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The carbon balance of old-growth forests remains contested, with studies alternately reporting strong carbon sinks, 
near-equilibrium states, or net carbon sources. Here, we synthesise peer-reviewed evidence to examine whether 
reported carbon balance classifications are influenced by observation length and measurement method. We conducted 
a systematic literature review of 60 publications (51 empirical studies and 9 reviews) addressing net carbon balance in 
old-growth forests. Each empirical study was classified as reporting a net carbon sink, dynamic equilibrium, or net carbon 
source. Using generalized linear models applied to study-level classifications, we tested the effects of observation length 
and measurement method on reported carbon balance outcomes. Longer observation periods were associated with 
higher odds of classifying old-growth forests as operating near dynamic carbon equilibrium; however, this effect did 
not reach statistical significance. In contrast, measurement method exerted a statistically significant influence: studies 
based on eddy covariance measurements had nearly twice the odds of classifying forests toward higher carbon uptake 
categories compared to field-based inventory approaches. Collectively, these results demonstrate that reported carbon 
balance states of old-growth forests reflect not only ecological processes, but also observational framing, methodological 
sensitivity, and temporal scale. Our findings caution against simplified narratives portraying old-growth forests as 
universal carbon sinks or sources, and highlight the need for long-term, methodologically transparent assessments when 
evaluating forest-based climate mitigation strategies.
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Abstract

INTRODUCTION

Limiting global warming requires rapid and sustained 
reductions in greenhouse gas emissions alongside the 
protection and enhancement of natural carbon sinks (IPCC 
2023a). Ecosystem-based solutions play a central role in 
climate mitigation strategies by removing carbon dioxide 
from the atmosphere and storing it in biomass, soils, and 
long-lived organic matter (IPCC 2023b). Among terrestrial 
ecosystems, forests are particularly important because 
they combine large carbon stocks with ongoing carbon 
exchange processes that can either mitigate or exacerbate 
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climate change, depending on their net balance between 
uptake and release (Grassi et al. 2017).

A critical distinction in this context is between carbon 
stocks and carbon sinks. Carbon stocks refer to the amount 
of carbon stored in an ecosystem at a given time, whereas 
carbon sinks describe the net flux of carbon from the 
atmosphere into the ecosystem over a defined period (Köhl 
and Martes 2023). Large carbon stocks do not necessarily 
imply ongoing net uptake, and ecosystems with substantial 
storage may operate near equilibrium or even become 
net sources under certain conditions (Verkerk et al. 2022, 
Borovics et al. 2025). This distinction is especially relevant 
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for climate mitigation frameworks, carbon accounting, 
and policy instruments that increasingly rely on quantified 
ecosystem carbon fluxes rather than on static carbon 
storage alone.

Old-growth forests play a central role in global carbon 
cycling due to their large biomass stocks and long carbon 
residence times. Classical ecosystem theory suggested 
that late-successional forests tend to approach carbon 
neutrality as gains in biomass slow down and respiratory 
losses balance assimilation (Odum 1969, Gower et al. 
1996, Van Tuyl et al. 2005, Wang et al. 2011). In contrast, a 
growing body of empirical evidence has reported persistent 
net carbon uptake in some old-growth systems, even at 
the global scale, challenging the expectation of long-term 
equilibrium (Carey et al. 2001, Junhui et al. 2006, Luyssaert 
et al. 2008, 2021, Fei et al. 2018, Keith et al. 2024). As a 
result, the carbon balance of old-growth forests remains 
actively debated, with studies variously reporting net sink 
behaviour, near-equilibrium states, or net carbon sources, 
depending on ecosystem context, observation period, and 
methodological approach (Pregitzer and Euskirchen 2004, 
Chambers et al. 2013, Gundersen et al. 2021).

One proposed explanation for contrasting reports 
of old-growth forest carbon balance is the diversity of 
methods used to quantify ecosystem carbon exchange. 
Field-based inventory approaches estimate carbon balance 
from repeated measurements of biomass and dead organic 
matter, typically integrating long temporal scales but 
with limited resolution of short-term flux dynamics. Eddy 
covariance (EC) measurements (Baldocchi 2003) quantify 
net ecosystem exchange of CO2 by measuring high-
frequency covariation between vertical wind speed and CO2 
concentration above the forest canopy, thereby capturing 
ecosystem–atmosphere gas exchange at sub-hourly time 
steps. While this approach provides direct, continuous flux 
estimates, it requires substantial post-processing and is 
sensitive to atmospheric conditions, gap-filling procedures, 
and methodological assumptions. Process-based 
ecosystem models integrate carbon fluxes and pools across 
time and space but rely on parameterisation and structural 
assumptions, while remote sensing provides spatially 
extensive indicators of productivity and disturbance that 
must be indirectly linked to carbon balance. Each approach 
captures different components and temporal scales of the 
forest carbon cycle, complicating direct comparison among 
studies.

These methodological differences are highly relevant 
for climate mitigation strategies. Old-growth forests are 
frequently cited as key natural climate solutions (Luyssaert 
et al. 2008, 2010, Keith et al. 2024), yet uncertainty 
(Gundersen et al. 2021) about whether they function as 
persistent sinks, dynamic equilibria, or intermittent sources 
affects how they are represented in carbon accounting 
frameworks, mitigation scenarios, and policy narratives. 
If reported sink behaviour is sensitive to observation 
length or measurement method, then conclusions about 
the mitigation role of old-growth forests may reflect 
observational framing as much as underlying ecosystem 
processes.

In this study, we synthesise peer-reviewed evidence 
on the carbon balance of old-growth forests to examine 
whether reported classifications as carbon sinks, near-
equilibrium systems, or carbon sources are systematically 
shaped by observation length and measurement method. 
Using a systematic literature review and classification-
based statistical analyses, we test whether shorter 
observation periods are more likely to yield sink or source 
classifications and whether eddy covariance and field-
based approaches differ in their reported carbon balance 
outcomes. By explicitly focusing on methodological 
influences, this study aims to clarify sources of divergence 
in the old-growth forest carbon balance literature and to 
support more robust interpretation of forest-based climate 
mitigation evidence.

MATERIALS AND METHODS

Literature Search and Study Selection
A systematic literature search was conducted using 

the Web of Science Core Collection and Scopus databases 
to identify peer-reviewed literature addressing the net 
carbon balance of old-growth forests. The search strategy 
combined terms related to forest developmental status 
(e.g. old-growth, primary, unmanaged, mature forests), 
carbon cycle processes (carbon sequestration, carbon 
sink, carbon source, carbon balance), and net ecosystem 
carbon metrics (net ecosystem productivity, net ecosystem 
exchange, NEP, NEE, NBP).

This systematic review was conducted in accordance 
with the PRISMA 2020 guidelines (Page et al. 2021). The 
review protocol was not registered in PROSPERO due to 
scope limitations but is fully described in the Methods and 
Supplementary Materials.

Searches were restricted to articles and review papers 
published in English. No temporal restrictions were 
applied. The complete database-specific search strings 
and applied filters are provided in Supplementary Material 
S1. All records retrieved from the two databases were 
exported, merged, and de-duplicated prior to screening. 
Study selection followed a two-stage process consisting 
of (i) title and abstract screening and (ii) full-text eligibility 
assessment.

Both original research articles and review papers 
were eligible for inclusion. Original research studies 
were required to explicitly address old-growth, primary, 
unmanaged, or equivalent mature forest systems and 
to report empirical information on net carbon balance, 
including net ecosystem exchange (NEE), net ecosystem 
productivity (NEP), net biome productivity (NBP), or 
changes in ecosystem carbon stocks.

Review articles were included if they synthesised 
empirical evidence on carbon dynamics in old-growth or 
primary forests and contributed to the interpretation of 
mechanisms underlying continued carbon sequestration, 
equilibrium, or net carbon emissions. Studies focusing 
exclusively on intensively managed forests or plantations, 
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lacking a clear definition of forest developmental status, 
or reporting only static carbon stocks without information 
on temporal change were excluded. Conceptual or opinion 
papers without synthesis of empirical evidence were also 
excluded at the full-text screening stage. The detailed 
process of study identification, screening, eligibility 
assessment, and final inclusion is illustrated in the PRISMA 
flow diagram (Figure 1). 

A total of 85 studies were screened following database 
searches and de-duplication. Of these, 25 were excluded 
during title, abstract, or full-text screening because they 
did not meet the eligibility criteria, leaving 60 studies that 
addressed the carbon balance of old-growth forests. This 
final corpus comprised 51 original empirical studies and 9 
review articles. The distribution of the examined studies by 
biome is shown in Table 1.

Biome Studies

Boreal Amiro et al. (2006), Martinez-Garcia et al. (2024), Pan et al. (2024a), Pan et al. (2024b), Pregitzer and 
Euskirchen (2004), Schulze et al. (1999), Soloway et al. (2017), Zagirova and Mikhaylov (2016)

Temperate

Acker et al. (2002), Carey et al. (2001), Chiesi et al. (2024), Desai et al. (2005), Falk, Wharton, Schroeder, 
Ustin and Paw U (2008), Harmon et al. (2004), Herbst et al. (2015), Zhang et al. (2006), Knohl et al. (2003), 
Law et al. (2003), Pan et al. (2024a), Pan et al. (2024b), Pannatier et al. (2012), Pardos et al. (2025), Perez-
Quezada et al. (2018), Pregitzer and Euskirchen (2004), Simioni, Marie, Davi, Martin-St Paul and Huc (2020), 
Song and Woodcock (2003), Stoy et al. (2008), Turner et al. (2011), Paw U et al. (2004), Wharton et al. 
(2009), Wharton and Falk (2016), Wharton et al. (2012), Zhang et al. (2006)

Subtropical Aguilos et al. (2020), Fei et al. (2018), QingQing, WeiQiang, ShengGong, ShengLei and Yan JunHua (2013), 
Tan, Zhang, Schaefer, Yu Gui-Rui and Liang and Song (2011), Zhou et al. (2006)

Tropical
Alongi (2011), Baccini et al. (2017), Chambers et al. (2013), Fischer et al. (2015), Grant et al. (2009), 
Loescher et al. (2003), Miller et al. (2004), Pan et al. (2011), Pan et al. (2024a), Pan et al. (2024b), Pregitzer 
and Euskirchen (2004), Rojas-Robles et al. (2020), Saleska et al. (2003), Sierra et al. (2007), Yan et al. (2013)

Multi-biome Besnard et al. (2025), Chen et al. (2019), Ge et al. (2019), Gundersen et al. (2021), Luyssaert et al. (2008), T 
Kira (1967), Xu et al. (2014), Yang et al. (2023), Yang et al. (2011)

Table 1. Studies included in the review, grouped by biome. Citations list empirical and review studies reporting carbon balance 
information for old-growth or equivalent forest systems.

Figure 1. PRISMA flow diagram of the literature selection process.
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Data Extraction and Synthesis
For all studies meeting the eligibility criteria, relevant 

information was systematically extracted using a 
predefined data-extraction table (Supplementary Material 
S2). Extracted variables included publication year, biome, 
forest type, methodological approach, carbon pools 
considered, carbon balance metric, reported net carbon 
balance, temporal coverage of observations, disturbance 
regime, and additional study-specific notes.

Each empirical study was further classified according to 
the reported direction of net carbon balance (net carbon 
sink, near-equilibrium, or net carbon source). Studies 
were classified as near-equilibrium when the reported 
net ecosystem carbon balance did not differ meaningfully 
from zero over the observation period, based on the 
authors’ interpretation or reported uncertainty ranges. 
Review articles were used to support the interpretation of 
observed patterns and to identify areas of consensus and 
disagreement in the literature.

Extracted data were synthesised qualitatively to 
identify consistent patterns across biomes, forest types, 
methodological approaches, and disturbance conditions. 
A quantitative meta-analysis was not conducted due to 
heterogeneity in reported metrics, temporal coverage, and 
system definitions across studies. Instead, the extracted 
study-level classifications were analysed using generalized 
linear models to test the effects of observation length 
and measurement method on reported carbon balance 
outcomes. Each observation in the statistical analyses 
represents a single study-level classification of carbon 
balance for an independent forest site or site aggregate as 
reported in the original publication.

Statistical Analysis of Carbon Balance Classification
Binary Analysis of Equilibrium Classification

To assess whether the length of the observation period 
influences the likelihood of classifying old-growth forests 
as being in carbon balance, we applied a generalized linear 
modeling framework with a binomial error distribution 
and logit link function. Forest carbon balance was coded as 
a binary response variable, where equilibrium states were 
coded as 1 and non-equilibrium states (carbon source or 
sink) as 0.

This binary grouping was used because the specific 
objective of this analysis was to distinguish apparent 
equilibrium from directional carbon imbalance, 
irrespective of the direction of that imbalance. Carbon 
sources and sinks therefore represented a common “non-
equilibrium” category only for this particular analysis. We 
acknowledge that source and sink states have different 
ecological implications; consequently, their distinction was 
retained and examined separately in the ordinal source–
equilibrium–sink analysis described below.

Measurement duration (T, years) was log-transformed 
prior to analysis to reduce the leverage of very long time 
series and to model proportional (multiplicative) effects 
of increasing observation length. The resulting predictor 
therefore captures changes in equilibrium classification 
associated with relative rather than absolute increases in 
measurement duration.

Initial models included biome and measurement 
method as categorical predictors; however, these models 
exhibited quasi-complete separation due to sparse category 
combinations and limited sample size. To ensure numerical 
stability and parsimonious inference, final analyses focused 
on a reduced model including measurement duration 
as the sole predictor. Model significance was evaluated 
using likelihood ratio (Type III) tests, and effect sizes were 
reported as odds ratios with 95% confidence intervals. All 
analyses were conducted in Statistica software (Version 
14.0.1.25, Tulsa, OK, USA) using generalized linear models.

Ordinal Analysis of Source–Sink Classification
To evaluate whether the measurement method 

influences the classification of forest carbon balance 
along an ordered gradient, we applied an ordinal logistic 
regression (proportional odds model). Carbon balance 
was treated as an ordered categorical response variable 
with three levels reflecting increasing net carbon uptake: 
source (1) < equilibrium (2) < sink (3). Measurement 
method was included as a categorical predictor with two 
levels, with field-based measurements specified as the 
reference category and eddy covariance as the alternative. 
The model was fitted using an ordinal multinomial error 
distribution with a logit link function, as implemented in 
the Generalized Linear/Nonlinear Models (GLZ) module of 
Statistica.

The proportional odds assumption implies a single, 
constant effect of measurement method across the 
cumulative thresholds separating the ordered response 
categories. This assumption was assessed by examining 
whether the direction and magnitude of the method effect 
were consistent across cumulative thresholds, supporting 
the use of a single ordinal effect. Statistical significance of 
the predictor was assessed using Type III likelihood ratio 
tests, while parameter estimates and Wald statistics were 
used to quantify the direction and magnitude of the effect. 
Effect sizes were reported as odds ratios (OR) with 95% 
confidence intervals (CI), and statistical significance was 
evaluated at α = 0.05.

RESULTS

Characteristics of the Reviewed Studies
The reviewed literature spans more than five decades, 

with the earliest study published in 1967 and the majority 
of studies appearing after 2000. The temporal distribution 
of publications shows a gradual increase in research 
activity, particularly from the early 2000s onward (Figure 
2). Across the full time series, studies reported all three 
carbon balance states: sink, dynamic equilibrium, and 
source. Sink classifications appear to be more frequent in 
studies published during the last decade.

The methodological approaches used to quantify 
carbon balance varied considerably among studies. 
Eddy covariance measurements represented the most 
frequently applied empirical method, followed by field-
based carbon stock change assessments. A smaller 
number of studies relied on remote sensing approaches or 
modelling frameworks. 

http://dx.doi.org/10.1007/s11187-003-6463-7
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Synthesis of Reported Carbon Balance States in Old-
Growth Forests

Among the examined studies, 26 classified old-growth 
forests as net carbon sinks, 11 reported net carbon 
sources, and 23 described systems operating close to 
dynamic carbon equilibrium. When equilibrium and source 
classifications were combined as non-sink outcomes, 
34 studies fell into the non-sink category. Overall, these 
results indicate substantial variability in reported carbon 
balance states of old-growth forests across the literature, 
with sink, source, and near-equilibrium classifications all 
well represented.

Across biomes, the relative distribution of carbon 
balance classifications showed pronounced variation 

(Figure 3). Boreal forests were most frequently reported 
as operating near dynamic equilibrium, with a substantial 
proportion also classified as net carbon sources, while 
sink classifications were comparatively rare. In temperate 
forests, net carbon sinks dominated, although dynamic 
equilibrium classifications remained common and source 
classifications were less frequent. Subtropical forests 
exhibited the strongest dominance of sink classifications, 
with the majority of studies reporting net carbon uptake 
and only a small fraction identifying source or equilibrium 
states.

In tropical forests, all three carbon balance categories 
were well represented, but dynamic equilibrium and sink 
classifications together outweighed source classifications. 

Figure 3. Biome-specific distribution of reported carbon balance classifications in old-growth forests.

Figure 2. Temporal distribution of studies included in the review. The figure shows the number of studies reporting carbon balance 
classifications of old-growth forests by year of publication. 
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Multi-biome synthesis studies showed a roughly even 
distribution between sink and dynamic equilibrium 
outcomes, with relatively few source classifications. 
Overall, the figure highlights that the reported carbon 
balance states of old-growth forests differ systematically 
among biomes, with sink dominance most pronounced 
in subtropical systems and equilibrium or source 
classifications more prevalent in boreal forests.

Effect of Measurement Duration on Equilibrium 
Classification

The binary logistic regression was fitted to 60 empirical 
observations. Measurement duration showed a consistent 
positive association with the probability of classifying 
old-growth forests as being in carbon balance. However, 
this effect did not reach conventional levels of statistical 
significance (likelihood ratio χ² = 0.80, df = 1, p = 0.37), and 
the 95% confidence interval for the regression coefficient 
included 0 (β = 0.30, 95% CI −0.30 to 0.78).

Longer observation periods increased the odds of 
equilibrium classification, with an estimated odds ratio of 
approximately 1.35 per unit increase in log-transformed 
measurement duration, corresponding to an approximately 
2.7-fold increase in monitoring length (Figure 4).

For the descriptive presentation in Figure 4, studies 
were grouped into short (1–3 years) and longer (>3 years) 
observation periods, distinguishing studies based on a few 
annual carbon-balance estimates from those capturing 
longer interannual variation. This grouping was used only 
for visual comparison of classification frequencies; in the 
logistic regression, measurement duration was retained as 
a continuous, log-transformed variable.

These results indicate a directionally consistent but 
statistically uncertain effect, likely reflecting limited 

statistical power and substantial heterogeneity among 
studies.  Overall, the analysis suggests that shorter 
observation periods are more likely to yield classifications 
of old-growth forests as carbon sources or sinks, whereas 
longer time series increasingly support interpretations of 
dynamic carbon equilibrium. 

Effect of Measurement Method on Ordered Carbon 
Balance Classification

The ordinal logistic regression included 39 empirical 
observations. The ordinal logistic regression revealed 
a significant effect of measurement method on carbon 
balance classification along the ordered gradient from 
source to sink (Type III likelihood ratio test: χ² = 4.10, df = 1, 
p = 0.043).

Parameter estimates indicated that the eddy covariance 
method was associated with significantly higher odds 
of assigning forests to higher carbon balance categories 
compared to field-based measurements. The estimated 
regression coefficient for measurement method was 
positive (β  =  0.624), corresponding to an odds ratio of 
approximately 1.87. This indicates that observations based 
on eddy covariance measurements had nearly twice the 
odds of being classified in a higher category (equilibrium 
rather than source, and sink rather than equilibrium or 
source) relative to field-based methods (Wald p = 0.006) 
(Figure 5).

The 95% confidence interval for the odds ratio 
did not include 1 (OR  ≈  1.01–3.46), confirming the 
statistical significance of the effect. Overall, these results 
demonstrate a systematic methodological influence on 
reported carbon balance status, with eddy covariance 
studies more frequently classifying forests toward the sink 
end of the ordered spectrum.

Figure 4. Distribution of carbon balance classifications as a function of observation period length. Bars show the relative frequency of 
source, dynamic equilibrium, and sink classifications in studies with short (1–3 years) and longer (>3 years) measurement durations.
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DISCUSSION

Across reviewed studies, sink, source, and dynamic 
equilibrium outcomes were well represented, underscoring 
that old-growth forests do not exhibit a uniform carbon 
balance but rather show substantial variability. However, 
the contrasting classifications appear to be shaped in part 
by differences in observation length and measurement 
method. 

Observation Length and the Stability of Carbon Balance 
Interpretation

Our analyses indicate that observation length influences 
the stability of carbon balance interpretation in old-growth 
forests. Longer monitoring periods were associated 
with higher odds of classifying forests as operating near 
dynamic equilibrium, whereas shorter observation periods 
more frequently yielded sink or source classifications. 
Although this relationship did not reach statistical 
significance, its consistent direction suggests that short-
term measurements may disproportionately capture 
interannual variability or transient responses, while longer 
time series increasingly support interpretations of long-
term carbon balance.

Annual net carbon exchange in old-growth forests 
can vary substantially in response to climate oscillations, 
weather anomalies, and episodic disturbances. In 
temperate conifer forests, large-scale teleconnection 
phases caused stands to alternate between sink and source 
states (Wharton et al. 2009, 2012, Wharton and Falk 2016). 
Old-growth Amazon forests generally remained close to 
carbon neutrality when flux measurements, biometric 
inventories, and modelling were considered together, 
although ENSO events produced temporary sink or 
source states (Grant et al. 2009). Similarly, El Niño-related 
heat and drought reduced photosynthesis and shifted 
a tropical forest toward net carbon loss (Loescher et al. 
2003). Drought- and temperature-driven switches were 
also observed in old-growth Douglas-fir forests (Falk et al. 

2008) and South American temperate rainforests (Perez-
Quezada et al. 2018). In tropical dry forests, persistent 
water limitation may maintain source behavior even 
without major disturbances (Rojas-Robles et al. 2020), 
while episodic mortality can produce temporary carbon 
losses in otherwise near-equilibrium Amazon forests 
(Saleska et al. 2003).

These findings indicate that short observation periods 
may capture climate-specific, or disturbance-driven source 
and sink states rather than long-term ecosystem behavior. 
Longer records integrate a broader range of climatic 
conditions and disturbance effects and may therefore 
provide more stable estimates of long-term carbon 
balance. This mechanism is consistent with the directional, 
although statistically non-significant, association between 
observation length and equilibrium classification identified 
in our synthesis.

Measurement Method as a Source of Systematic Classi-
fication Bias

In contrast to observation length, measurement 
method exerted a statistically significant influence on 
reported carbon balance classification along the ordered 
gradient from source to sink. Within the relatively small 
sample of studies, eddy covariance measurements were 
more frequently associated with classifications indicating 
higher carbon uptake than field-based approaches. These 
findings point out that reported carbon balance states of 
old-growth forests reflect not only ecological processes, 
but also how and over what temporal scale those processes 
are observed.

A key methodological explanation for the tendency 
of eddy covariance studies to classify old-growth forests 
toward the sink end of the carbon balance spectrum 
lies in the sensitivity of annual EC balances to the 
treatment of nocturnal fluxes. Under stable atmospheric 
conditions and weak turbulence, a substantial fraction of 
ecosystem respiration can be transported by advective 
and storage processes that are not captured by standard 

Figure 5. Distribution of reported carbon balance classifications (source, dynamic equilibrium, sink) by measurement method. Bars 
show the relative frequency of classifications derived from eddy covariance (EC) and field-based approaches.

70%

60%

50%

40%

30%

20%

10%

0%
source	 dynamic equilibrium	 sink

 EC         field

14%

28%
24%

44%

62%

28%

http://dx.doi.org/10.1007/s11187-003-6463-7


https://www.seefor.eu

Király É, Illés G, Raszipovits-Esztó K, Borovics A

8     SEEFOR 17(2): 26020

EC measurements, leading to systematic underestimation 
of nighttime CO2 efflux. As a result, annual net ecosystem 
exchange estimates can be highly sensitive to the 
application of friction-velocity (u*) filtering and gap-filling 
strategies, with relatively small methodological choices 
producing large shifts in inferred annual carbon balance.

This sensitivity is well illustrated by the analysis of an 
old-growth Amazon forest presented by Miller et al. (2004). 
In that study, the uncorrected EC record initially suggested 
a strong carbon sink (approximately −3.9 Mg∙C∙ha-1∙yr-1). 
However, the authors demonstrated that this signal was 
largely an artefact of underestimated nocturnal respiration 
under calm night conditions. When nighttime fluxes were 
corrected using an appropriate u* threshold and seasonally 
adjusted respiration estimates, the inferred annual carbon 
balance shifted by more than 4 Mg∙C∙ha-1∙yr-1, yielding a 
near-neutral to slightly positive net carbon balance (+0.4 
Mg∙C∙ha-1∙yr-1). Importantly, this corrected EC estimate 
aligned with independent biometric inventories spanning 
multiple decades, which likewise indicated that the forest 
was not a persistent carbon sink.

This example highlights that apparent sink signals in 
EC-based studies of old-growth forests can, in some cases, 
arise from methodological sensitivity rather than sustained 
ecosystem carbon accumulation. In contrast, field-based 
inventory approaches typically integrate carbon dynamics 
over longer temporal scales and are not sensitive to short-
term atmospheric conditions and turbulence regimes. 
This difference in temporal integration and observational 
sensitivity may partly explain the greater tendency of field-
based studies to classify old-growth forests as operating 
near dynamic equilibrium or as weak carbon sources. 
Together, these considerations support the interpretation 
that the significant method effect detected in the ordinal 
regression likely reflects differences in observational 
framing and methodological sensitivity, rather than 
systematic differences in underlying ecosystem behaviour.

Biome-Specific Patterns in Reported Carbon Balance
Reported carbon balance classifications varied markedly 

among biomes. Boreal systems were more frequently 
classified as near equilibrium or net carbon sources, 
consistent with high climatic responsiveness, large soil 
carbon pools, and the prevalence of disturbance legacies in 
long-lived stands. In subtropical forests, sink classifications 
dominated the literature, reflecting both favourable 
climatic conditions for sustained photosynthesis and the 
concentration of studies conducted during climatically 
benign periods (Tan et al. 2011, Fei et al. 2018).

Temperate and tropical forests displayed the widest 
range of reported outcomes, spanning sink, equilibrium, 
and source classifications. This variability likely reflects 
the combined influence of pronounced interannual 
climate variability, episodic disturbances, and differences 
in observation length and measurement method across 
studies (Pannatier et al. 2012, Baccini et al. 2017, Pardos 
et al. 2025). Taken together, these patterns indicate that 
biome-level summaries of old-growth forest carbon 
balance largely reflect the interaction of climate variability, 
disturbance history, and observational framing, rather 
than stable, biome-specific carbon balance states. 

Conceptual Expectation of Dynamic Equilibrium in Old-
Growth Forests across Space and Time

Based on fundamental physical and ecological 
constraints, sufficiently extensive old-growth forest 
landscapes observed over sufficiently long time horizons 
are expected to approach approximate CO2 equilibrium 
with the atmosphere, provided that boundary conditions, 
including radiative forcing, atmospheric composition, and 
the fundamental energy and material throughput of the 
system, remain relatively stationary. This expectation is 
consistent not only with classical ecosystem development 
theory (Odum 1969), but also with the conservation of 
mass and energy, reflected in ecology by the concept of 
a site-specific ultimate yield (constant final yield) (Yoda 
1963, Kira 1967). Under a given climate regime, incoming 
solar radiation, plant-available water, and soil nutrient-
supply capacity constrain the maximum standing biomass 
that can be maintained per unit area. In the absence of 
such constraints, indefinite biomass accumulation would 
be theoretically possible, which is physically implausible in 
closed and resource-limited systems.

Importantly, this equilibrium is dynamic rather than 
static. Carbon balance and standing biomass fluctuate 
around a site-specific potential as natural disturbances, 
mortality events, gap formation, and regeneration 
processes unfold through time. The same forest type 
may therefore appear as a net carbon source during 
phases of elevated mortality or structural collapse, and 
as a net sink when growth and recruitment dominate 
(Turner 2010). This temporal alternation supports the 
interpretation that carbon balance classifications derived 
from short observation windows may disproportionately 
capture transient states, whereas longer monitoring 
periods increasingly integrate internal forest dynamics 
with interannual climate variability, resulting in a greater 
likelihood of near-neutral classifications. A comparable 
convergence toward near-neutrality would be expected 
under broader spatial integration, because asynchronous 
patch dynamics within disturbance mosaics can offset one 
another when the sampled area approaches the spatial 
scale of landscape-level processes.

A further complication is that most of the empirical 
evidence synthesized in this article originates from the 
post-2000 period, during which environmental conditions 
have become increasingly non-stationary (Turner 2010). 
Atmospheric CO2 concentrations, temperature regimes, 
drought frequency, and disturbance patterns have shifted, 
suggesting that many forest systems may be displaced 
from their historical dynamic equilibrium and are 
undergoing transient adjustment toward new site-specific 
potentials. Under this interpretation, the observed mixture 
of sink, source, and near-equilibrium classifications reflects 
not only internal forest dynamics and methodological 
framing, but also directional ecosystem responses to 
altered boundary conditions. In cases when climate 
change reduces attainable biomass or increases mortality 
and disturbance risk, source classifications may become 
more frequent. Also, when constraints are relaxed, such 
as through extended growing seasons or CO2 fertilization 
under adequate water and nutrient availability, sink 
classifications may dominate, at least temporarily. Reported 
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carbon balance states should therefore be interpreted as 
scale- and context-dependent observational outcomes 
shaped by time horizon, measurement approach, and the 
degree of environmental stationarity, rather than as fixed 
intrinsic properties of old-growth forest ecosystems.

The Role of Old-Growth Forests in Climate Change Miti-
gation

Our synthesis demonstrates that old-growth forests 
cannot be uniformly characterised as persistent carbon 
sinks. While sink behaviour is frequently reported, 
particularly in subtropical systems and in studies based on 
eddy covariance, near-equilibrium and source states are 
also common. Treating old-growth forests as inherently 
superior mitigation assets may lead to suboptimal 
policy choices if assessments focus exclusively on in situ 
forest carbon stocks while neglecting harvested wood 
products (HWP) and material and energy substitution 
effects. Recent analyses indicate that, outside strictly 
protected conservation areas, managed forest systems 
can deliver greater long-term climate mitigation benefits 
than unmanaged stands provided that carbon storage in 
HWPs and the substitution of fossil-intensive materials 
are accounted for (Leskinen et al. 2018, Borovics et 
al. 2024). This does not diminish the ecological or 
conservation value of old-growth forests, but highlights 
that their climate mitigation role differs fundamentally 
from that of actively managed systems. Jansons et al. 
(2025) showed that although old-growth stands in Latvia 
contained, on average, higher tree biomass carbon stocks 
than managed stands, the total climate mitigation effect 
of managed forests, when combining standing biomass, 
harvested wood products, and substitution effects, was 
significantly greater over comparable time horizons. These 
findings are consistent with broader evidence indicating 
that forest growth rates and biomass accumulation slow 
with increasing stand age (Gower et al. 1996, Van Tuyl 
et al. 2005, Wang et al. 2011). Additionally, in regions 
approaching xeric forest limits, such as parts of Central 
Europe, old-growth forests adapted to cooler and wetter 
climatic conditions may become increasingly vulnerable to 
drought-induced decline, elevated mortality, and potential 
carbon losses under future climate scenarios (Illés and 
Móricz 2022). In such contexts, reliance on static carbon 
storage in old-growth stands may entail higher long-
term emission risks than strategies that actively manage 
forest structure, regeneration, and wood use in ways that 
enhance adaptive capacity and system resilience.

Land-based (LULUCF) greenhouse gas accounting 
further underscores the risks of over-interpreting short-
term carbon balance estimates when designing mitigation 
strategies. Large and persistent discrepancies remain 
between global model estimates and national greenhouse 
gas inventories in the LULUCF sector (Deng et al. 2022, 
Grassi et al. 2022b,a), particularly for forest land, with 
differences exceeding 6 Gt∙CO2∙yr-1 at the global scale 
for the period 2000–2020 (Grassi et al. 2023). These 
mismatches arise from fundamentally different conceptual 
definitions of anthropogenic versus natural fluxes, the 
delineation of managed forests, and the attribution of 
indirect human-induced effects such as CO2 fertilisation. 

As a result, reported forest sinks may reflect accounting 
conventions as much as underlying biophysical processes, 
and apparent short-term mitigation gains can be highly 
sensitive to methodological framing. Prioritising transient 
net carbon balances, especially in mature or old-growth 
forests characterised by large but opposing carbon fluxes, 
therefore risks overstating mitigation certainty. The 
observed variability in reported carbon-balance states 
supports calls for transparent, consistent, and robust 
land-sector accounting (Grassi et al. 2023). More broadly, 
credible forest-based mitigation strategies may need to 
consider not only short-term in situ carbon uptake, but also 
the long-term persistence and climate resilience of forest 
carbon stocks, regeneration capacity, and the continued 
provision of renewable materials. These implications 
should be regarded as policy-relevant interpretations 
informed by the wider literature rather than as empirical 
conclusions directly tested by the present synthesis. 

Methodological Limitations and Scope
This study synthesises heterogeneous evidence using 

classification-based analyses rather than an effect-size 
meta-analysis, reflecting substantial variation in metrics, 
temporal coverage, and system definitions across studies. 
Classification into carbon sink, equilibrium, and source 
categories was based partly on the interpretations provided 
by the authors of the original publications, together 
with the reported estimates and available uncertainty 
information. Consequently, some degree of subjectivity 
and inconsistency among studies may remain, particularly 
where statistical uncertainty was incompletely reported 
or where the distinction between equilibrium and a weak 
source or sink was not clearly defined. Sample sizes also 
limited the inclusion of additional predictors in the statistical 
models. Despite these constraints, the approach provides 
meaningful insight into how observation length and 
measurement method influence the reported outcomes, 
and the results should be interpreted as addressing 
patterns in reported carbon balance classifications, rather 
than definitive estimates of underlying ecosystem carbon 
dynamics.

CONCLUSIONS 

This synthesis shows that old-growth forests cannot be 
uniformly classified as persistent carbon sinks; reported 
states span sink, near-equilibrium, and source categories. 
However, when interpreted in light of ecological theory 
and biophysical constraints, these contrasting outcomes 
are most consistently understood as fluctuations around a 
dynamic carbon equilibrium. Shorter observation periods 
more frequently yield sink or source classifications, likely 
reflecting transient disturbance phases or interannual 
climate variability, whereas longer monitoring durations 
increasingly support near-neutral outcomes. Measurement 
method exerted a statistically significant influence, 
with eddy covariance studies more often classifying 
forests toward higher uptake categories than field-based 
approaches, underscoring the role of methodological 
sensitivity and temporal integration.
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Taken together, our findings emphasize that 
interpreting old-growth forests as universal carbon 
sinks risks oversimplification, potentially leading to 
suboptimal climate mitigation strategies if life-cycle 
carbon effects, harvested wood products, substitution 
benefits, and climate risks are not considered. Robust 
assessment of forest-based mitigation requires long-term, 
methodologically transparent, and integrated approaches 
that distinguish conservation value from climate mitigation 
effectiveness.
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