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Highlights
• Stem rot significantly reduces the basic density of wood and increases its nitrogen content in 

living deciduous trees, while the carbon content appears irresponsive.
• The effect of the distance from the pith on the basic density and nitrogen content of wood 

varies, depending on presence of discoloration or decomposition in the wood.

Abstract
While numerous studies have focused on analyzing various aspects of the carbon (C) budget in 
forests, there appears to be a lack of comprehensive assessments specifically addressing the impact 
of stem rot on the C budget of broadleaf tree species, especially in old-growth forests where stem 
rot is prevalent. One of the main challenges in accurately quantifying C losses caused by stem rot 
is the lack of precise data on the basic density and C content of decayed wood, which are crucial 
for converting decayed wood volume into biomass and C stocks. Using linear mixed-effects 
models, we examine the variability of wood basic density, C content, and nitrogen (N) content. 
Discolored and decomposed wood was collected from the stems of 136 living deciduous trees 
common in hemiboreal forests in Latvia. Our research indicates a noticeable reduction in the wood 
basic density, coupled with an increase in the N content within the stem wood throughout the 
decomposition process in birch (Betula spp.), European aspen (Populus tremula L.), grey alder 
(Alnus incana (L.) Moench), and common alder (Alnus glutinosa (L.) Gaertn.). While aspen wood 
showed a decreasing trend in C content as decay progressed, a pairwise comparison test revealed 
no significant differences in C content between discolored and decomposed wood for the studied 
species, unlike the findings for basic density and N content. This study emphasizes the need to 
account for stem rot in old-growth forest carbon budgets, especially in broadleaf species, and 
calls for more research on stem rot-induced carbon losses.
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1 Introduction

The stem rot of living trees causes both economic and ecological losses to forests and forest ecosys-
tems. It has detrimental effects on wood quality (Shortle and Dudzik 2012), tree vitality (Dobbertin 
2005; Wei et al. 2022), and mechanical stability (Krisans et al. 2020), and can result in reduced tree 
growth and premature tree mortality (Roberts et al. 2020). Different factors can lead to stem rot, 
such as mechanical injuries (e.g. damage during thinning, pruning, skidding of wood), physical 
impacts (e.g. lightning strike, fire, hail, or ice), biological agents (e.g. pests, animals), and then 
fungi decompose the wood with the help of bacteria (Haq et al. 2022). Certain types of decay and 
discoloration seen in wood products can actually begin while the tree is still alive. There are two 
types of stem decays in standing timber: white rots and brown rots. White rots are more common, 
but brown rots are more worrisome because they cause a lot of damage to the wood strength (Zabel 
and Morrell 2020). Apart from research on the influence of stem rot on trees’ health status and the 
evaluation of urban tree safety, changes in the physicochemical properties of decayed wood and the 
release of carbon dioxide (CO2) during wood decomposition are also topical for various reasons. 
Fungi responsible for stem rot play a central role in the carbon and nitrogen cycling of forests, as 
they are the primary organisms capable of efficiently mineralizing all the cell wall components of 
wood into CO2 and water (Hietala et al. 2015).

The world’s forests serve as significant carbon sinks and play a critical role in mitigating 
global warming caused by the increasing concentration of atmospheric CO2 (Malhi et al. 2002; Pan 
et al. 2011). Reliable estimates of forest carbon pools are necessary to support political decisions 
and maintenance practices aimed to increase the ability of forests to absorb anthropogenic CO2 
emissions. The primary source for carbon stock calculations in forests is national forest inventory 
(NFI) data. However, it has been recognized that the use of allometric equations – which typically 
do not account for the presence of internal decay – can lead to an overestimation of the carbon 
mass of individual trees and, consequently, the overall carbon estimates at larger scales for forests 
(Marra et al. 2018). Assumptions regarding the impact of carbon loss due to internal decay in 
living trees vary, and the available studies on this topic are limited. Matsuzaki et al. (2013) found 
internal decay had a non-significant effect on carbon stock in old coniferous stands in temperate 
rainforests in Canada, while a study of urban trees in Australia affirmed that the volume of decayed 
broadleaved trees could shrink up to 25%, which correspondingly led to a significant reduction 
of captured carbon (Orozco-Aguilar et al. 2018). In addition to these findings, a study in Poland 
found that the decay of 1 m3 of Norway spruce (Picea abies (L.) Karst.) wood would lead to the 
emission of approximately 106 kg of CO2 into the atmosphere (Sierota et al. 2018).

Stem rot can have implications not only for the carbon pool of living trees but also for the 
carbon pool of deadwood, which in turn affects the overall assessment of the carbon budget (Köster 
et al. 2015; Šenhofa et al. 2020). Additionally, the presence of internal decay can impact the fluxes 
of other greenhouse gases, including methane (CH4) and nitrogen oxides, primarily N2O (Barba et 
al. 2019). The importance of deadwood in carbon turnover within forest ecosystems has been rec-
ognized for a long time. This component is primarily quantified as part of NFI assessments (Russell 
et al. 2015). In response to the call for improvements in carbon accounting methodology, there has 
been extensive research conducted on the basic density of deadwood, as well as the release of CO2 
through the decomposition of wood (Covey et al. 2016; Hietala et al. 2015; Köster et al. 2015; 
Neumann et al. 2023; Nilsson et al. 2002; Prescott et al. 2017; Stakėnas et al. 2020). In contrast, 
the study of internal decay in living trees has received considerably less attention in this context.

Old-growth forests play an invaluable role in biodiversity conservation and the provision 
of other ecosystem services (O’Brien et al. 2021). A core aim of the EU’s biodiversity strategy for 
2030 is to increase the proportion of protected and strictly protected areas. The area of remaining 
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primary and old-growth forests in the Europe is small, and to meet the strict protection area target, 
additional forest areas will be set aside to replenish the protected forest area network. Old-growth 
forests are usually considered a carbon sink (Luyssaert et al. 2008); however, natural disturbance 
regimes can have a strong effect on the longevity of these carbon reservoirs (Ķēniņa et al. 2023). 
Birches (Betula spp.), alders (grey alder (Alnus incana (L.) Moench), and common alder (Alnus 
glutinosa (L.)), and European aspen (Populus tremula L.) are so-called pioneer species characterized 
by a short lifespan (Rothkegel et al. 2020). These species cover more than half of the total forested 
area in Latvia (The Central Statistical Bureau 2023), and the proportion of overmatured birch, 
alder, and aspen stands will likely increase in the future to fulfill the goals of the EU’s biodiversity 
strategy for 2030. A deeper understanding of the chemical transformations that occur during wood 
decomposition within standing trees, along with an assessment of how sensitive tree carbon stock 
estimates are to the extent of internal decay in stems, will aid in evaluating the capacity of these 
stands to sustainably provide various ecosystem services, including carbon sequestration.

The objective of this study was to examine the variations in wood basic density, carbon 
(C), and nitrogen (N) concentrations within the discolored and decomposed wood present in the 
stems of living trees, focusing on broadleaved species commonly found in the hemiboreal region: 
birch, European aspen, grey alder, and common alder. We hypothesized that the mean values of 
basic density, C, and N concentrations would differ between discolored and decomposed wood. 
In addition to our objective, we sought to generate new knowledge that could contribute to the 
improvement of decay column biomass calculations: Specifically, to enhance the accuracy of 
assessing the reduction in carbon mass resulting from internal decay in living trees.

2 Materials and methods

2.1 Study sites and sampling design

The research was carried out in 29 randomly selected mature and old-growth forest stands of the 
four most dominant broadleaved species in Latvia: birch (downy birch (Betula pendula Roth) and 
silver birch (B. pubescens Ehrh.)), European aspen (Populus tremula L.), grey alder (Alnus incana 
(L.) Moench), and common alder (Alnus glutinosa (L.) Gaertn.) (Table 1). In Latvian forests, two 
tree species that resemble birch, namely silver birch and downy birch, are not individually identi-
fied in the forest inventory records. As a result, we have employed the inclusive term “birch or 
Betula” to refer to both. The selected stands were of natural origin, represented the typical growing 
conditions in Latvia, and located in forest sites belonging to the Forest research station that is why 
the selected sites are in groups (Fig. 1). According to data from the Latvian Environment, Geology, 

Table 1. Characteristics and sample sizes of studied tree species used to examine the variations in wood basic density, 
carbon (C), and nitrogen (N) concentrations within the discolored and decomposed wood present in the stems of living 
trees in Latvia.

Species Number of 
trees (stands)

Age, years
(range)

Diameter at breast 
height, cm

(range)

Tree height, m
(range)

Number 
of discs

Number of 
basic density 

samples

Number of 
C and N 
samples

Betula 47 (8) 85 (69–109) 26.0 (9.5–44.7) 24.1 (14.7–31.8) 298 704 210
Populus tremula 19 (5) 74 (69–89) 37.7 (25.5–53.3) 31.4 (28.7–33.5) 276 801 211
Alnus incana 38 (9) 49 (37–70) 19.3 (14–28.5) 20.8 (16.3–26) 196 449 217
Alnus glutinosa 32 (7) 90 (65–122) 23.3 (13–40) 23.3 (11.9–28.5) 242 580 265
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and Meteorology Centre, the annual average air temperature in Latvia is +5.9 °C. The year’s warm-
est month is July (17.0 °C) and the coldest is February (–4.6 °C). The climate is mild and humid, 
with four explicit seasons. The average annual precipitation in Latvia is 667 mm. European aspen 
and grey alder stands were classified as forests on fertile mineral soils, common alder stands were 
classified as forests on wet peat and drained peat soils, and Birch stands were classified as forests 
on both fertile mineral soils and drained peat soils.

For decay detection at the study sites, the stems of the dominant species in a 500-m2 sample 
plot were drilled horizontally at stump level by the Rinntech RESISTOGRAPH® R650 from three 
different directions towards the core. This is a reliable method of tree vitality assessment in which 
– by measuring the power consumption – it is possible to evaluate the change in wood density 
caused by internal decay (Allikmäe et al. 2017). A tree was classified as decayed if a decrease in 
density was detected in at least one of the drilling directions. The decayed trees were marked and 
felled for wood sampling. The stump height was defined as 1% of the measured tree height before 
felling. The field sampling was performed from April to August 2022.

2.2 Collection of decayed wood samples

After felling, the tree stems were cross-cut into 1-m logs starting from the base of the stem toward 
the tree top. The presence of internal decay was evaluated based on visual inspection of the log 
ends and also at a height of 1.3 m; if decay was judged as present, sample discs were collected.

In this study, according to the previously developed methodology (Arhipova et al. 2011, 
2012), two conditions of wood were distinguished while collecting specimens from sampled discs 
for basic density, C, and N content analysis: (1) discolored wood without or with slightly changed 
mechanical properties (Fig. 2a) and (2) decomposed wood squeezable between two fingers (“spongy 

Fig. 1. Location of European aspen (Populus tremula), birch (Betula spp.), grey alder (Alnus incana), and common 
alder (Alnus glutinosa) study sites used to examine the variations in wood basic density, carbon, and nitrogen concen-
trations within the decayed wood present in the stems of living trees in Latvia.
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rot,” Fig. 2b). The detailed procedure and explanatory principles and schema for the extraction 
of wood specimens from cross-sectional discs were described in a study by Liepiņš et al. (2018). 
The width of the specimens from pith to bark was defined as 2 cm and wood specimens containing 
only discoloration or decomposed wood were prepared (Fig. 2c).

2.3 Laboratory analyses

The density of wood specimens was determined using Precisa XB 220A scales bundled with a 
Precisa density determination set (part no: 350-8556). Before the density measurements were con-
ducted, all wood specimens were immersed in water for 24 h to avoid absorption of water while 
taking measurements (Ilic et al. 2000). Each specimen was dried with soft paper and weighed in 
air and when submerged in water. The density of the immersed object was calculated according to 
Archimedes’ principle using these measurements. This method is particularly suitable for irregularly 
shaped objects. To calculate the basic density, the specimens were dried at 103–105 °C until a con-
stant weight was achieved, which took around 4–5 days. Basic density helps provide a standardized 
measure of wood density, enabling comparisons between different wood samples and species.

At least 100 randomly selected specimens for each tree species and discolored or decomposed 
wood were cut into small pieces and ground into a homogenous powder. The wooden powder was 
analyzed for C and N content using the elemental analyzer (Elementar vario EL Cube, Elementar 
Analysensysteme GmbH, Germany), with a sample weight of approximately 30 mg. An elemen-
tal analyzer measures the amount of released CO2 and N2 through gas chromatography. The final 
values are expressed as the percentage of C or N in the dry wood powder.

2.4 Statistical analysis

The effect of stem rot (discolored or decomposed wood) and position of the specimen on wood 
basic density, C, and N content was determined using linear mixed-effects models (MANCOVA). 
The distance from the pith (numeric covariate), wood condition (factorial with two levels), and 
their interaction were used as the fixed effects. Due to hierarchical structure, trees were sampled 
in 5 to 9 stands for each tree species. In addition, because the data were unbalanced – and to avoid 
the issue of pseudoreplication (Arnqvist 2020) – trees and site were used as nested random effects, 
presuming both random slopes and random intercepts for the tested fixed effects.

Fig. 2. Position of the specimens within the sample discs: (a) discolored wood; (b) decomposed wood; (c) wood speci-
mens prepared for analyses of basic density.
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The effect of wood decomposition (displayed as changes in basic density) on C and N con-
tent was determined using a separate linear mixed-effects model in a similar manner. The models 
were fit using a residual maximum likelihood technique and p-values for fixed effects derived 
with Satterthwaite approximations in a Type III analysis of variance. The R packages “lme4” and 
“lmerTest” were used for model analysis. The compliance of the models with statistical assump-
tions was checked by diagnostic plots. Predictor effect plots, implemented in the “effects” package 
in R, were used to provide a graphical summary for the fitted regression models.

Estimated marginal means (emmeans) and pairwise comparisons for each dependent variable 
were made using the R package “emmeans.” The level of statistical significance was set to 0.05. 
Conditional R2 (variance explained by the full model) and marginal R2 (variance explained by fixed 
effects) were calculated using the R package “MuMIn.” All statistical analyses were performed 
using R Studio software (R version 4.1.3 2022).

3 Results

The wood distance from the pith had a significant effect on the basic density of birch (p = 0.011), 
European aspen (p = 0.048), and grey alder (p = 0.035), while the stem rot significantly impacted 
(p < 0.05) both wood basic density and N content in all studied tree species (Table 2). In general, 
wood basic density tended to increase toward the bark, while the N content tended to decrease 
(Fig. 3). Both of these trends weakened or even disappeared as birch and common alder wood 
decomposed due to internal decay. The wood basic density of birch and the N content of common 
alder were both significantly influenced by the interaction between wood condition and distance 
from the pith. This indicated that the effect of the specimen’s position on wood basic density and 
N content varied depending on the presence of discoloration or decomposed wood. The decayed 
wood C content was not significantly impacted by the distance from pith in the affected area of 
internal decay for studied species. In the case of European aspen, the C content was significantly 
affected by the stem rot (p = 0.020), in contrast to the other tree species. In decomposed aspen 
wood, the carbon content tended to decrease.

Marginal R2 and conditional R2 coefficients for some of our models suggested that – while the 
models fit the data reasonably well – substantial variation remained unexplained by the fixed-effect 
variables. The conditional R2 values for all the models were higher, indicating that a large portion 
of the variation in the dependent variable could be explained by the tree itself, saprotrophic or 
pathogenic fungi involved, and the specific stand (i.e., the location) in which the tree was growing.



7

Silva Fennica vol. 57 no. 3 article id 23040 · Liepiņš et al. · Effect of stem rot on wood basic density, carbon, …

Ta
bl

e 2
. T

yp
e I

II
 an

al
ys

is
 o

f v
ar

ia
nc

e t
ab

le
 w

ith
 S

at
te

rth
w

ai
te

’s
 m

et
ho

d 
fo

r t
he

 li
ne

ar
 m

ix
ed

-e
ffe

ct
s m

od
el

 to
 in

ve
st

ig
at

e t
he

 eff
ec

t o
f w

oo
d 

co
nd

iti
on

 an
d 

po
si

tio
n 

of
 th

e 
sp

ec
im

en
 o

n 
w

oo
d 

ba
si

c 
de

ns
ity

, c
ar

bo
n 

(C
) a

nd
 n

itr
og

en
 (N

) c
on

te
nt

. T
he

 ta
bl

e 
sh

ow
s t

he
 n

um
be

r o
f d

eg
re

es
 o

f f
re

ed
om

 (D
F)

, F
-v

al
ue

, a
nd

 p
-v

al
ue

 fo
r 

ea
ch

 te
rm

 in
 th

e 
m

od
el

. N
um

be
rs

 in
 b

ol
d 

ar
e 

st
at

is
tic

al
ly

 si
gn

ifi
ca

nt
.

Fi
xe

d 
eff

ec
t v

ar
ia

bl
es

Be
tu

la
Po

pu
lu

s t
re

m
ul

a
Al

nu
s i

nc
an

a
Al

nu
s g

lu
tin

os
a

D
F

F-
va

lu
e

p-
va

lu
e

D
F

F-
va

lu
e

p-
va

lu
e

D
F

F-
va

lu
e

p-
va

lu
e

D
F

F-
va

lu
e

p-
va

lu
e

B
as

ic
 d

en
si

ty
 m

od
el

R
2 m

(0
.6

1)
, R

2 c
(0

.7
8)

R
2 m

(0
.6

8)
, R

2 c
(0

.7
5)

R
2 m

(0
.5

3)
, R

2 c
(0

.8
0)

R
2 m

(0
.3

7)
, R

2 c
(0

.5
7)

D
is

ta
nc

e 
fr

om
 p

ith
6.

33
12

.8
0.

01
1

3.
17

9.
9

0.
04

8
11

.0
2

5.
8

0.
03

5
19

2.
24

1.
0

0.
30

8

W
oo

d 
co

nd
iti

on
8.

78
75

.1
<0

.0
01

2.
18

12
3.

4
0.

00
6

10
.8

2
87

.9
<0

.0
01

6.
40

31
.8

0.
00

1

D
is

ta
nc

e:
W

oo
d 

co
nd

iti
on

11
4.

59
8.

0
0.

00
6

28
9.

59
0.

6
0.

42
5

37
5.

90
3.

4
0.

06
7

21
0.

65
0.

1
0.

72
5

C
 c

on
te

nt
 m

od
el

R
2 m

(0
.1

2)
, R

2 c
(0

.6
5)

R
2 m

(0
.1

5)
, R

2 c
(0

.2
6)

R
2 m

(0
.0

1)
, R

2 c
(0

.3
3)

R
2 m

(0
.3

7)
, R

2 c
(0

.5
7)

D
is

ta
nc

e 
fr

om
 p

ith
4.

04
3.

0
0.

15
9

0.
73

7.
1

0.
29

5
3.

97
0.

4
0.

56
2

1.
46

0.
3

0.
65

3

W
oo

d 
co

nd
iti

on
5.

90
5.

4
0.

05
9

22
.1

5
6.

3
0.

02
0

5.
60

0.
1

0.
80

8
7.

23
0.

2
0.

64
1

D
is

ta
nc

e:
W

oo
d 

co
nd

iti
on

16
6.

43
1.

3
0.

26
0

12
.2

9
0.

3
0.

57
0

11
4.

65
0.

3
0.

59
5

13
4.

17
3.

2
0.

07
6

N
 c

on
te

nt
 m

od
el

R
2 m

(0
.4

4)
, R

2 c
(0

.8
7)

R
2 m

(0
.5

5)
, R

2 c
(0

.6
4)

R
2 m

(0
.3

0)
, R

2 c
(0

.6
2)

R
2 m

(0
.2

8)
, R

2 c
(0

.5
8)

D
is

ta
nc

e 
fr

om
 p

ith
3.

62
5.

9
0.

07
9

2.
39

2.
1

0.
26

9
6.

20
4.

0
0.

09
2

3.
79

3.
3

0.
14

7

W
oo

d 
co

nd
iti

on
5.

51
24

.8
0.

00
3

21
.0

8
49

.7
<0

.0
01

10
.3

3
16

.0
0.

00
2

6.
38

6.
5

0.
04

1

D
is

ta
nc

e:
W

oo
d 

co
nd

iti
on

17
4.

27
0.

1
0.

81
7

76
.1

2
0.

1
0.

71
4

15
1.

29
0.

2
0.

69
3

15
9.

18
6.

0
0.

01
5

Th
e 

in
te

ra
ct

io
n 

be
tw

ee
n 

th
e 

fa
ct

or
s d

is
ta

nc
e 

fr
om

 p
ith

 a
nd

 w
oo

d 
co

nd
iti

on
 is

 re
pr

es
en

te
d 

as
 “

D
is

ta
nc

e:
 W

oo
d 

co
nd

iti
on

”



8

Silva Fennica vol. 57 no. 3 article id 23040 · Liepiņš et al. · Effect of stem rot on wood basic density, carbon, …

Variations in basic density showed a significant effect (p < 0.05) on N content in all species 
examined (Fig. 4) (Table 3). The R2c values indicated a good relationship between the fitted and 
estimated values for studied species, explaining 45% to 86% of the variation in N content. In con-
trast, predicting C content was associated with higher prediction errors than N content, resulting 
in poorer R2c values (0.17 to 0.61) and R2m values (0.01 to 0.11). Basic density had a significant 
effect only on C content for European aspen (p = 0.015) and common alder (p = 0.025).

The results of the emmeans analysis showed that for basic density, all four species had a 
significant difference (p < 0.005) between groups (discolored and decomposed wood), with discol-
ored wood having a higher mean density than decomposed wood (Table 4). Birch had the highest 
decrease in density as a result of decay (mean difference between groups = 0.196 g m–3), followed 
by European aspen (0.152 g m–3), grey alder (0.132 g m–3), and common alder (0.102 g m–3). The 
pairwise comparison test confirmed that there were no common trends among the examined species 
and no significant differences (p > 0.05) in the emmean values of C content between discoloration 
and decomposed wood. The highest emmean for C content was found in the decomposed birch 
wood (517.0 g kg–1), while the lowest was in the decomposed European aspen wood (486.4 g 
kg–1). In general, the C content in European aspen discolored and decomposed wood was lower 
compared to birch and both alder species. The emmean values of N content were significantly 

Fig. 3. Effect plots showing differences in basic density, carbon content and nitrogen content across discolored or 
decomposed wood and distance from pith for different tree species. The area between dotted lines indicates 95% con-
fidence interval.
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(p < 0.005) higher in decomposed wood for all studied species. Birch had the highest increase in 
N content as a result of decay (mean difference between groups = 3.8 g kg–3), followed by grey 
alder (2.0 g kg–3), European aspen (1.4 g kg–3), and common alder (1.3 g kg–3).

Table 3. Type III analysis of variance table with Satterthwaite’s method for the linear mixed-effects model to investi-
gate the effect of basic density on wood carbon (C) and nitrogen (N) content. The table shows the number of degrees of 
freedom (DF), F-value, and p-value for the model. Numbers in bold are statistically significant.

Fixed effect  
variable

Betula Populus tremula Alnus incana Alnus glutinosa
DF F-value p-Value DF F-value p-value DF F-value p-value DF F-value p-value

C content model R2m(0.11), R2c(0.61) R2m(0.06), R2c(0.17) R2m(0.01), R2c(0.32) R2m(0.03), R2c(0.45)

Basic density 4.94 4.8 0.081 14.80 7.5 0.015 3.62 0.3 0.626 14.75 6.2 0.025

N content model R2m(0.53), R2c(0.86) R2m(0.60), R2c(0.60) R2m(0.37), R2c(0.56) R2m(0.25), R2c(0.45)

Basic density 4.94 35.4 0.002 17.32 248.9 <0.001 5.19 16.1 0.009 5.15 12.8 0.015

Table 4. Analysis of estimated marginal means (emmean) and pairwise comparison for wood basic density, carbon 
content, and nitrogen content of examined species across discolored and decomposed wood. Numbers in bold are sta-
tistically significant.

Dependent variables Species Wood condition emmean Standard  
error

Pairwise comparison
Mean  

difference
p-value

Basic density,
 t m–3

Betula Discolored wood 0.480 0.010 0.196 <0.0001
Decomposed wood 0.284 0.017

Populus tremula Discolored wood 0.394 0.008 0.157 0.0029
Decomposed wood 0.237 0.016

Alnus incana Discolored wood 0.360 0.005 0.132 <0.0001
Decomposed wood 0.228 0.016

Alnus glutinosa Discolored wood 0.403 0.006 0.102 0.0011
Decomposed wood 0.301 0.014

Carbon content,
 mg g–1

Betula Discolored wood 505.0 1.880 –12.20 0.1062
Decomposed wood 517.0 5.860

Populus tremula Discolored wood 492.4 1.027 5.98 0.2439
Decomposed wood 486.4 2.519

Alnus incana Discolored wood 503.0 1.430 0.02 0.9938
Decomposed wood 503.0 1.700

Alnus glutinosa Discolored wood 507.0 1.350 –2.90 0.2020
Decomposed wood 510.0 2.090

Nitrogen content,
 mg g–1

Betula Discolored wood 2.2 0.146 –3.8 0.0044
Decomposed wood 6.0 0.728

Populus tremula Discolored wood 1.7 0.096 –1.4 0.0174
Decomposed wood 3.1 0.115

Alnus incana Discolored wood 3.4 0.187 –2.0 0.0171
Decomposed wood 5.5 0.470

Alnus glutinosa Discolored wood 3.6 0.137 –1.3 0.015
Decomposed wood 4.9 0.320
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4 Discussion

The decomposition of wood due to fungal metabolism is one of the key processes in forest ecosys-
tems. It is responsible for nutrient cycling and the release of CO2 stored in woody biomass (Andlar 
et al. 2018; Rawlings et al. 2022). Biological degradation of lignocellulose during the decomposition 
or decay of wood leads to a decrease in basic wood density, as reported from studies on deadwood 
of the same deciduous species – birch, alders, and aspen – carried out in the Baltic region (Köster 
et al. 2015; Stakėnas et al. 2020). Our study also provides clear evidence of a reduction in wood 
density due to decomposition for all the studied species. At the same time, the observed basic den-
sity values of discolored wood were very similar to the average densities reported for intact wood 
in previous studies (Aosaar et al. 2011; Heräjärvi 2004; Heräjärvi and Junkkonen 2006; Liepiņš 
et al. 2017, 2023). This indicates that there are no significant alterations in wood properties at this 
initial stage of decay. This is in line with the general understanding that the discoloration of stem 
wood is caused by oxidation of the phenolic substances catalyzed by various enzymes produced 
by microbes (Hörnfeldt et al. 2010) and also induced by the plant as a defense reaction e.g. Smith 
(2015) that actually have minor effects on the mechanical properties of the wood (Duchesne et 
al. 2016). The basic density of decomposed wood was consistently lower for all studied species 
compared to discolored wood. Loss of wood density was higher for decayed birch and aspen wood 
(41% to 40%, respectively) than for grey alder and common alder (37% and 25%, respectively).

Our data revealed that the N content of decomposed wood was higher for all tree species, 
and there was a negative correlation between N content and wood basic density. The increase of 
N content in deadwood has been observed in previous studies (Holub et al. 2001; Köster et al. 
2015). The recycling of wood by fungi, and import of N by rhizomorphs and mycelial cords of 
wood-decay fungi during early decomposition stages, contribute to the increase of N content in 
deadwood (Stenlid et al. 2008). Rinne et al. (2017) emphasized the role of N fixation and import 
from soil via wood-decay and mycorrhizal fungi as external flows in raising the N content of 
deadwood. While fungi are widely recognized as playing a dominant role in the decomposition of 
deadwood, it is important to note that several bacterial taxa also contribute to the accumulation of 
N in deadwood through N fixation (Vojtěch et al. 2021). Unlike the deadwood, the decay column 
within the trees has no direct contact with the soil, and the mechanisms responsible for nutrient 
cycling of decayed wood in living trees require additional exploration.

As previously reported, there is a negative correlation between wood density and C concen-
tration (Martin et al. 2018). Our results on decay-affected wood showed a significant relationship 
between density and C content for two out of the four studied deciduous tree species (common 
alder and European aspen). The interconnection between basic density and C content was less 
pronounced than for N content, indicating that predicting the C content of decay-affected wood 
using basic wood density is associated with relatively high prediction error. Several factors may 
contribute to the notable amount of unexplained variation that affected the model’s performance. 
The decomposition of wood is a complex process involving various fungi, each with species-specific 
abilities to decompose lignin, cellulose, and hemicellulose (Fukasawa 2021). We know that wood 
chemical components have different C content; for example, higher amounts of lignin in the wood 
are associated with higher concentrations of C (Lamlom and Savidge 2003). Decay is traditionally 
categorized into white-rot, brown-rot, and soft-rot. For instance, brown rot decomposes cellulose 
and hemicellulose, while lignin remains relatively unchanged (Fukasawa 2021). Apparently, the 
stem rot can influence the C concentration in affected wood, and this issue should be addressed in 
future studies, particularly in the exploration of decayed wood in standing trees.

Wood basic density is also a highly variable trait. Among the variations observed between 
individual stems, sites, and between juvenile and mature wood (Saranpää 2003), it is important to 
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consider both radial and axial variations within the stem (Liepiņš et al. 2017; Repola 2006). We 
found that the distance to the pith had a significant effect on the density of decay-affected wood 
for all species except common alder. The stem wood density variation in the area affected by 
rot is relatively low for common alder (Hakkila 1970; Liepiņš et al. 2023). This likely explains 
the absence of radial density variation in discolored wood in our study. The most prevalent 
decay fungi in living stems of common alder are I. radiatus and Armillaria sp., which caused 
significant heart rot in this tree species (Arhipova et al. 2012). Perhaps this can be attributed 
to the specificity of these fungi, which exhibit rapid and extensive wood decomposition. As a 
result, the distance from the pith does not appear to have an influence on the decomposed wood. 
Furthermore, distance from the pith had no effect on C or N content in the studied samples. This 
is an important insight for developing the methodology for C accounting in decayed stems. The 
absence of radial variation in C content in decay-affected wood simplifies the assessment of C 
loss in decayed standing trees, allowing for the use of weighted mean C content values for whole 
trees (Bārdule et al. 2021).

Reliable information on decay incidence within forest stands as well as methods for estimat-
ing the volumes of cavities and decay columns within tree stems are necessary for evaluating the 
impact of internal decay on carbon loss. So far, studies on the spread of discoloration and decay 
within tree stems or logs have primarily focused on assessing the economic impact and estimating 
the loss of timber quality caused by these issues (Hallaksela and Niemistö 1998; Schneider et al. 
2008). Alnus, Betula, and Populus belong to diffuse-porous tree species associated with a relatively 
fast loss of mass during decomposition compared to ring-porous deciduous species and conifers 
(Edelmann et al. 2023). The incidence of decay within the stems of the former species can be 
very high and increasing with age (Worrall and Fairweather 2009). Decay was found in 69% of 
Populus tremuloides Michx. stems examined in Ontario, Canada (Basham 1958), while 91% of 
studied European aspen stems in Sweden were discolored (Johansson 2013). Research on the stem 
internal quality of alder in Latvia revealed 75.1% and up to 54% of decayed stems in common 
alder and grey alder forest stands, respectively (Arhipova et al. 2011, 2012). This highlights the 
need for further efforts to develop methods for carbon accounting in forests that take the decay of 
standing trees into consideration.

The tracking of the impact of heart rot on carbon stocks in living biomass and other carbon 
pools in forests remains a challenging task, especially when considering changing forest age 
structures. Heart rot, a type of decay that affects the inner core of trees, can significantly alter the 
carbon dynamics in forest ecosystems. However, its influence on carbon stocks is complex and 
not well understood. It has been observed that the concentration of CO2 in trees with heart rot was 
generally two times higher than in healthy trees (Hietala et al. 2015). This suggests that stem rot 
not only reduces the C stock of the tree but could also potentially increase the release of CO2 from 
the rotten wood into the atmosphere. One of the main challenges lies in accurately quantifying the 
extent of internal decay within individual trees and across forest stands. Heart rot is often hidden 
from external view, and its progression can vary widely, making it difficult to assess its impact on 
carbon stocks over time. Traditional forest inventory methods may not capture the subtle changes 
occurring within decaying trees, and this can lead to overestimation of forest carbon stock. To 
address this issue, more advanced technologies for detecting and monitoring heart rot in forests are 
needed. These could include various imaging techniques (e.g., tomography, ultrasound) or the use 
of remote sensing methods (e.g., LiDAR) to assess tree or stand conditions (Nicolotti et al. 2003; 
Soge et al. 2021). Models and simulations that account for changing forest dynamics – combined 
with data from decay monitoring techniques – can contribute to projecting the future impact of 
heart rot on carbon stocks, with implications for forest carbon management and climate change 
mitigation.
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In summary, the results of this study emphasize the influence of stem rot on the structural 
and compositional properties of wood in living birch, aspen, grey alder, and common alder trees. 
Specifically, our findings reveal a distinct decrease in basic wood density (25–41%) and an increase 
in the N content (35–172%) of the stem wood during the decomposition process, depending on 
the tree species. The limited variation in carbon content within the stem wood does not provide 
sufficient support for the claim that the mean values of C content differ between discolored and 
decomposed wood, in contrast to the findings for basic density and N content. The decayed wood 
C and N concentration was not significantly impacted by the distance from pith in the affected area 
of internal decay for studied species. Overall, these findings contribute to improving the accuracy 
of biomass calculations for decayed trees, which is crucial for understanding C dynamics and 
forest ecosystem functioning.
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