009. Annual variation in the biomass of

different ecosystem compartment studied evidently

exists but its effect on our results is difficult to

quantify. In case of litterfall and percolation water

CTs however, we used long-term means. More-

over, as our study sites represent mature tree stands

the variation may not be very substantial. For

example, fine-root biomass in tree stands has been

found to reach a steady state in mature stands

(Vogt and others 1987; Claus and George 2005).

Five of the sites were slightly thinned after the

dormant season 2004–2005 after measurements for

calculation of stand biomass were carried out (see

Material and Methods). The thinnings may have

had a minor effect on the results of litterfall (cal-

culated as mean 1996–2007) and understorey

vegetation (sampled in 2009), as their sampling

period occurred at least partly after the thinnings.

However, no drastic changes were noticeable in

these variables in comparison with pre-thinning

years.

Tree-related biomass estimates were based on

modelling and thus bring some inaccuracy to our

results. However, the input data of diameter at

breast height, tree height, and crown length ap-

plied in biomass estimation originate from detailed

tree measurements carried out on the study sites.

Moreover, the biomass functions applied are

developed for Finnish conditions and are based on

extensive empirical data (Repola 2009).

C Transfers (CT) and Their Relationship
with C Stocks

The quantity of C in the annual increment of stump

stem volume (increment C, m3 ha-1 y-1) and the

annual litterfall CT (needles and other LF, and large

branches) were significantly lower in the north

than the south. This is in line with biomass

amounts in different ecosystem parts, indicating

more favourable conditions in southern Finland,

with a warmer climate than in northern Finland

(for example, Liski and Westman 1997; Merilä and

others 2014).

A corresponding northing effect was also re-

flected in the cellulose mass loss percentage, the

flux of dissolved organic carbon (DOC) in bulk

deposition (BD), and throughfall (TF), which were

lower in the north than the south. In addition, TF

DOC flux was higher on spruce than pine sites.

Many complex processes prevail in the soil, and

this probably masks the northing and tree species

effects on soil percolation water, as the DOC fluxes

in soil percolation water showed no differences

between tree species or between north and south.

Most carbon stock compartments were signifi-

cantly correlated with litterfall CT components.

Litterfall is major aboveground C transfer from the

forest vegetation into the soil. Indeed, the key

factors to be considered in any soil C models are

litter production and decomposition processes (for

example, Ťupek and others 2019).

Generally, the DOC flux in TF was positively

correlated with the aboveground tree compartment

CSs, while DOC fluxes in percolation water were

not correlated with any of the measured CSs.

However, in the north, the DOC fluxes in the

percolation water of the topsoil at rooting depth

(depth 20 cm) were positively correlated, for

example, with fine and small root CS. The harsh

climate and shortage of plant-available N in

northern forests is shown to be related to the

expansion and maintenance of the ectomycorrhizal

root biomass and length (Ostonen and others

2011). Thus, DOC inputs originating from their

decomposition and exudates may significantly

contribute to the DOC fluxes in percolation water.

CONCLUSIONS

Our comprehensive study of the distribution of

carbon stocks and transfers within boreal forest

ecosystems provided an improved insight into the

absolute and relative magnitude of the C stocks and

transfers, as well as their mutual relationships. The

study revealed patterns in the stocks and transfers

of forest carbon, which were mainly driven by site

fertility and climatic variation along the latitudinal

gradient between 60 and 69 degrees. Our field

observations demonstrated that site fertility was

crucial for boreal forest CSs, calling for a re-evalu-

ation of soil C and Earth system future projections

in a warming climate and forest management.

Furthermore, our results may serve basic and ap-

plied research, as well as practical forest manage-

ment, in considering the carbon sequestration

capacity of boreal forests.
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Ťupek B, Ortiz CA, Hashimoto S, Stendahl J, Dahlgren J, Karltun

E, Lehtonen A. 2016. Underestimation of boreal soil carbon

stocks by mathematical soil carbon models linked to soil

nutrient status. Biogeosciences 13:4439–59.
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tion of stoniness]. Communicationes Institute Forestalis Fen-

niae, Vol. 40. pp 23. [In Finnish with English summary].

Vogt KA, Vogt DJ, Moore EE, Fatuga BA, Redling MR, Edmonds

RL. 1987. Conifer and angiosperm fine-root biomass in rela-

tion to stand age and site productivity in Douglas fir forests. J

Ecol 75:857–70.

Carbon Stocks and Transfers in Coniferous Boreal Forests... 167

http://www.icp-forests.org/Manual.htm
http://www.icp-forests.org/Manual.htm
http://www.icpforests.org/Manual.htm

	Carbon Stocks and Transfers in Coniferous Boreal Forests Along a Latitudinal Gradient
	Abstract
	Highlights
	Introduction
	Materials and Methods
	Sample Sites
	Estimation of Carbon Stocks (CS)
	Estimation of Carbon Transfers (CT) in Tree Stand Increment, Litterfall, Cellulose Decomposition, and Water Fluxes (WF)
	Statistical Methods

	Results
	Comparisons Between South and North and Between Tree Species
	C Stocks (CS)
	C in stand Increment, Transfers, and Water Fluxes
	The Relationships Between C Stocks, C Transfers, and Water DOC Fluxes
	C/N Ratio of the Organic Layer: Relationships with Latitude, C Transfers, and C Stocks


	Discussion
	Carbon Stocks (CS) and Allocation to Different Ecosystem Compartments
	C Transfers (CT) and Their Relationship with C Stocks

	Conclusions
	Data availability
	References




