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Deadwood carbon pool is a crucial component of forest ecosystems and the 
global carbon cycle. Assessing of deadwood carbon is challenging due to vari-
ability in decay status, species and disturbances in tropical forests. Quantifying 
the magnitude of uncertainty is essential for improving the accuracy of carbon 
stock estimations. This study aimed to estimate deadwood carbon pool by con-
sidering deadwood decay status and different vegetation types as well as the 
associated uncertainty in carbon stock estimates. Based on the National Forestry 
Resources Monitoring and Assessment of Tanzania (NAFORMA) sampling design, 
we analysed 21,946 data points from 1,798 plots. A two-way Analysis of Variance 
(ANOVA) was used to examine the variation in deadwood carbon stock (rotten 
and solid) between the primary vegetation types. Tukey’s Honest Significant 
Difference (HSD), post-hoc test was applied to determine which vegetation types 
significantly differ in carbon stock while a paired samples t-test was used to 
compare carbon stock of solid and rotten deadwood. Uncertainty was calculated 
using Equation 10 of 2006 IPCC Guidelines with 95% confidence interval. The 
estimated deadwood carbon stock ranged from 0.11 to 1.01 t C ha−1, with solid 
deadwood having higher carbon stocks than rotten deadwood, accounting for 
0.79% of total estimated carbon stocks. Carbon uncertainty values ranged from 
0.0008 to 0.28%, with the highest and lowest uncertainty values from rotten 
deadwood in cultivated land and woodland, respectively. However, these varia-
tions among vegetation types did not significantly impact the deadwood carbon 
stock. In contrast, decay status had a significant effect on deadwood carbon 
stock. These findings are crucial for national climate policies, land use contribu-
tions to national carbon accounting, REDD+ mechanisms and sustainable man-
agement of natural ecosystems.
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1 Introduction

Deadwood represents a significant carbon pool in forest ecosystems and constitutes a sub-
stantial component of the global carbon cycle (Pfeifer et al., 2015; Wijas et al., 2024; Oswalt et 
al., 2008). Decomposition of deadwood is a dynamic process during which carbon is primarily 
lost as carbon dioxide (CO2) to the atmosphere, while a portion is transferred to soil carbon 
pool, although the exact partitioning varies with climate, wood traits, decomposer communi-
ties and decay stage (Griffiths et al., 2021; Wijas et al., 2024). Deadwood carbon stocks in 
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standing dead trees and other fallen woody debris, alive or dead, vary 
widely across different ecosystems depending on various factors such 
as climate (Weggler et al., 2012), vegetation type (Paletto et al., 2012) 
and disturbance history such as fire or wind throw (Bauhus et al., 
2018), decomposition rates (Tavankar et al., 2022), geographic region 
(Oettel et al., 2020), forest stand structure and composition (Oswalt et 
al., 2008) and forest management practices (Thorn et al., 2020). In 
general, temperate and boreal forests accumulate higher deadwood 
carbon stocks than tropical forests due to lower temperatures and 
slower decomposition rates, allowing deadwood to persist for longer 
periods (Mazziotta et al., 2014).

Tropical forests and woodlands also consist of a substantial 
amount of deadwood as standing dead trees or fallen woody debris, 
which form an essential component of the deadwood carbon pool 
(Bauhus et al., 2018; Woodall and Williams, 2005). Standing and 
downed deadwood are essential in providing resources and habitats 
for a wide range of plants, fungi and animal species (Brockerhoff et al., 
2017), facilitating plant regeneration (Dittrich et al., 2014) and store 
nutrients (Godoy et al., 2012). Tanzania has a diverse range of vegeta-
tion types each with unique characteristics and different levels of 
deadwood accumulation and decomposition rate (McElhinny et al., 
2005). Miombo woodlands, one of the largest ecosystems in Tanzania 
is under high anthropogenic pressure such as agriculture expansion, 
charcoal making, frequent burning, extensive herbivores and livestock 
grazing (Jonsson et al., 2005), which potentially affecting deadwood 
accumulation. Despite being substantial, deadwood in rainforests, dry 
forests, woodlands and savannas of tropical ecosystems have been 
largely overlooked until recently (Pfeifer et al., 2015).

The Intergovernmental Panel on Climate Change (IPCC, 2003) 
recognizes deadwood as one among the five carbon pools that must 
be quantified and monitored for accurate carbon accounting. The sub-
sequent 2006 IPCC Guidelines for National Greenhouse Gas 
Inventories (IPCC, 2006), emphasizes the need for accurate deadwood 
carbon stock estimations for reporting to the United Nations 
Framework Convention on Climate Change (UNFCCC) and the 
Kyoto Protocol. More recently, accurate accounting of the deadwood 
carbon pool is increasingly recognized as essential for climate change 
mitigation initiatives such as Reducing Emissions from Deforestation 
and Degradation and the role of conservation, sustainable manage-
ment of forests and enhancement of forest carbon stocks (REDD+).

The estimation of deadwood carbon stock is accompanied by sev-
eral sources of uncertainty that can lead to inaccuracies (Griffiths et 
al., 2021). The primary sources of uncertainties include climate vari-
abilities (Seibold et al., 2021), species types, sampling design, dead 
wood and debris measurement error (Holdaway et al., 2014) as well as 
differences in combustion processes when deadwood is burned rather 
than allowed to decompose due to combustion temperature, oxygen 
supply and moisture content (Hekkala et al., 2016). Estimating the 
magnitude of uncertainty across different vegetation types and wood 
decay stages is therefore important for a better understanding of the 
role of deadwood in ecosystem carbon dynamics and its overall 
carbon storage potential.

Among the five carbon pools, the deadwood carbon pool is often 
overlooked or not accurately estimated in various national reports 
such as the Forest Reference Emission Levels (FRELs) by many tropi-
cal countries. This is primarily due to the absence of national forest 
inventory data covering the different vegetation types and wood decay 
status. Previous reports in Tanzania have estimated total carbon stocks 
across the different land cover classes (Mauya et al., 2019; URT, 2017). 

However, these assessments did not account for uncertainties in esti-
mating deadwood as a separate carbon pool, nor did they consider the 
effects of woody decay status on carbon estimates.

Drawing on the extensive National Forestry Resources Monitoring 
and Assessment of Tanzania (NAFORMA), the current study aims to 
estimate the deadwood carbon pool and assess the associated uncer-
tainties across different vegetation types, considering variations in 
decay status. The specific objectives are (1) to estimate deadwood 
carbon stocks across the primary vegetation types in Mainland 
Tanzania stratified by deadwood decay status and (2) to assess the 
uncertainties associated with deadwood carbon estimates across pri-
mary vegetation types and deadwood decay status.

2 Materials and methods

2.1 Study area

This study covered the main forest types of the entire Mainland 
Tanzania (Figure 1) which include deciduous miombo woodlands in 
the western, central, and southern parts, Acacia-Commiphora wood-
lands in the north, mangrove forests along the Indian Ocean coast, 
and closed canopy forests that grow on the ancient mountains of the 
Eastern Arc. Tanzania has a mainly tropical climate but has regional 
variations due to topography. Temperatures range between 10 °C and 
20 °C during cold and hot seasons, respectively. The mean annual 
rainfall varies from below 500 mm to over 2,000 mm per annum, with 
shot rains from October to December and long rains from 
March to May.

Since deadwood accumulation varies across land cover classes, 
this study considered the primary vegetation types which included 
bushland, cultivated land, forest, grassland, open land, other areas, 
wetlands and woodland with different vegetation type sub-class, 
according to NAFORMA (2015) as shown in Table 1.

2.2 Data and sampling design

This study employed data from the National Forestry Resources 
Monitoring and Assessment of Tanzania (NAFORMA) fieldwork 
which occurred between 2010 and 2014 as described in detail in 
Tomppo et al. (2014). The NAFORMA sampling design followed 
double sampling strategy for stratification and optimal allocation of 
plots (Tomppo et al., 2014; URT, 2017). The first phase of sampling 
consists of clusters of plots laid at distances of 5 km × 5 km over 
Mainland Tanzania. The country was divided into 18 strata based on 
predicted growing stock, accessibility and slope. The second phase 
samples were systematically selected from the first phase sample using 
optimal allocation. Accordingly, higher sampling intensity was allo-
cated to strata with high variation and high predicted growing stock, 
while low sampling intensity was allocated to strata with low variation 
and low predicted growing stock.

Concentric circular plots of 15 m radius were used as the sampling 
units and plots were grouped into clusters as measurement units in 
order to increase the accuracy of the measurements and sampling 
intensity. The plots were grouped in L-shaped clusters and the number 
of plots per a cluster varied from 6 to 10, depending on the accessibil-
ity of the plots. A total of 21,946 data points were measured from 1798 
plots which were spatially distributed as shown in Figure 2 and the 
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distance between plots within a cluster was 250 m (Figure 3), while 
the distance between clusters varied by stratum, from 10 to 45 km. 
Measurements were only taken for fallen deadwood and large 
branches which were within a radius of 15 m plot. Measured dead-
wood parameters included deadwood length, diameter (top and 
bottom) for deadwood with a diameter equal to or greater than 10 cm 
and deadwood decay status (solid and rotten) according to Tomppo 
et al. (2014). Deadwood lengths were measured using a tape measure, 
and deadwood diameters were measured using a vernier caliper. Each 
deadwood decay status class (solid or rotten) was detected using a 
knife test and recorded following NAFORMA field manual (Tomppo 
et al., 2014; URT, 2017).

2.3 Data analysis

2.3.1 Deadwood biomass

Deadwood biomass was estimated by multiplying the volume 
of each deadwood species with its specific wood density. Species-
specific wood density values were sourced from the Global Wood 
Density database (Zanne et al., 2009), using the function get-
WoodDensity() in R. For those species-specific wood density 

values that were missing from the database, a default wood density 
value of 500 kg/m3 was used (Tomppo et al., 2014). Irrespective of 
species, a default wood density reduction factor of 0.97 was used 
for solid woods and 0.45 for rotten deadwood (IPCC, 2006). 
Smalian formula was adapted for calculating deadwood volume 
(Equation 1).

	
( )= π +2 2V d1 d2 L /8

	
(1)

Where: V is Volume (m3) of the deadwood, d1 and d2 (cm) are 
the diameter at both ends of the deadwood, and L is the length of the 
deadwood (m).

The estimated deadwood volume and biomass of individual values 
were then summed up and scaled up to per ha basis for each vegeta-
tion type sub-class.

2.3.2 Weighted deadwood biomass

Deadwood biomass for each vegetation type sub-class (explained 
in Table 1), was estimated per plot and then weighted based on their 
corresponding areas (Equation 2).

FIGURE 1

Distribution of different forest types in Tanzania Mainland.
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Where Yi is the weighted estimate of deadwood biomass per ha, ai 
is the area of vegetation type sub-class i, Xi is deadwood biomass per 
ha of the vegetation type sub-class and n is the number of vegetation 
type sub-classes in the primary vegetation type.

2.3.3 Deadwood carbon stock

Individual weighted deadwood biomass was converted into 
carbon stocks by multiplying with a carbon conversion  
factor of 0.47 (IPCC, 2006) and later aggregated into carbon  
stock density, i.e., carbon stock per ha for each primary vegeta-
tion type.

2.3.3.1 Effect of vegetation types on deadwood carbon

A two-way Analysis of Variance (ANOVA) was used to examine 
the variation in deadwood carbon stock (rotten and solid) between the 

primary vegetation types. Tukey’s Honest Significant Difference 
(HSD), post-hoc test was applied to determine which vegetation types 
significantly differ in carbon stock.

2.3.3.2 Effect of decay status on deadwood carbon

To compare the carbon stock between solid and rotten deadwood 
across the primary vegetation types, a paired samples t-test was per-
formed. The test examined whether the mean carbon stock of solid 
and rotten deadwood differed significantly across the primary vegeta-
tion types.

2.3.4 Uncertainty estimation

The uncertainty was estimated by calculating the sample mean, 
variance based on the samples, standard deviation and confidence 
interval (Equations 3 and 4). Uncertainty was expressed by a 95% 
confidence interval constructed using samples from the same sam-
pling design, including the true value (IPCC, 2006) (Equation 5).

Variance based on samples was calculated using the following 
Equation 3:
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Standard deviation was estimated as the square root of the 
variance.
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Uncertainty for each vegetation type was calculated by using 
equation 10 of IPCC (2006). The term “uncertainty” was based on the 
95% confidence interval.
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Whereby, Utotal = Percentage uncertainty of the sum of quantities 
(half the 95% confidence interval, divided by the total (i.e., the mean) 
and expressed as a percentage).

Xi and Ui = Uncertainty quantity and the associated percentage 
uncertainties, respectively.

3 Results

3.1 Deadwood carbon stock

The estimated deadwood carbon stock across different primary 
vegetation types ranged from 0.11 to 1.01 t C ha−1 (Figure 4). Forests 
exhibited the highest deadwood carbon stock 
(1.01 ± 0.00057 t C ha−1) compared to other vegetation types, fol-
lowed by woodlands (0.8 ± 0.0004 t C ha−1) while grasslands had the 

TABLE 1  Classification of different vegetation types in Mainland Tanzania.

Primary 
vegetation type

Vegetation type 
sub class

Area (ha)

Bushland Dense 2,012,400

Emergent trees 309,400

Open 2,843,500

Scattered cultivation 1,162,700

Thicket 971,900

Thicket with emergent trees 308,300

Cultivated land Agroforestry system 1,373,000

Herbaceous crops 5,045,400

Mixed tree cropping 154,700

Wooded crops 1,521,100

Forest Humid Montane 995,300

Lowland 1,656,500

Mangrove 158,100

Plantation 554,500

Grassland Bushed 438,900

Open 3,091,100

Scattered cropland 593,600

Wooded 4,712,300

Woodland Open 35,997,300

Scattered cropland 2,530,900

Closed 8,729,000

Open land Bare soil 161,100

Rock outcrops 73,100

Other areas Other areas 1,892,700

Wetlands Inland water 154,700

Swamp 1,007,900
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lowest deadwood carbon stock (0.16 ± 0.0017 t C ha−1). However, 
these variations among vegetation types did not significantly impact 
the deadwood carbon stock (p = 0.4041). In contrast, decay status 

had a significant effect on deadwood carbon stock (p = 0.0041), as 
shown in Table 2. A paired sample t-test revealed a significant dif-
ference in deadwood carbon stock between solid deadwood 

FIGURE 2

Distribution of deadwood sample plots in Tanzania Mainland.

FIGURE 3

NAFORMA plots laid within L shaped cluster design (plots are indicated by the brown solid circles).
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(mean = 0.462, SD = 0.287) and rotten deadwood (mean = 0.0497, 
SD = 0.0435; t (7) = −4.22, p = 0.0039). The highest deadwood 
carbon stocks (0.93 ± 0.00061 t C ha−1) were obtained from solid 
deadwood found in forest, while the lowest deadwood carbon stock 
(0.004 ± 0.00037 t C ha−1) was obtained from rotten deadwood 
found in grassland (Table 3). The estimated deadwood carbon stock 
across the primary vegetation contributed to 0.79% of total esti-
mated carbon stocks generated from (Mauya et al., 2019) (Table 4).

3.2 Uncertainty estimates

Across different vegetation types, the associated deadwood carbon 
uncertainty estimates ranged from 0.002 to 0.34% with the highest 
estimates from cultivated land followed by other areas and the least 
from woodland (Figure 5). Based on deadwood decay status, uncer-
tainty values ranged from 0.0008 to 0.28% whereby the highest uncer-
tainty value (0.28%) was from rotten deadwood found in cultivated 
land and the lowest uncertainty value (0.0008%) was estimated from 
rotten deadwood found in woodland (Table 5).

4 Discussion

4.1 Deadwood carbon stock

The carbon sink potential of ecosystems, including the contribu-
tion of levels of woody decay, can vary depending on various factors 
such as vegetation type and management practices (Gogoi et al., 2022). 
The extended storage time of carbon within deadwood contributes to 
the overall stability and persistence of carbon storage in the ecosystem 
(Janisch and Harmon, 2002). The results showed that, forests and 
woodlands have higher deadwood carbon stocks likely due to the 
inherent characteristics of forests and woodlands, i.e., the accumula-
tion of substantial amounts of woody biomass over time (McElhinny 
et al., 2005). A notable proportion of the deadwood in these ecosys-
tems is composed of solid deadwood, which takes longer to decom-
pose and maintains its structural integrity for a longer duration, as this 
contributes to a stable carbon stock compared to rotten deadwood. 
Along with this, active management practices implemented in these 
ecosystems, such as sustainable logging (Osone et al., 2016; Rozak et 

FIGURE 4

A heat map showing deadwood carbon stock distribution across different vegetation types. Deep color represents higher carbon stock values, slightly 
deep color represents median values, and lighter color represents lower values.

TABLE 2  ANOVA results for the effects of vegetation type and decay status on deadwood carbon stock.

Factor Df Sum square Mean square F value Pr (>F)

Vegetation type 7 0.3185 0.0455 1.21 0.4041

Decay status 1 0.6598 0.6598 17.54 0.0041**

Residuals 7 0.2633 0.0376

** p < 0.05 (Highly significant).
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al., 2018) and selective tree harvesting (Pfeifer et al., 2015) support the 
accumulation of deadwood which is likely contributed to this 
observed pattern. However, the estimated carbon stock values are 
smaller when compared to other studies by Gurmessa et al. (2021), 
Pfeifer et al. (2015), this might be attributed to high occurrence of fire 
incidence and firewood collections in tropical dry forest and wood-
land (Tarimo et al., 2015).

Nevertheless, various studies have demonstrated that, other fac-
tors such as tree species composition (Kahl and Bauhus, 2014) and 
stand age (Pregitzer and Euskirchen, 2004) also play a significant role 
in influencing deadwood carbon stocks within these ecosystems. 
Furthermore, the disturbance regimes such as natural disasters or 
human-induced disturbances, can also affect the accumulation and 
availability of deadwood carbon stock in these ecosystems (Joshi and 
Singh, 2020). Also, results showed that, there was lower deadwood 
carbon stock in grasslands than other vegetation types which could be 

attributed to frequent disturbances such as grazing and fire as they 
limit the amount of deadwood that accumulates in grassland ecosys-
tems. These findings are in line with the other study by Merganičová 
et al. (2012), who revealed that, deadwood carbon stocks in grassland 
were positively correlated with woody plant cover and negatively cor-
related with grazing intensity.

4.2 Uncertainty

The uncertainty analysis in this study provided valuable insights 
into the variability of carbon fluxes associated with deadwood decay, 
which is critical for improving the accuracy of national carbon account-
ing models (Garbarino et al., 2015; Harmon et al., 2013). The findings 
revealed that, uncertainty estimates for deadwood carbon stocks vary 
significantly across different vegetation types and decay status, with 
higher uncertainty observed in cultivated lands compared to 

TABLE 4  Contribution of deadwood carbon stock to the total estimated carbon stock across each vegetation type.

Primary 
vegetation type

*1Deadwood 
carbon stock

(t C ha−1)

*2Deadwood 
carbon stock 

(t C ha−1)

*3Total 
carbon stock

(t C ha−1)

Estimated 
deadwood carbon 

stock (t C ha−1)

Contribution
(%)

Bushland 5.4 0.36 87.4 0.39 0.45

Cultivated land 4.0 0.45 48.9 0.42 0.86

Forest 20.3 1.39 244.5 1.01 0.41

Grassland 0.73 0.17 15.0 0.16 1.07

Open land 1.3 0.11 9.7 0.11 1.13

Other areas 0.5 0.48 7.2 0.59 8.19

Wetlands 1.2 0.64 11.6 0.61 5.26

Woodland 3.5 0.89 91.7 0.80 0.87

Total 37.93 5.49 516 4.09 0.79

*1 and 2Values of deadwood carbon stock from Mauya et al. (2019), URT (2017) respectively. *3 Values of total carbon stock from Mauya et al. (2019).

TABLE 3  Deadwood carbon stock estimates based on decay status for each primary vegetation type.

Primary vegetation 
type

Decay status Area
(ha)

Weighted biomass 
(t ha−1)

Carbon stock 
(t C ha−1)

Bushland Solid 7,608,200 0.79 0.373

Rotten 7,608,200 0.05 0.025

Cultivated land Solid 8,094,200 0.61 0.289

Rotten 8,094,200 0.29 0.138

Forest Solid 3,364,400 1.98 0.93

Rotten 3,364,400 0.16 0.077

Grassland Solid 8,835,900 0.33 0.154

Rotten 8,835,900 0.008 0.004

Open land Solid 234,200 0.23 0.107

Rotten 234,200 0.15 0.007

Other areas Solid 1,892,700 1.17 0.5

Rotten 1,892,700 0.09 0.045

Wetland Solid 1,162,600 1.15 0.544

Rotten 1,162,600 0.12 0.059

Woodland Solid 47,257,200 1.58 0.75

Rotten 47,257,200 0.09 0.043
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woodlands. This pattern highlights the influence of land-use practices 
and environmental conditions on deadwood dynamics (Merganičová 
et al., 2012). The highest uncertainty value from cultivated lands could 
be due to anthropogenic disturbances such as tillage, which introduce 
variability in deadwood accumulation and decomposition rates (Gross 
et al., 2022). In contrast, woodlands, with their more stable and 

predictable deadwood dynamics, show lower uncertainty, reflecting the 
consistent decay processes typical of natural forest ecosystems.

The findings also showed higher uncertainty values in carbon 
stock estimates of rotten deadwood compared to solid deadwood, 
which are consistent with other studies by Harmon et al. (2013), 
Hyvönen et al. (2007), Seibold et al. (2016). The higher uncertainty in 
rotten deadwood could be attributed to the inherent variability in 
decay rates, decomposition patterns, and spatial–temporal dynamics. 
As deadwood progresses through decomposition, its physical and 
chemical properties change, leading to greater heterogeneity in carbon 
content and distribution. This variability is further compounded by 
measurement limitations, as highlighted by Russell et al. (2015) who 
emphasize the difficulties in assessing carbon distribution and acces-
sibility within rotten deadwood. These challenges are particularly pro-
nounced in cultivated lands, where human activities and environmental 
conditions exacerbate the complexity of deadwood decay processes.

The results of this study have important implications for carbon 
stock assessments and climate change mitigation strategies. The rela-
tively low uncertainty estimates in woodlands suggest that these eco-
systems can serve as reliable benchmarks for carbon accounting. 
However, even in woodlands, continuous monitoring is necessary to 
account for natural disturbances such as storms, pests, and fires, which 
can alter deadwood dynamics (Seidl et al., 2014). Nevertheless, higher 
uncertainty estimates in cultivated and transitional areas underscores 
the need for improved sampling strategies and modelling approaches 
to account for human-induced variability. Integrating remote sensing 
technologies with field measurements could help capture the spatial 
heterogeneity of deadwood distribution, particularly in fragmented 
landscapes (Marchi, 2019). Additionally, long-term monitoring and 
model refinement are essential to better understand the temporal 
dynamics of deadwood carbon stocks and decay processes. By 
addressing these challenges, the accuracy of national greenhouse gas 

TABLE 5  Uncertainty estimates based on decay status for each primary vegetation type.

Primary 
vegetation type

Decay status Uncertainty (%)

Bushland Solid 0.013

Rotten 0.0047

Cultivated land Solid 0.057

Rotten 0.283

Forest Solid 0.0016

Rotten 0.0015

Grassland Solid 0.020

Rotten 0.015

Open land Solid 0.084

Rotten 0.016

Other areas Solid 0.126

Rotten 0.156

Wetland Solid 0.046

Rotten 0.028

Woodland Solid 0.0012

Rotten 0.0008

FIGURE 5

The associated deadwood carbon uncertainty estimates across different vegetation types.
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inventories can be enhanced, supporting more effective climate 
change mitigation efforts.

5 Conclusion

Incorporating decay status into national greenhouse gas inventory 
is crucial for improving the accuracy of deadwood carbon pool esti-
mates and emissions reporting. This can significantly contribute to 
climate mitigation efforts, including REDD+ and Tanzania’s National 
Determined Contributions (NDC) targets. This study also highlights 
the importance of adopting sustainable land management practices 
that prioritize the conservation and restoration of natural ecosystems, 
particularly forests and woodlands to enhance carbon storage poten-
tial. Further research is needed to better understand deadwood carbon 
emissions across different vegetation types with their levels of 
uncertainty.

Data availability statement

The data that supports the findings of this study are available from 
the corresponding author upon reasonable request from Tanzania 
Forest Service Agency (TFS).

Author contributions

SM: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Resources, Software, Supervision, Validation, Visualization, Writing – 
original draft, Writing – review & editing. DS: Conceptualization, 
Data curation, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Resources, Software, 
Supervision, Validation, Visualization, Writing  – original draft, 
Writing – review & editing. EZ: Conceptualization, Data curation, 
Formal analysis, Funding acquisition, Investigation, Methodology, 
Project administration, Resources, Software, Supervision, Validation, 

Visualization, Writing – original draft, Writing – review & editing. 
BG: Data curation, Methodology, Conceptualization, Formal analysis, 
Validation, Visualization, Writing – review & editing.

Funding

The author(s) declared that financial support was not received for 
this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Bauhus, J., Baber, K., and Müller, J. (2018). Dead wood in forest ecosystems. Adv. Ecol. 
Res. 15, 133–302. doi: 10.1093/OBO/9780199830060-0196

Brockerhoff, E. G., Barbaro, L., Castagneyrol, B., Forrester, D. I., Gardiner, B., 
González-Olabarria, J. R., et al. (2017). Forest biodiversity, ecosystem functioning and the 
provision of ecosystem services. Biodivers. Conserv. 26, 3005–3035. doi: 10.1007/
s10531-017-1453-2

Dittrich, S., Jacob, M., Bade, C., Leuschner, C., and Hauck, M. (2014). The significance of 
deadwood for total bryophyte, lichen, and vascular plant diversity in an old-growth 
spruce forest. Plant Ecol. 215, 1123–1137. doi: 10.1007/s11258-014-0371-6

Garbarino, M., Marzano, R., Shaw, J. D., and Long, J. N. (2015). Environmental drivers of 
deadwood dynamics in woodlands and forests. Ecosphere 6, 1–24. doi: 10.1890/
es14-00342.1

Godoy, F. L., Tabor, K., Burgess, N. D., Mbilinyi, B. P., Kashaigili, J. J., and Steininger, M. K. 
(2012). Deforestation and CO2 emissions in coastal Tanzania from 1990 to 2007. Environ. 
Conserv. 39, 62–71. doi: 10.1017/S037689291100035X

Gogoi, A., Ahirwal, J., and Sahoo, U. K. (2022). Evaluation of ecosystem carbon 
storage in major forest types of eastern Himalaya: implications for carbon sink 
management. J. Environ. Manag. 302:113972. doi: 10.1016/j.
jenvman.2021.113972

Griffiths, H. M., Eggleton, P., Hemming-Schroeder, N., Swinfield, T., Woon, J. S., 
Allison, S. D., et al. (2021). Carbon flux and forest dynamics: increased deadwood decom-
position in tropical rainforest tree-fall canopy gaps. Glob. Chang. Biol. 27, 1601–1613. doi: 
10.1111/gcb.15488

Gross, C. D., Bork, E. W., Carlyle, C. N., and Chang, S. X. (2022). Agroforestry perennials 
reduce nitrous oxide emissions and their live and dead trees increase ecosystem carbon 
storage. Glob. Chang. Biol. 28, 5956–5972. doi: 10.1111/gcb.16322

Gurmessa, F., Warkineh, B., Demissew, S., and Soromessa, T. (2021). Carbon stock density 
of the different carbon pools in Tulu Lafto Forest and woodland complex: Horo Guduru 
Wollega zone, Oromia region, Ethiopia. Eur. J. Biophys. 9, 37–47. doi: 10.11648/j.
ejb.20210901.16

https://doi.org/10.3389/ffgc.2026.1706865
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://doi.org/10.1093/OBO/9780199830060-0196
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s11258-014-0371-6
https://doi.org/10.1890/es14-00342.1
https://doi.org/10.1890/es14-00342.1
https://doi.org/10.1017/S037689291100035X
https://doi.org/10.1016/j.jenvman.2021.113972
https://doi.org/10.1016/j.jenvman.2021.113972
https://doi.org/10.1111/gcb.15488
https://doi.org/10.1111/gcb.16322
https://doi.org/10.11648/j.ejb.20210901.16
https://doi.org/10.11648/j.ejb.20210901.16


Masanja et al.� 10.3389/ffgc.2026.1706865

Frontiers in Forests and Global Change 10 frontiersin.org

Harmon, M. E., Fasth, B., Woodall, C. W., and Sexton, J. (2013). Carbon concentration of 
standing and downed woody detritus: effects of tree taxa, decay class, position, and tissue 
type. For. Ecol. Manag. 291, 259–267. doi: 10.1016/j.foreco.2012.11.046

Hekkala, A.-M., Ahtikoski, A., Päätalo, M.-L., Tarvainen, O., Siipilehto, J., and 
Tolvanen, A. (2016). Restoring volume, diversity and continuity of deadwood in boreal 
forests. Biodivers. Conserv. 25, 1107–1132. doi: 10.1007/s10531-016-1112-z

Holdaway, R. J., McNeill, S. J., Mason, N. W., and Carswell, F. E. (2014). Propagating 
uncertainty in plot-based estimates of forest carbon stock and carbon stock change. 
Ecosystems 17, 627–640. doi: 10.1007/s10021-014-9749-5

Hyvönen, R., Ågren, G. I., Linder, S., Persson, T., Cotrufo, M. F., Ekblad, A., et al. (2007). 
The likely impact of elevated [CO2], nitrogen deposition, increased temperature and 
management on carbon sequestration in temperate and boreal forest ecosystems: a litera-
ture review. New Phytol. 173, 463–480. doi: 10.1111/j.1469-8137.2007.01967.x

IPCC. (2003). Good Practice Guidance for Land Use, Land-Use Change and Forestry (GPG-
LULUCF). Hayama: Institute for Global Environmental Strategies (IGES) for the 
Intergovernmental Panel on Climate Change.

IPCC. (2006) in Guidelines for national Greenhouse gas Inventories. Prepared by the 
National Greenhouse Gas Inventories Programme, eds. H. S. Eggleston, L. Buendia, K. 
Miwa, T. Ngara and K. Tanabe (Hayama: IGES).

Janisch, J. E., and Harmon, M. E. (2002). Successional changes in live and dead wood 
carbon stores: implications for net ecosystem productivity. Tree Physiol. 22, 77–89. doi: 
10.1093/treephys/22.2-3.77

Jonsson, B. G., Kruys, N., and Ranius, T. (2005). Ecology of species living on dead wood–
lessons for dead wood management. Silva Fenn. 39, 289–309. doi: 10.14214/sf.390

Joshi, R., and Singh, H. (2020). Carbon sequestration potential of disturbed and non-
disturbed forest ecosystem: a tool for mitigating climate change. Afr. J. Environ. Sci. 
Technol. 14, 385–393. doi: 10.5897/AJEST2020.2920

Kahl, T., and Bauhus, J. (2014). An index of forest management intensity based on assess-
ment of harvested tree volume, tree species composition and dead wood origin. Nat. 
Conserv. 7:15. doi: 10.3897/natureconservation.7.7281

Marchi, N. (2019). Deadwood assessment using LiDAR technology in disturbance 
ecology. Available online at: https://hdl.handle.net/11577/3426837

Mauya, E. W., Mugasha, W. A., Njana, M. A., Zahabu, E., and Malimbwi, R. (2019). 
Carbon stocks for different land cover types in mainland Tanzania. Carb. Balance Manag. 
14, 1–12. doi: 10.1186/s13021-019-0120-1

Mazziotta, A., Mönkkönen, M., Strandman, H., Routa, J., Tikkanen, O.-P., and 
Kellomäki, S. (2014). Modeling the effects of climate change and management on the dead 
wood dynamics in boreal forest plantations. Eur. J. For. Res. 133, 405–421. doi: 10.1007/
s10342-013-0773-3

McElhinny, C., Gibbons, P., Brack, C., and Bauhus, J. (2005). Forest and woodland stand 
structural complexity: its definition and measurement. Forest Ecol. Manag. 218, 1–24. doi: 
10.1016/j.foreco.2005.08.034

Merganičová, K., Merganič, J., Svoboda, M., Bače, R., and Šebeň, V. (2012). 
“Deadwood in forest ecosystems,” in Forest Ecosystems–More than Just Trees, (Rijeka, 
Croatia: InTech Book), 81–108.

NAFORMA (2015). National Forest Resources Monitoring and Assessment of Tanzania 
Mainland. Ministry of Natural Resources and Tourism, Tanzania. Tanzania: Ministry for 
Foreign Affairs of Finland & Food and Agriculture Organisation of the United 
Nations, 106.

Oettel, J., Lapin, K., Kindermann, G., Steiner, H., Schweinzer, K.-M., Frank, G., et al. 
(2020). Patterns and drivers of deadwood volume and composition in different forest 
types of the Austrian natural forest reserves. For. Ecol. Manag. 463:118016. doi: 10.1016/j.
foreco.2020.118016

Osone, Y., Toma, T., and Sato, T. (2016). High stocks of coarse woody debris in a tropical 
rainforest, East Kalimantan: coupled impact of forest fires and selective logging. For. Ecol. 
Manag. 374, 93–101. doi: 10.1016/j.foreco.2016.04.027

Oswalt, S. N., Brandeis, T. J., and Woodall, C. W. (2008). Contribution of dead wood to 
biomass and carbon stocks in the Caribbean: St. John, US Virgin Islands. Biotropica 40, 
20–27. doi: 10.1111/j.1744-7429.2007.00343.x

Paletto, A., Ferretti, F., De Meo, I., Cantiani, P., and Focacci, M. (2012). “Ecological and 
environmental role of deadwood in managed and unmanaged forests,” in Sustainable 
Forest Management–Current Research, (Rijeka, Croatia: InTech), 219–238.

Pfeifer, M., Lefebvre, V., Turner, E., Cusack, J., Khoo, M., Chey, V. K., et al. (2015). 
Deadwood biomass: an underestimated carbon stock in degraded tropical forests? 
Environ. Res. Lett. 10:044019. doi: 10.1088/1748-9326/10/4/044019

Pregitzer, K. S., and Euskirchen, E. S. (2004). Carbon cycling and storage in world forests: 
biome patterns related to forest age. Glob. Chang. Biol. 10, 2052–2077. doi: 
10.1111/j.1365-2486.2004.00866.x

Rozak, A. H., Rutishauser, E., Raulund-Rasmussen, K., and Sist, P. (2018). The imprint of 
logging on tropical forest carbon stocks: a Bornean case-study. For. Ecol. Manag. 417, 
154–166. doi: 10.1016/j.foreco.2018.03.007

Russell, M. B., Fraver, S., Aakala, T., Gove, J. H., Woodall, C. W., D’Amato, A. W., et al. 
(2015). Quantifying carbon stores and decomposition in dead wood: a review. For. Ecol. 
Manag. 350, 107–128. doi: 10.1016/j.foreco.2015.04.033

Seibold, S., Bässler, C., Brandl, R., Büche, B., Szallies, A., Thorn, S., et al. (2016). 
Microclimate and habitat heterogeneity as the major drivers  
of beetle diversity in dead wood. J. Appl. Ecol. 53, 934–943. doi: 
10.1111/1365-2664.12607

Seibold, S., Rammer, W., Hothorn, T., Seidl, R., Ulyshen, M. D., Lorz, J., et al. (2021). The 
contribution of insects to global forest deadwood decomposition. Nature 597, 77–81. doi: 
10.1038/s41586-021-03740-8

Seidl, R., Rammer, W., and Spies, T. (2014). Disturbance legacies increase the resilience 
of forest ecosystem structure, composition, and functioning. Ecology 24, 2063–2077. doi: 
10.1890/14-0255.1

Tarimo, B., Dick, Ø. B., Gobakken, T., and Totland, Ø. (2015). Spatial distribution of 
temporal dynamics in anthropogenic fires in miombo savanna woodlands of Tanzania. 
Carb. Balance Manag. 10, 1–15. doi: 10.1186/s13021-015-0029-2

Tavankar, F., Kivi, A. R., Taheri-Abkenari, K., Lo Monaco, A., Venanzi, R., and Picchio, R. 
(2022). Evaluation of deadwood characteristics and carbon storage under different silvi-
cultural treatments in a mixed broadleaves mountain forest. Forests 13:259. doi: 10.3390/
f13020259

Thorn, S., Seibold, S., Leverkus, A. B., Michler, T., Müller, J., Noss, R. F., et al. (2020). The 
living dead: acknowledging life after tree death to stop forest degradation. Front. Ecol. 
Environ. 18, 505–512. doi: 10.1002/fee.2252

Tomppo, E., Malimbwi, R., Katila, M., Mäkisara, K., Henttonen, H. M., Chamuya, N., 
et al. (2014). A sampling design for a large area forest inventory: case Tanzania. Can. J. 
For. Res. 44, 931–948. doi: 10.1139/cjfr-2013-0490

URT (2017). Tanzania’s forest Reference Emission level Submission to the UNFCCC. Dar es 
Salaam: United Republic of Tanzania (URT).

Weggler, K., Dobbertin, M., Jüngling, E., Kaufmann, E., and Thürig, E. (2012). Dead wood 
volume to dead wood carbon: the issue of conversion factors. Eur. J. Forest Res. 131, 
1423–1438. doi: 10.1007/s10342-012-0610-0

Wijas, B. J., Allison, S. D., Austin, A. T., Cornwell, W. K., Cornelissen, J. H. C., Eggleton, P., 
et al. (2024). The role of deadwood in the carbon cycle: implications for models, forest 
management, and future climates. Annu. Rev. Ecol. Evol. Syst. 55, 133–155. doi: 10.1146/
annurev-ecolsys-110421-102327

Woodall, C., and Williams, M. S. (2005). Sampling Protocol, Estimation, and Analysis 
Procedures for the Down Woody Materials Indicator of the FIA program, vol. 256. St. 
Paul, MN, USA: USDA Forest Service, North Central Research Station.

Zanne, A. E., Lopez-Gonzalez, G., Coomes, D. A., Ilic, J., Jansen, S., Lewis, S. L., 
et al. (2009). Global wood density database. Dryad Digital Repository. doi: 10.5061/
dryad.234

https://doi.org/10.3389/ffgc.2026.1706865
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://doi.org/10.1016/j.foreco.2012.11.046
https://doi.org/10.1007/s10531-016-1112-z
https://doi.org/10.1007/s10021-014-9749-5
https://doi.org/10.1111/j.1469-8137.2007.01967.x
https://doi.org/10.1093/treephys/22.2-3.77
https://doi.org/10.14214/sf.390
https://doi.org/10.5897/AJEST2020.2920
https://doi.org/10.3897/natureconservation.7.7281
https://hdl.handle.net/11577/3426837
https://doi.org/10.1186/s13021-019-0120-1
https://doi.org/10.1007/s10342-013-0773-3
https://doi.org/10.1007/s10342-013-0773-3
https://doi.org/10.1016/j.foreco.2005.08.034
https://doi.org/10.1016/j.foreco.2020.118016
https://doi.org/10.1016/j.foreco.2020.118016
https://doi.org/10.1016/j.foreco.2016.04.027
https://doi.org/10.1111/j.1744-7429.2007.00343.x
https://doi.org/10.1088/1748-9326/10/4/044019
https://doi.org/10.1111/j.1365-2486.2004.00866.x
https://doi.org/10.1016/j.foreco.2018.03.007
https://doi.org/10.1016/j.foreco.2015.04.033
https://doi.org/10.1111/1365-2664.12607
https://doi.org/10.1038/s41586-021-03740-8
https://doi.org/10.1890/14-0255.1
https://doi.org/10.1186/s13021-015-0029-2
https://doi.org/10.3390/f13020259
https://doi.org/10.3390/f13020259
https://doi.org/10.1002/fee.2252
https://doi.org/10.1139/cjfr-2013-0490
https://doi.org/10.1007/s10342-012-0610-0
https://doi.org/10.1146/annurev-ecolsys-110421-102327
https://doi.org/10.1146/annurev-ecolsys-110421-102327
https://doi.org/10.5061/dryad.234
https://doi.org/10.5061/dryad.234

	Deadwood carbon pool and uncertainty estimates: effects of decay status and vegetation types
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data and sampling design
	2.3 Data analysis
	2.3.1 Deadwood biomass
	2.3.2 Weighted deadwood biomass
	2.3.3 Deadwood carbon stock
	2.3.3.1 Effect of vegetation types on deadwood carbon
	2.3.3.2 Effect of decay status on deadwood carbon
	2.3.4 Uncertainty estimation

	3 Results
	3.1 Deadwood carbon stock
	3.2 Uncertainty estimates

	4 Discussion
	4.1 Deadwood carbon stock
	4.2 Uncertainty

	5 Conclusion

	References

