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ABSTRACT 
Understanding how timber harvest activities affect carbon storage is important for manag-
ing forests for multiple uses. Previous meta-analyses have produced mixed results regarding 
timber harvest effects on soil carbon. With new studies being published, we performed an 
updated meta-analysis to synthesize the effects of forest thinning and clearcutting on three 
carbon pools—plants and roots, organic layer, and mineral soil—as well as examine how 
these effects interact with thinning intensity and time since harvest. We analyzed 78 clear-
cutting cases and 102 thinning cases as presented in 39 articles. 
On average, for the plants and roots pool, thinning reduced carbon stocks by 35.2 Mg/ha 
(37.1%), and clearcutting reduced stocks by 19.2 Mg/ha (52.5%) relative to no-harvest control 
groups. The greater gross difference in carbon levels in instances of thinning is attributed to 
higher mean levels of carbon (95.0 Mg/ha) in thinning control groups relative to clearcutting 
controls (36.4 Mg/ha) and the shorter mean time since harvest involved in thinning cases 
compared to clearcutting cases (5.5 and 19.6 years, respectively). In alignment with previous 
meta-analyses, we also found that heavier thinning (more than 66% of trees removed) de-
creased both plants and roots carbon and organic layer carbon, but had no effect on mineral 
soil carbon. Time since harvest, the time between timber harvest activities and carbon mea-
surements, had no consistent effect on carbon storage. Studies that examine heavy thinning 
effects on organic layer and mineral soil carbon, longer-term studies (more than 31 years for 
thinning and more than 52 years for clearcutting), and measurement of mineral soil carbon 
at various depths are lacking—future studies should focus on those objectives to further un-
derstand the complexities of timber harvest effects on forest carbon.

INTRODUCTION 
Working forests serve an important role in providing timber products. At the same time, 
these forests are expected to contribute to mitigating climate change through carbon se-
questration (removing carbon from the atmosphere) and by replacing high-emission fuel 
products, while providing wildlife habitat and other ecosystem services (Risenhoover and 
Murden 2007; Pingoud et al. 2018). Understanding the trade-off between increasing timber 
harvest activities and carbon stock would be pivotal for sustainable forest management. 
A previous assessment combined rapid reviews of synthesis literature with expert opinion 
to evaluate the impacts of a range of common land and water management activities in the 
United States on carbon and biodiversity (Warnell et al. 2023). The effects of timber har-
vest activities on carbon outcomes was identified as a priority topic for further investigation 
because of a lack of clarity surrounding clearcutting and thinning effects on soil carbon and 
information on how time since harvest affects carbon outcomes. The purpose of this study is 
to produce an updated meta-analysis to examine how the intensity of timber harvest activi-
ties influences carbon outcomes in North America. 
Previous studies have indicated that timber harvest activities produce mixed effects on car-
bon storage outcomes (Kalies et al. 2016; X. Zhang et al. 2018; James et al. 2021; C. T. Smith 
et al. 2022; H. Zhang et al. 2024). A meta-analysis by Kalies et al. (2016) showed trends of 
greater carbon loss in clearcutting compared to thinning but found that forest management 
was less important to carbon outcomes than large-scale natural disturbances such as fire 
and drought. Additional factors including forest type, forest age, topography, soil taxonomy, 
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soil compaction, organic matter decomposition rate, fertilization, and residual management 
can also influence how timber harvest affects carbon storage (Trettin et al. 1992; Pennock 
and Van Kessel 1997; Sanscrainte et al. 2003; Pregitzer and Euskirchen 2004; Keith et al. 
2009; Nave et al. 2010; Vogel et al. 2021; Ward et al. 2024; Udali et al. 2025). 
An analysis of timber harvest on US public timberlands found that a no-timber-harvest 
scenario would result in an approximately 43% increase over current sequestration levels 
and would offset up to 1.5% of total US greenhouse gas emissions, whereas a more intense 
harvesting policy would result in annual carbon losses of approximately 50–80% (Depro 
et al. 2008). Similarly, a meta-analysis by Achat et al. (2015) found that intensive biomass 
harvests are likely associated with a large amount of carbon transfer from forests to the 
atmosphere.
In this new meta-analysis, we aim to answer the following research questions: 

1.	 How do forest clearcutting and thinning affect carbon storage for a range of carbon 
pools (plants and roots, organic layer, mineral soil)? 

2.	 How does thinning intensity affect carbon storage, and how does this relationship vary 
by carbon pool? 

3.	 How does the relationship between timber harvest and carbon storage change over 
time, and how does this vary by carbon pool?

METHODS 
We collected relevant peer-reviewed literature from three electronic databases (Web of 
Science, Scopus, and CAB Abstracts) published between 1900 and 2023 using the search 
string [effect AND (“timber harvest*” OR “timber extract*” OR logging OR thin* or clear*) 
AND carbon AND forest]. This resulted in a total of 12,667 articles (see PRISMA diagram in 
Figure 1). 
We then used Rayyan software to screen for articles meeting the criteria of being written in 
English, featuring analysis of forest thinning or clearcutting on carbon storage, including a 
no-harvest control and harvested treatment for comparison, including control and treatment 
means, providing required analysis details including standard deviations or standard er-
rors and the sample size used to calculate standard deviations or standard errors, and forest 
thinning intensity (% of trees removed). 
We identified 246 articles to be screened at the full-text level, leading to the extraction of 
relevant information from the 39 articles ultimately included in our analysis. Some articles 
contain more than one case. To ensure the cases we used for analysis are independent, we 
required cases from the same article to have different harvest intensities, different carbon 
pools, or different treatment and control groups. We also analyzed the data separately for 
clearcutting cases (n = 78) and thinning cases (n = 102), to account for the stronger effects 
of clearcutting making the pattern on carbon outcome unclear. (See Tables 1 and 2 for full 
details on included cases.)
We examined how forest clearcutting and thinning affects carbon storage in plants and 
roots, organic layer, and mineral soil pools. We used MetaWin software to calculate effect 
size (Hedges’ d) and its variance (Rosenberg 2024). The effect size shows the magnitude of 
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the treatment effect (clearcutting or thinning) on carbon storage in a particular pool com-
pared to a control (no-harvest) group. Positive effect size suggests clearcutting or thinning 
resulted in an increase in carbon storage and negative effect size suggests a decrease. 
Our primary interest was how thinning intensity (percentage of trees removed) and time 
since harvest (time between harvest and carbon measurement) affect carbon storage out-
comes and how they interact with carbon pools. We used MetaWin to conduct a grouped 
meta-analysis by carbon pool and nested group meta-analyses between carbon pool and 
thinning intensity and between carbon pool and time since thinning/clearcutting. Following 
the precedent established by Verschuyl et al. (2011), thinning of less than 34% was classified 
as low intensity; thinning of 34% to 66% was classified as moderate; and thinning of more 
than 66% was classified as heavy. 
We also conducted meta-regression of the effects of thinning intensity and time since thin-
ning on carbon storage and the effect of time since clearcutting on carbon storage using the 
R (version 4.4.1) metafor package (version 4.6-0; Viechtbauer 2010).

Figure 1. PRISMA diagram of the article identification and screening 
process
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Study Case 
ID

Location Forest 
Type

Carbon Pool Thinning 
Intensity

Time, 
years

Effect 
Size

Burton et al. 2013 225A OR Mixed PR (above-
ground)

56% 6–11 –0.413

Burton et al. 2013 225B OR Mixed PR (above-
ground)

71% 6–11 –1.005

Busse and Gerrard 
2020

90A OR Conifer MS 55% 25 0.047

Busse and Gerrard 
2020

90B OR Conifer PR (trees) 55% 25 –1.260

Busse and Gerrard 
2020

90C OR Conifer OL (forest floor) 55% 25 –0.226

Dávila Reátegui et 
al. 2021

51 ON Mixed OL 23% 16 –1.843

Faison et al. 2023 1 MDT Mixed PR (above-
ground)

37% 5–7 –0.380

Hart et al. 2006 235 AZ Conifer MS 79% 2 0.447

Hoover 2011 120A MDT Deciduous OL (forest floor) 55% 20–22 –0.093

Hoover 2011 120B MDT Deciduous MS (0–5 cm) 55% 20–22 –0.850

Hoover 2011 120C MDT Deciduous MS (0–20 cm) 55% 20–22 –0.423

Hoover 2011 120D MDT Deciduous OL (forest floor) 30% 20–22 0.000

Hoover 2011 120E MDT Deciduous MS (0–5 cm) 30% 20–22 –1.018

Hoover 2011 120F MDT Deciduous MS (0–5 cm) 30% 20–22 –0.769

Johnson et al. 
2008

57A CA Conifer PR (total trees) 40% 1 0.031

Johnson et al. 
2008

57B CA Conifer PR (understory) 40% 1 0.129

Johnson et al. 
2008

57C CA Conifer OL (forest floor) 40% 1 0.173

Johnson et al. 
2008

57D CA Conifer MS (0–60 cm) 40% 1 0.062

Jurgensen et al. 
2012

178A MN Conifer OL (forest floor) 10% 8 –0.715

Jurgensen et al. 
2012

178B WI Deciduous OL (forest floor) 15% 3 –0.384

Jurgensen et al. 
2012

178C WI Deciduous OL (forest floor) 21% 3 –0.670

Jurgensen et al. 
2012

178D MN Conifer OL (forest floor) 25% 8 –0.964

Table 1. Summary of Cases Included in the Meta-Analysis of 
Forest Thinning on Carbon Storage
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Study Case 
ID

Location Forest 
Type

Carbon Pool Thinning 
Intensity

Time, 
years

Effect 
Size

Jurgensen et al. 
2012

178E WI Deciduous OL (forest floor) 27% 3 –0.573

Jurgensen et al. 
2012

178F MN Conifer OL (forest floor) 35% 8 1.130

Jurgensen et al. 
2012

178G MN Conifer OL (forest floor) 50% 8 0.279

Jurgensen et al. 
2012

178H MN Conifer MS (0–30 cm) 10% 8 –1.309

Jurgensen et al. 
2012

178I WI Deciduous MS (0–30 cm) 15% 3 0.151

Jurgensen et al. 
2012

178J WI Deciduous MS (0–30 cm) 21% 3 –1.012

Jurgensen et al. 
2012

178K MN Conifer MS (0–30 cm) 25% 8 –1.128

Jurgensen et al. 
2012

178L WI Deciduous MS (0–30 cm) 27% 3 –0.476

Jurgensen et al. 
2012

178M MN Conifer MS (0–30 cm) 35% 8 –0.774

Jurgensen et al. 
2012

178N MN Conifer MS (0–30 cm) 50% 8 –0.196

Keyser 2010 84 MDT Deciduous PR (above-
ground)

65% 5 –1.080

Latty et al. 2004 167A NY Mixed MS (0–15 cm) 10% 88–108 –0.652

Latty et al. 2004 167B NY Mixed OL (forest floor) 10% 88–108 0.073

Li et al. 2007 62A MO Mixed PR (foliage) 29% 8 –836

Li et al. 2007 62B MO Mixed PR (branch) 29% 8 –1.432

Li et al. 2007 62C MO Mixed PR (stem) 29% 8 –1.555

Li et al. 2007 62D MO Mixed PR (coarse 
roots)

29% 8 –0.442

Li et al. 2007 62E MO Mixed PR (snags) 29% 8 0.191

Li et al. 2007 62F MO Mixed PR (fine roots) 29% 8 1.813

Li et al. 2007 62G MO Mixed PR (down 
trees)

29% 8 0.439

Li et al. 2007 62H MO Mixed OL (forest floor) 29% 8 0.023

Li et al. 2007 62I MO Mixed MS (0–15 cm) 29% 8 0.376

Matsuzaki et al. 
2013

22A BC Conifer PR (above-
ground)

30% N/A –0.099

Table 1. Summary of Cases Included in the Meta-Analysis of 
Forest Thinning on Carbon Storage (continued)
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Study Case 
ID

Location Forest 
Type

Carbon Pool Thinning 
Intensity

Time, 
years

Effect 
Size

Matsuzaki et al. 
2013

22B BC Conifer PR (roots) 30% N/A –0.095

Matsuzaki et al. 
2013

22C BC Conifer PR (live trees) 30% N/A –0.102

Matsuzaki et al. 
2013

22D BC Conifer PR (snags) 30% N/A –0.492

Matsuzaki et al. 
2013

22E BC Conifer PR (CWD) 30% N/A 0.133

Matsuzaki et al. 
2013

22F BC Conifer OL (forest floor) 30% N/A –0.827

Matsuzaki et al. 
2013

22G BC Conifer PR (above-
ground)

70% N/A –0.963

Matsuzaki et al. 
2013

22H BC Conifer PR (roots) 70% N/A –0.957

Matsuzaki et al. 
2013

22I BC Conifer PR (live trees) 70% N/A –0.966

Matsuzaki et al. 
2013

22J BC Conifer PR (snags) 70% N/A –0.804

Matsuzaki et al. 
2013

22K BC Conifer PR (CWD) 70% N/A 0.030

Matsuzaki et al. 
2013

22L BC Conifer OL (forest floor) 70% N/A –1.313

Melvin et al. 2018 234A AK Mixed PR (coarse 
roots)

55% N/A –0.130

Melvin et al. 2018 234B AK Mixed OL 55% N/A 0.056

Melvin et al. 2018 234C AK Mixed MS (0–5 cm) 55% N/A 0.232

Melvin et al. 2018 234D AK Mixed MS (5–10 cm) 55% N/A 0.177

Mosier et al. 2019 119A MDT Conifer OL (forest floor) 36% 4–5 –0.071

Mosier et al. 2019 119B MDT Conifer Ol (forest floor) 71% 4–5 –0.373

Mosier et al. 2019 119C MDT Conifer MS (0–100 cm) 36% 4–5 –0.199

Mosier et al. 2019 119D MDT Conifer PR (roots) 36% 4–5 0.203

Mosier et al. 2019 119E MDT Conifer MS (0–100 cm) 71% 4–5 –0.425

Mosier et al. 2019 119F MDT Conifer PR (roots) 71% 4–5 0.081

North and Hurteau 
2011

110A CA Conifer PR (shrubs) 41% N/A –0.477

North and Hurteau 
2011

110B CA Conifer MS (0–30 cm) 41% N/A –0.139

Table 1. Summary of Cases Included in the Meta-Analysis of 
Forest Thinning on Carbon Storage (continued)
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Study Case 
ID

Location Forest 
Type

Carbon Pool Thinning 
Intensity

Time, 
years

Effect 
Size

North and Hurteau 
2011

110C CA Conifer PR (snags) 41% N/A 0.440

North and Hurteau 
2011

110D CA Conifer PR (live trees) 41% N/A –1.464

Overby and 
Gottfried 2017

91A CO Conifer MS (0–5 cm) 50% 3 0.644

Overby and 
Gottfried 2017

91B CO Conifer MS (5–15 cm) 50% 3 0.066

Overby and 
Gottfried 2017

91C CO Conifer OL 50% 3 1.041

Puhlick et al. 2016 61A ME Mixed MS (0–100 cm) 38% 0–5 0.114

Puhlick et al. 2016 61B ME Mixed MS (0–100 cm) 8% 42 0.376

Puhlick et al. 2016 64A ME Mixed PR (above-
ground)

15% 42 –3.715

Puhlick et al. 2016 64B ME Mixed PR (above-
ground)

44% 0–5 –4.620

Puhlick et al. 2016 64C ME Mixed PR (above-
ground)

48% 32 –6.472

Puhlick et al. 2016 64D ME Mixed OL (forest floor) 15% 42 1.870

Puhlick et al. 2016 64E ME Mixed OL (forest floor) 48% 32 1.833

Puhlick et al. 2016 64F ME Mixed OL (forest floor) 44% 0–5 2.209

Puhlick et al. 2016 64G ME Mixed MS (0–100 cm) 15% 42 0.383

Puhlick et al. 2016 64H ME Mixed MS (0–100 cm) 48% 32 0.061

Puhlick et al. 2016 64I ME Mixed MS (0–100 cm) 44% 0–5 0.114

Ross and Knowles 
2023

205 VT Deciduous OL (forest floor) 44% 2–3 –0.185

Simard et al. 2020 150A BC Conifer PR (above-
ground)

40% 1 –1.094

Simard et al. 2020 150B BC Conifer PR (roots) 40% 1 –0.092

Simard et al. 2020 150C BC Conifer OL (forest floor) 40% 1 –1.195

Simard et al. 2020 150D BC Conifer MS (0–15 cm) 40% 1 –0.191

Simard et al. 2020 150E BC Conifer PR (above-
ground)

70% 1 –1.380

Simard et al. 2020 150F BC Conifer PR (roots) 70% 1 0.367

Simard et al. 2020 150G BC Conifer OL (forest floor) 70% 1 –0.992

Table 1. Summary of Cases Included in the Meta-Analysis of 
Forest Thinning on Carbon Storage (continued)
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Study Case 
ID

Location Forest 
Type

Carbon Pool Thinning 
Intensity

Time, 
years

Effect 
Size

Simard et al. 2020 150H BC Conifer MS (0–15 cm) 70% 1 –0.340

Sorensen et al. 2011 202A AZ Mixed PR 69% 0 –1.298

Sorensen et al. 2011 202B AZ Mixed PR 50% 0 –0.787

Sorensen et al. 2011 202C AZ Mixed PR 58% 0 –0.665

Sorensen et al. 2011 202D AZ Mixed PR 18% 0 –0.484

Strukelj  et al. 2015 14A QC Deciduous OL (forest floor) 31% 9 0.557

Strukelj  et al. 2015 14B QC Deciduous OL (forest floor) 62% 9 0.317

Strukelj  et al. 2015 14C QC Deciduous MS (0–10 cm) 31% 9 –0.320

Strukelj  et al. 2015 14D QC Deciduous MS (0–10 cm) 62% 9 –0.384

Vogel et al. 2021 48 MDT Conifer MS (0–100 cm) 36% 4 0.826

Note: Effect size is Hedges’ d extracted from MetaWin. Locations include Alaska (AK),  Arizona (AZ), British Columbia 
(BC), California (CA), Colorado (CO), Maine (ME), Minnesota (MN), Missouri (MO), New York (NY),  Ontario (ON), Oregon 
(OR),  Quebec (QC), Vermont (VT), and Wisconsin (WI). MDT denotes a location of more than two states. Time (years) 
represents time since harvest (ranges indicate that carbon measurements or treatments occurred in more than 
one year). The initialism CWD denotes coarse woody debris. Inclusion of N/A within the Time column indicates that 
information was not available. Carbon pools were reported at more detailed levels to differentiate cases from the 
same study (cases can also be created for different thinning intensity). The three main carbon pools were plants and 
roots (PR), organic layer (OL), and mineral soil (MS).

Study Case 
ID

Location Forest Type Carbon Pool Time, 
years

Effect 
Size

Black and Harden 
1995

190A CA Mixed OL 79 0.061

Black and Harden 
1995

190B CA Mixed MS (upper A 
horizon)

79 1.736

Black and Harden 
1995

190C CA Mixed MS (lower A 
horizon)

79 1.312

Chatterjee et al. 2009 191A WY Conifer PR (aboveground) 46 –4.854

Chatterjee et al. 2009 191B WY Conifer OL (forest floor) 46 0.555

Chatterjee et al. 2009 191C WY Conifer MS 46 0.244

Chatterjee et al. 2009 191D WY Conifer PR (roots) 46 –4.349

Clay et al. 2022 47A MI Mixed PR 68 –2.634

Clay et al. 2022 47B MI Mixed OL 68 –0.070

Clay et al. 2022 47C MI Mixed MS 68 0.286

Table 1. Summary of Cases Included in the Meta-Analysis of 
Forest Thinning on Carbon Storage (continued)

Table 2. Summary of Cases Included in the Meta-Analysis of Forest 
Clearcutting on Carbon Storage
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Study Case 
ID

Location Forest Type Carbon Pool Time, 
years

Effect 
Size

Diochon et al. 2009 210A NS Conifer OL 80 –0.785

Diochon et al. 2009 210B NS Conifer MS (0–5 cm) 80 –1.004

Diochon et al. 2009 210C NS Conifer MS (5–10 cm) 80 0.312

Diochon et al. 2009 210D NS Conifer MS (10–15 cm) 80 0.445

Diochon et al. 2009 210E NS Conifer MS (15–20 cm) 80 –0.973

Diochon et al. 2009 210F NS Conifer MS (20–35 cm) 80 –1.009

Diochon et al. 2009 210G NS Conifer MS (35–50 cm) 80 –0.019

Grand and Lavkulich 
2012

67 BC Conifer OL 8–15 1.199

Hagemann et al. 2010 161A NL Conifer PR (live trees) 17 –1.939

Hagemann et al. 2010 161B NL Conifer PR (snags) 17 –1.673

Hagemann et al. 2010 161C NL Conifer PR (CWD) 17 0.330

Hagemann et al. 2010 161D NL Conifer PR (stumps) 17 3.015

Hagemann et al. 2010 161E NL Conifer PR (buried wood) 17 –0.346

Hagemann et al. 2010 161F NL Conifer OL 17 0.409

Hagemann et al. 2010 161G NL Conifer MS 17 0.301

Hoover 2011 120G WI Deciduous OL (forest floor) 19–51 0.302

Hoover 2011 120H WI Deciduous MS (0–5 cm) 19–51 –0.469

Hoover 2011 120I WI Deciduous MS (0–20 cm) 19–51 –0.440

Howard et al. 2004 199A SK Conifer PR (live plants) 29 –1.895

Howard et al. 2004 199B SK Conifer PR (standing 
dead)

29 –3.062

Howard et al. 2004 199C SK Conifer PR (CWD) 29 –1.226

Howard et al. 2004 199D SK Conifer OL (forest floor) 29 0.778

Howard et al. 2004 199E SK Conifer MS 29 0.764

Huntington and Ryan 
1990

68A NH Deciduous OL 2–3 0.167

Huntington and Ryan 
1990

68B NH Deciduous MS (0–20 cm & 
C horizon)

2–3 0.154

Jang et al. 2016 175A MT Mixed PR (woody 
residue)

38 –2.041

Jang et al. 2016 175B MT Mixed OL (forest floor) 38 –0.882

Table 2. Summary of Cases Included in the Meta-Analysis of Forest 
Clearcutting on Carbon Storage (continued)
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Study Case 
ID

Location Forest Type Carbon Pool Time, 
years

Effect 
Size

Jang et al. 2016 175C MT Mixed MS (0–10 cm) 38 –0.279

Jang et al. 2016 175D MT Mixed MS (10–30 cm) 38 –0.409

Kishchuk et al. 2015 15 AB Mixed MS (0–7 cm) 10–11 –0.282

Li et al. 2007 62J MO Mixed PR (fine roots) 8 0.747

Li et al. 2007 62K MO Mixed PR (foliage) 8 –4.730

Li et al. 2007 62L MO Mixed PR (branch) 8 –5.946

Li et al. 2007 62M MO Mixed PR (stem) 8 –6.505

Li et al. 2007 62N MO Mixed PR (coarse roots) 8 –0.683

Li et al. 2007 62O MO Mixed PR (snags) 8 –1.894

Li et al. 2007 62P MO Mixed PR (down trees) 8 1.693

Li et al. 2007 62Q MO Mixed OL (forest floor) 8 –0.052

Li et al. 2007 62R MO Mixed MS (0–15 cm) 8 0.085

Martin et al. 2005 43A MB Mixed PR (trees) 30 –1.840

Martin et al. 2005 43B MB Mixed PR (understory) 30 0.000

Martin et al. 2005 43C MB Mixed PR (coarse roots) 30 –2.381

Martin et al. 2005 43D MB Mixed OL (forest floor) 30 1.551

Martin et al. 2005 43E MB Mixed PR (CWD) 30 –1.378

Martin et al. 2005 43F MB Mixed MS 30 –0.989

Matsuzaki et al. 2013 22M BC Conifer PR (CWD) 0 0.735

Matsuzaki et al. 2013 22N BC Conifer OL (forest floor) 9 –0.554

Melvin et al. 2018 234E AK Mixed PR (coarse roots) 2–7 –0.699

Melvin et al. 2018 234F AK Mixed OL 2–7 –1.313

Melvin et al. 2018 234G AK Mixed MS (0–5 cm) 2–7 0.140

Melvin et al. 2018 234H AK Mixed MS (5–10 cm) 2–7 –0.178

Pennock and Kessel 
1997

6 SK Mixed OL 6–20 –2.469

Puhlick et al. 2016 61C ME Mixed MS (0–100 cm) 32 –0.065

Sanscrainte et al. 2003 21A WA Mixed OL 40 –0.711

Sanscrainte et al. 2003 21B WA Mixed MS 40 0.415

Seedre et al. 2014 80A ON Mixed PR (live plants) 8 –9.582

Seedre et al. 2014 80B ON Mixed PR (dead plants) 8 1.929

Table 2. Summary of Cases Included in the Meta-Analysis of Forest 
Clearcutting on Carbon Storage (continued)
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Study Case 
ID

Location Forest Type Carbon Pool Time, 
years

Effect 
Size

Seedre et al. 2014 80C ON Mixed OL (forest floor) 8 –0.778

Seedre et al. 2014 80D ON Mixed MS 8 0.125

Simard et al. 2020 150I BC Conifer PR (aboveground) 1 –2.165

Simard et al. 2020 150J BC Conifer PR (tree roots) 1 –0.508

Simard et al. 2020 150K BC Conifer OL (forest floor) 1 –1.108

Simard et al. 2020 150L BC Conifer MS (0–15 cm) 1 0.209

Smith et al. 2000 233A QC Conifer OL 6–9 –0.308

Smith et al. 2000 233B QC Conifer MS (0–10 cm) 6–9 –0.380

Smith et al. 2022 143 ME Conifer OL (forest floor) 36 –1.679

Strukelj et al. 2015 14E QC Deciduous OL (forest floor) 9 0.912

Strukelj et al. 2015 14F QC Deciduous MS 9 0.978

Note: Effect size is Hedges’ d extracted from MetaWin. Locations include Alberta (AB), Alaska (AK), British Columbia 
(BC), California (CA), Manitoba (MB), Maine (ME), Michigan (MI), Missouri (MO), Montana (MT), New Hampshire (NH), 
Newfoundland and Labrador (NL), Nova Scotia (NS), Ontario (ON), Quebec (QC), Saskatchewan (SK), Washington 
(WA), Wisconsin (WI), and Wyoming (WY). Time (years) represents time since harvest. (Ranges indicate that carbon 
measurements or treatments occurred in more than one year.) The initialism CWD denotes coarse woody debris.  
Inclusion of NA within the Time column indicates that information was not available. Carbon pools were reported at 
more detailed levels to differentiate cases from the same study. The three main carbon pools were plants and roots 
(PR), organic layer (OL), and mineral soil (MS).

RESULTS 
According to the analysis, forest thinning decreases plants and roots carbon (mean effect 
size = –0.484, bias-corrected confidence interval [CI] = –0.664 to –0.312) and organic layer 
carbon (mean effect size = –0.255, bias-corrected CI = –0.606 to –0.009). Clearcutting de-
creases only plants and roots carbon (mean effect size = –0.672, bias-corrected CI = –1.360 
to –0.043). On average, thinning reduced plants and roots carbon by 35.2 Mg/ha (a 37.1% 
reduction), and clearcutting reduced plants and roots carbon by 19.2 Mg/ha (a 52.5% reduc-
tion) compared to no-harvest control groups (see Table 3). 
The gross difference in plants and roots carbon being greater in instances of thinning (com-
pared to clearcutting) is attributed to higher mean carbon stock in thinning control groups 
(thinning control: 95.0 Mg/ha; clearcutting control: 36.4 Mg/ha). Additionally, thinning cas-
es feature shorter times since harvest (thinning: 5.5 years; clearcutting: 19.6 years), suggest-
ing a longer opportunity for recovery in clearcut stands than in thinned stands.
Meta regression found no relationship between increased thinning intensity and carbon 
storage (plants and roots, organic layer, and mineral soil combined; see Table 4). However, 
nested group meta-analysis (with thinning intensity as a categorical variable) showed that 
moderate and heavy thinning do reduce plants and roots carbon (moderate thinning mean 
effect size = –0.525, bias-corrected CI = –0.782 to –0.268; heavy thinning mean effect 

Table 2. Summary of Cases Included in the Meta-Analysis of Forest 
Clearcutting on Carbon Storage (continued)
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size = –0.582, bias-corrected CI = –0.974 to –0.196). Heavy thinning also reduced organ-
ic layer carbon (mean effect size = –0.691, bias-corrected CI = –1.313 to –0.427), whereas 
light thinning had no effect on either carbon pool and there was no pattern for mineral soil 
carbon (see Figure 2). Time since harvest did not show a clear pattern when all carbon pools 
were combined (see Table 4). For plants and roots carbon, longer-term studies tend to report 
stronger negative effects from both thinning and clearcutting cases, likely due to repeat har-
vest and fire disturbance (see discussion).

DISCUSSION 
Our findings are consistent with a previous meta-analysis, showing that moderate and heavy 
thinning resulted in reduced carbon storage in plants and roots (Kalies et al. 2016). We also 
found a similar pattern indicating that heavy thinning reduces organic layer carbon. How-
ever, this needs to be interpreted cautiously because there are only three cases available on 
heavy thinning effects on organic layer carbon. Residue management is likely an important 
factor affecting organic layer carbon, given that studies have found additional residue leads 
to significantly greater organic layer carbon (Huntington 1990; Hume et al. 2018). We could 
not examine residue management in this analysis because the relevant information is not 
included in most studies, but this critical information should be reported in future studies.
On the other hand, thinning intensity did not impact carbon storage in mineral soil, which 
is also consistent with previous meta-analyses (Johnson and Curtis 2001; Nave et al. 2010; 
Zhou et al. 2013). Mineral soil carbon dynamics are more related to soil taxonomy (Nave et 
al. 2010) and plant species composition (Johnson and Curtis 2001) than timber manage-
ment. Mineral soil carbon has longer turnover times and a higher baseline than organic soil 
carbon, which could contribute to lower fluctuation post-harvest (Nave et al. 2010). Residual 
management can also affect mineral soil carbon. Whole-tree harvesting reduces mineral soil 
carbon through a reduction of carbon inputs from forest litter, but leaving residues on site 
could increase mineral soil carbon (Johnson and Curtis 2001). Mineral soil carbon varies by 
depth; one limitation of our analysis is that we combined carbon measurements from var-

Table 3. Summary of Carbon Stock Differences Across Three Carbon Pools 
in Thinning and Clearcutting Cases 

Harvest 
Method

Carbon Pool Mean Carbon Stock 
Difference, Mg/ha

Mean 
Percentage 
Difference 

Mean Control 
Carbon Stock, 

Mg/ha

Thinning Plants and roots –35.2 –37.1% 95.0

Organic layer –4.5 –19.1% 23.8

Mineral soil –1.7 -4.0% 42.8

Clearcutting Plants and roots –19.2 –52.5% 36.4

Organic layer –6.8 –11.3% 60.3

Mineral soil 1.2 2.6% 47.1



 
Nicholas Institute for Energy, Environment & Sustainability, Duke University  |  13

Table 4. Meta Regression Results of Mixed-Effects Model for 
Thinning Cases and Clearcutting Cases 

Harvest  
Method

Variables Estimate SE p-Value 95% CI

Thinning Intercept –0.299 0.106 0.006* –0.510, –0.088

Harvest intensity –0.089 0.099 0.370 –0.286, 0.107

Time since harvest 0.011 0.190 0.955 –0.366, 0.388

Harvest intensity × Time since harvest 0.020 0.117 0.863 –0.212, 0.252

Clearcut Intercept –0.537 0.186 0.005* –0.908, –0.166

Time since harvest 0.140 0.189 0.461 –0.236, 0.515

Note : Estimate represents the coefficient estimate for each variable. SE represents standard error. 95% CI represents 
the lower and upper end of the 95% confidence interval. Estimates shown here are based on the model with harvest 
intensity and time since harvest centered and scaled. The model for thinning cases had a t2 of 0.351 (estimated 
amount of residual heterogeneity). The model for clearcut cases had a t2 of 1.824. p-values with * indicate significant 
effect (≤0.05).

Figure 2. Forest plots of effect sizes from the nested group meta-analysis 
in MetaWin across carbon pool and thinning intensity

Note: Effect size measured as Hedges’ d. The dotted vertical gray line represents no effect, or a mean of zero. 
Circles represent mean effect size, with the corresponding line the bias-corrected 95% confidence interval. 
Category with * indicates significant effect.
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ious depths (0–5 cm to 0–100 cm). Our sample sizes were not large enough to break down 
the mineral soil carbon pool by depth while examining thinning intensity.
Although the longer-term studies in our analysis (more than 10 years for thinning or more 
than 40 years for clearcutting) showed a negative effect on plants and roots carbon, we are 
not confident in this pattern because many of those longer-term cases had repeat harvests 
or fire disturbances that also influenced carbon. A previous meta-analysis suggested that 
it takes 31 years for aboveground biomass carbon to fully recover after partial cutting (in-
cluding thinning) and 52 years after clearcutting (Zhou et al. 2013); few of the cases in our 
analysis exceed these time frames (9 out of 98 thinning cases and 13 out of 78 clearcutting 
cases). In addition, many clearcutting cases used chronosequences, which is a weaker exper-
imental design than that of control and treatment sites (Nave et al. 2010).
In conclusion, our updated meta-analysis confirmed previously identified patterns regard-
ing forest thinning intensity. Heavier thinning reduces plants and roots carbon and organic 
layer carbon but does not have a clear effect on mineral soil carbon. We also identified data 
gaps suggesting that future research should focus on heavy thinning effects on organic layer 
carbon and mineral soil carbon, longer-term studies (more than 31 years for thinning and 
more than 52 years for clearcutting), and measuring mineral soil carbon at various depths. 
Authors should also report residual management practices and the history of harvest and 
fire disturbances at treatment sites. These data gaps align with important drivers of changes 
in carbon storage, and further understanding of the effects will help inform forest manage-
ment to maximize carbon outcomes.
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