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The role of unmanaged forests is discussed controversially in the context of

climate change. One of the key questions is, whether they can contribute

to the mitigation of climate change as a carbon sink and storage. However,

carbon dynamics of forests after the cessation of management are not well

understood. We analyzed a set of 64 forest sites, covering wide gradients of

time since abandonment (0–68 years) and stand age (65–261 years) in even-

aged, unmanaged beech forests. Five sites that were unmanaged for >100 years

complemented the main dataset. We compiled site-specific carbon balances,

distinguishing six carbon-compartments: Carbon in aboveground living and dead

biomass, carbon in belowground living and dead biomass, and carbon in the

organic layer and the mineral topsoil (0–30 cm). We found positive effects of

increasing TSA on the carbon stock in living biomass and aboveground dead

biomass for up to 50 years after management ceased. The average increase of the

total carbon stock over 50 years of TSA was ≈ 80 Mg C ha−1. The effect of stand

age on aboveground living biomass showed a convex relation. Aboveground

dead biomass increased logistically with TSA, while belowground dead biomass

decreased. On average, the five sites unmanaged for >100 years held lower

total carbon stocks compared to the observed biomass peak around 50 years

of TSA. However, they contained considerably higher amounts of deadwood.

Carbon in the mineral soil did neither change with TSA nor with stand age and

was driven by pH. Carbon stocks in newly unmanaged forests increased almost

linearly for approximately 50 years after cessation of management. Subsequently,

a stabilization or medium-term decrease in carbon stock was observed, likely due

to the initiating transition from even-aged to multi-aged structures. We conclude
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that, besides their value for biodiversity and ecosystem functions, the potential of

naturally developing forests as a medium-term carbon sink and long-term stable

carbon storage should be considered as a valuable contribution to Climate-Smart

Forestry.

KEYWORDS

Climate-Smart Forestry, time since abandonment, unmanaged forest reserves, carbon
storage, carbon sink, climate change, strict forest reserves, soil organic carbon

1. Introduction

The high complexity of policies devised to mitigate climate
change requires a sound understanding of natural carbon cycles in
different ecosystems (Pan, 2011; IPCC, 2021). In this respect, forests
are of particular interest, as they constitute a large terrestrial carbon
sink and storage (Carey et al., 2001; Luyssaert et al., 2008; Pan
et al., 2013; Pugh et al., 2019), even in intensively managed regions
of the world. The type and intensity of management has a strong
impact on the level and persistence of forest carbon stocks (Mikoláš
et al., 2021; Mackey et al., 2022). In Central Europe, most forests
are managed with varying intensity. In Germany, there are no true
primeval or virgin forests (Sabatini et al., 2018; see Buchwald, 2005
for context), but an increasing proportion of forest area is being set
aside from active management (Meyer et al., 2022).

Deforestation and forest use has caused large carbon debts from
European forest ecosystems in the past (Naudts et al., 2016, but
see discussion in related eLetters). In recent decades, however, the
growing stock, and thus carbon storage, of European forests has
increased considerably (Spiecker et al., 1996; Spiecker, 2001; Pan,
2011; Pretzsch et al., 2014). Currently it is, sometimes heatedly,
debated whether the mitigation of climate change is better served
by the abandonment of forest managment or the intensification
of management and utilization of wood (Schulze et al., 2020; but
see: Kun et al., 2020; Welle et al., 2020; Ameray et al., 2021; Luick
et al., 2021; Schulze et al., 2021, 2022). Already, the scientific debate
has advanced towards lobby work and political decision making
(Raven, 2021; Irslinger, 2022). Climate change, together with the
diverse demands of society on forests and forest management,
sets the challenge for Climate-Smart Forestry (CSF) (Bowditch
et al., 2020; Verkerk et al., 2020). One important goal of CSF
is to optimize carbon uptake and storage in forests and wood
products and the substitution of fossil fuels and materials with a
large carbon footprint. However, CSF should not be mislabeled
as “carbon forestry”, as it also incorporates resilience of forests to
climate change, biodiversity and other ecosystem functions and
aims to create synergies in forest management (Nabuurs et al.,
2018). It is important that Climate-Smart Forestry management
decisions are based on scientific evidence.

Naturally developing forests are an important element of
the EU Biodiversity Strategy (European Commission, 2020)
and the German National Biodiversity Strategy (BMU, 2007).
Germany aims at allocating 5% of the national forest area to
natural development. Several other European countries are also
withdrawing large forest areas from management, in order to
conserve and restore the native biodiversity and to mitigate

climate change. This has further sparked the debate about the
effects of forest management and abandonment on climate change
mitigation, as is the case for most approaches of nature-based
solutions to climate change (Seddon et al., 2020).

The argument whether to increase biomass harvest or to
increase carbon stocks by ceasing management is complex and
subject to uncertainty (Ciais et al., 2008; Bellassen and Luyssaert,
2014; Pukkala, 2018). It is crucial to develop a better understanding
of carbon dynamics in unmanaged forests, not least in view of
the economic trade-offs that go along with abandoning productive
forest sites. Empirical data to evaluate the potential mid- and
long-term effects of ceasing management are scarce, restricting a
factual debate. Better data and understanding should also help to
improve strategic planning and the selection of forest stands for
strict protection, based on their characteristics and the targeted
objectives.

The state of knowledge on aboveground growing stocks and
dynamics over the time period of a production cycle is well-
established in temperate Europe (Pretzsch, 2010; see Figure 1)
Regarding forests where management has ceased and that grow
beyond the extent of the typical production cycle (approx. 160 –
180 years), there is uncertainty about future stand development and
related ecosystem functions. Strict forest reserves (SFR; bindingly
set aside for natural forest development; see Parviainen et al.,
2000) have been studied to an extent, but the results are as yet
inconclusive. So far, they have only reached the initial phase of
transition toward old-growth structures and dynamics, a long
process that likely takes centuries. Old forests, abandoned for more
than a century, are generally rare and thus not well studied. Even
these forests often bear legacies of former management to the
present day. It is generally assumed that, if left undisturbed and
in the long-run, a forest ecosystem will naturally evolve toward
an ecological “steady state” or dynamic equilibrium (Bormann
and Likens, 1994; Franklin et al., 2002). This status is believed to
resemble the structure of primeval forests. In Europe, there are
only few remnants of primeval forest left (Sabatini et al., 2018).
Recently, records on wood volume and biomass stocks in primeval
beech (Fagus sylvatica) forests of Eastern Europe were published
(Hobi et al., 2015; Glatthorn et al., 2018; Stillhard et al., 2022)
and several classical studies are available (e.g., Leibundgut, 1978;
Korpel’, 1995). Meyer et al. (2021) rated the respective evidence
for European primeval forest as “established but incomplete”,
i.e., there are only few studies but their findings are similar.
Concerning the carbon balance of old forests, opinions differ.
Several studies demonstrated a persistent carbon sink in old-
growth forests (Janisch and Harmon, 2002; Knohl et al., 2003;

Frontiers in Forests and Global Change 02 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1099558
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1099558 March 10, 2023 Time: 14:46 # 3

Nagel et al. 10.3389/ffgc.2023.1099558

FIGURE 1

Qualitative representation of our conceptual model [modified graphical abstract from Meyer et al. (2021)*] on the state of knowledge and the
hypothesized development of formerly managed forests toward old-growth forests. The figure exemplary represents aboveground woody biomass,
as it is the most investigated and reported compartment, however with distinct ambiguity about its long-term development in strict forest reserves.
We hypothesized that, after abandonment, carbon stored in aboveground woody biomass increases over time, however approaching an upper limit
(“carbon carrying capacity,” defined by environmental conditions, etc.) within an unknown period of time. Structural changes and other processes
may induce fluctuations around this capacity over time, however a stable steady-state is approached in the long run. *The referenced article is an
open access article under the terms of the Creative Commons Attribution-Non-Commercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.© 2021 The
Authors. Journal of Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Hessenmöller et al., 2008; Luyssaert et al., 2008; Heiri, 2009; Brang
et al., 2011), while studies based on modeling approaches assumed
steady-state or negative carbon balances (Hasenauer, 2011; Köhl
et al., 2011).

The largest deficiency in the understanding of forest carbon
dynamics concerns strictly protected or re-wilded forests, i.e.,
formerly managed stands that now develop naturally. Although
data on SFR are increasingly available, time-series over longer
periods are scarce and not representative (Meyer, 2020). Thus,
the medium-term development (i.e. several decades) of formerly
managed forests and their transition toward primeval forest
structures are not well understood. This is critical, as setting aside
forests is regarded as a contribution to the mitigation of climate
change in Europe (BMU, 2007; European Commission, 2020).
Moreover, across all forest types the state of knowledge regarding
the belowground carbon stocks and dynamics is rather poor (Fahey
et al., 2010; Ameray et al., 2021).

Against this backdrop we asked how carbon stocks change
after the abandonment of managed forests. We hypothesized that
the carbon stock would increase with time since abandonment
(TSA), eventually reaching a saturation point or carrying capacity
(Gupta and Rao, 1994; Keith et al., 2009). Furthermore, we
hypothesized that the effect of stand age on carbon stocks would
be a convex function. We expected the growth of living biomass
and deadwood accumulation to be the main contributors to an
increasing carbon stock. We further hypothesized that, similar to
the findings of Meyer et al. (2021), a saturation of the carbon
sink could become apparent, however only after several decades
of TSA. We expected no effects of TSA and stand age on
carbon stocks in the mineral soil and organic layer, as partial

harvest practices are reported to have only little effect on these
compartments (Lal, 2005; Mayer et al., 2020) and we assume these
effects of moderate canopy opening to be comparable to natural
disturbances.

2. Materials and methods

To test our hypotheses, we collected data from 100 strict forest
reserves (SFR) throughout Germany (Figure 2A), covering a large
geographical range of Central European temperate forest. As time-
series data are rare, especially for the higher range of TSA, we
followed a space-for-time substitution approach (Likens, 1989),
resulting in a chronosequence (Walker et al., 2010) of sites with
differing TSA and stand ages.

2.1. Site selection

Suitable candidate sites were screened from the database of
German SFR (Münch, 2007) based on forest type, TSA and stand
age. The majority of the candidate site pool was made up of even-
aged beech stands, followed by oak (Quercus spp.) dominated
stands (Table 1). This reflects that natural forest communities
in Germany are dominated by beech and oak forest types (83%)
(Schmitz, 2014).

To account for environmental gradients, we stratified the
candidate sites of beech and oak dominated stands into sub-
groups. Based on soil and site characteristics from the SFR database,
beech stands were divided into nutrient poor and nutrient rich
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FIGURE 2

Overview of the 100 site locations across Germany (A). The map depicts forest cover, the boundaries shown encompass the major natural regions of
Germany (Meynen et al., 1953). Nine circular plots per site were laid out in a 3 × 3 grid whenever possible (B), covering an area of 9 ha. Distance
between plot centers was 100 m and distance from the outer plot centers to the stand boundaries was 50 m. The plot area was 500 m2 (r = 12.62 m)
on which all inventory objects were sampled. A sub-area of 5*5 m was laid out to record tree regeneration (C).

sites, as well as the planar to colline, submontane and montane
altitudinal range, resulting in six sub-groups of even aged beech
forest (Table 1). Mixed oak forest candidate sites were divided
into two sub-groups of wet-favorable and dry site conditions. In
some cases, beech-forests were managed in group selection systems
and thus, a uniform stand age cannot be determined. Therefore,
an additional sub-group “multi-aged” stands was added for beech
sites.

For the selection of beech and oak sites, we applied an
orthogonal site selection procedure to cover the ranges of both
TSA and stand age independently, resulting in a two-dimensional
chronosequence with multiple combinations of TSA and stand
age. For each forest type and sub-group, candidate sites were
assigned to classes of TSA (class-width 15 yr.; e.g., 0-15 yr., 16-
30 yr., etc.) and stand age (class-width 40 yr.; e.g., 80-120 yr.,
121-160 yr., etc.). For each forest type one data point from each
occupied class was randomly selected. We applied a weighted
random sampling approach (Efraimidis and Spirakis, 2016) to
promote underrepresented major natural regions of Germany

(Meynen et al., 1953; Figure 2A). Sites located in these regions
were assigned with higher selection probabilities. This allowed us
to improve the spatial coverage and evenness of selected set of sites,
as otherwise over-represented natural regions would dominate the
dataset.

Multi-aged beech sites were selected to represent a gradient of
TSA only, and we incorporated nutrient conditions as well as the
colline and submontane altitudinal range.

SFR representing other forest types (Table 1) are currently not
available in sufficient quantity to compile a reasonable selection
and thus gather statistically useful data. Hence, only individual sites
were selected within similar ranges of TSA and stand age.

Lastly, five beech forest sites that have been unmanaged
for more than 100 years completed our set of selected sites.
Forests unmanaged for that long are rare in Germany and the
best natural reference available for the temporal development
of SFR.

Following the site selection process, on-site inspections were
conducted, to determine whether the selected sites met the selection
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TABLE 1 Overview over the number of selected sites (N) per forest type and sub-group (nutrient supply, altitudinal range) and the ranges of TSA [y] and
stand age [y] (reference year: 2020). Multi-aged sites that were selected, are noted in brackets.

Forest type Nutrient supply Altitudinal range N: age-class,
(multi-aged)

Range: TSA,
(stand age) [yr.]

Beech Poor colline 13, (2) 4 – 65, (91 – 202)

Beech Poor submontane 9, (3) 13 – 55, (140 – 20)

Beech Poor montane 6 0 – 74, (155 – 261)

Beech rich colline 23, (2) 6 – 68, (65 – 222)

Beech rich submontane 10, (4) 10 – 59, (98 – 173)

Beech rich montane 5 22 – 48, (160 – 232)

Beech (TSA > 100 yr.) − − 5 106 – 400 + , (200 – 465)

Oak-Hornbeam − − 11 13 – 67, (120 – 220)

Oak-Hornbeam − − 3 20 – 50, (143 – 182)

Alder-Elm − − 1 70, (176)

Spruce − montane 1 43, (215)

Beech − − 1 48, (194)

Pine − − 1 34, (158)

Beech = Fagus sylvatica; Oak = Quercus spp.; Hornbeam = Carpinus betulus; Alder = Alnus spp.; Elm = Ulmus spp.; Spruce = Picea abies; Pine = Pinus sylvestris.

criteria and that stands of suitable size were present. We followed
a standardized protocol on all sites, assessing forest type and
structure, management legacy, deadwood, tree species composition
and terrain. Exclusion criteria were, for example, wrong forest
type, unsuitable species composition based on pre-established
thresholds, management legacy did not fit designated TSA or
unfavorable terrain. Excluded sites were replaced by a repeated
random pick from the respective TSA/stand-age class and were
inspected accordingly.

2.2. Data collection

Nine circular plots (each with r = 12.62 m, A = 500 m2;
Figure 2C) were established on each site. Generally, these plots
were set up in a 3× 3 grid, with 100 m distance between plot centers
and 50 m internal buffer from the stand boundaries (Figure 2B).
In cases where this grid could not be laid out, due to restrictions
in the shape of the stand or difficult terrain, the most compact
configuration feasible was chosen, to ensure spatial coherence of
the plots.

Field data was collected between December 2020 and June 2021.
All standing trees with ≥ 7 cm diameter at breast height (DBH)
were registered. For each object, DBH, species, object class, position
within the plot and individual slope at the base were recorded.
Heights were measured for three trees of each species occurring
on the plot. Lying objects (longitudinal axis ≤ 10 gon (gradian) to
terrain surface) were recorded when their DBH or lower diameter
was≥ 20 cm for dead objects and≥ 7 cm for living objects. Species,
degree of decomposition (five stages), object class, length and their
position on the plot were noted. The object class consisted of the
life class (living, dead), position class (e.g., upright or hanging) and
the compartment class (complete, stem only, etc.). Regeneration
was recorded on a 5 × 5 m subsection of the plot, differentiating
between species, height class and whether they were browsed.

Additionally, the average slope of the plot, as well as exposition and
topography were determined.

2.3. Dataset

We revised the initially available site information by contacting
the site managers, asking for information on the last management
activity and exact stand age. If managers were able to supply
detailed information, we adjusted our data accordingly. TSA is
generally counted from the year the site became an SFR legally,
but the last management activity might date back several years
before that. If no information was available we assumed that
interventions are usually executed in 10-year cycles and increased
TSA by five years, as the average time since the last management
activity. We obtained site specific climate data on average annual
temperature, annual precipitation and the climatic water balance
of a recent drought period (Kaspar et al., 2013; DWD Climate
Data Center (CDC), resolution 1 × 1 km, reference period 1991
- 2020, dry years 2018-2020). Site specific data on usable field
capacity (uFC) in the upper 30 cm of the soil were calculated
based on the soil sample characteristics. Plot specific elevation was
acquired from digital elevation models (resolution 25 m, and 1 m if
available).

Field data was checked for plausibility and recording
errors. Species- and site-specific height curves were fitted
using the height measurements taken in the field. They were
used to estimate the height of all standing objects without
height measurement.

2.4. Carbon content of biomass

Species specific volumetric functions were applied to calculate
individual object volume (R-package “nwcalc”, unpublished). These
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functions yield similar results to the standard calculations used in
the German national forest inventory (Riedel and Kändler, 2017;
Riedel et al., 2017), however the latter do not allow to consider
incomplete objects (i.e., broken trees) or deadwood. Extrapolation
factors were applied to account for unmeasured objects below
the DBH threshold in the lying deadwood compartment and we
further compensated for decay stage (see Supplement in Meyer
et al., 2001). Object biomass was derived from the computed
and extrapolated volumes by multiplying with species specific
wood densities from the global wood density database (Zanne
et al., 2009). Regeneration biomass was calculated following
Annighöfer et al. (2016). Root biomass was modeled based on
DBH, applying the species specific functions from Forrester et al.
(2017).

The carbon content was calculated by multiplying biomass with
a factor of 0.488 for broadleaved species and 0.508 for conifer
species (Thomas and Martin, 2012). Subsequently, all numbers
given refer to carbon content (Mg ha−1).

2.5. Soil organic carbon

Volumetric soil samples were taken on a subset of three plots
per site. On each of those plots samples were taken at three
systematically distributed satellite locations (10 m from the plot
center, 0◦, 120◦ and 240◦ azimuth). Generally, samples were taken
with a root auger. It was driven into the soil until a total sample
depth of 30 cm in the mineral soil was realized. The sample
was divided into four compartments: the organic layer and three
depth-classes of the mineral soil (0 – 5 cm, 5 – 10 cm and 10 –
30 cm). On the plot level the samples of each compartment were
combined into mixed samples. If the soil conditions were not
appropriate for the use of the root auger the organic layer was
sampled with a humus pot. Sample rings were used to take samples
from the mineral soil accordingly. If the full sampling depth to
30 cm could not be achieved, this was noted and considered in
the quantification of the soils carbon content. Detailed information
on the soil bulk density and chemical analysis can be found in the
Supplementary material 1.

In eight forest stands the root auger method and the sample
ring method were applied simultaneously to standardize the
comparison of the produced results. As yet, only the latter method
is widely accepted. Comparative analysis showed the two methods
to deliver similar results. Models for soil organic carbon were
built from a data subset of beech age-class stands containing only
the sampled plots.

2.6. Data analysis

We distinguished six carbon compartments for our analysis.
Separately for above- and belowground, we differentiated living
and dead biomass as individual carbon compartments. The other
compartments were carbon in the mineral soil (0-30 cm), hence
termed “mineral topsoil”, and carbon in the organic layer.

The data were clustered into subsets based on forest type. Age-
class beech sites made up the largest subset with n = 64 sites.
Previously, one site was excluded from the analysis (“An den zwei
Steinen”, ID = 07-005). Here, intense grazing pressure from red

deer has led to an open stand structure with a degraded canopy
and lack of regeneration or understory development. We assessed
this stand development to be very unique. Due to its position at
the end of the (continuous) TSA gradient (TSA = 74 yr.) the site
significantly reduced model adequacy.

For data analysis, the categorization of forest types by
distinguishing between nutrient rich or poor sites, as well as
the three altitudinal ranges was replaced by continuous variables.
Allowing us to analyze the six different beech forest types
collectively. We used the pH values obtained from soil analysis as
a proxy for nutrient availability. Abiotic conditions were described
by average annual temperature and annual precipitation, average
plot slope, topography and exposition. Elevation was significantly
correlated to temperature and precipitation and therefore excluded.
Additionally, usable field capacity was used to model carbon in
living biomass, while the climatic water balance of the recent
drought period (years 2018-2020) was used to model carbon in
dead biomass. Stand characteristics included were TSA, stand age
and the share of beech.

We used the statistics software R (R Core Team, 2016) to
apply general additive models (mgcv::gam; GAM) with a “log” link-
function from the package “mgcv” (Wood, 2011). Site identity was
accounted for as a random effect. Carbon content in the above- and
belowground compartments of dead biomass was log-transformed.

Lastly, we combined the GAM models of the six carbon
compartments into a predictor function of carbon stock, sensitive
to the predictor variables used in the GAMs. Dummy data based
on the average environmental conditions were used, with six levels
of TSA (10 – 60 yr.) and four levels of stand age (80, 120,
160, and 200 yr.).

It was not possible to fit robust models to the data subsets of
multi-aged beech and oak forests due to low sample size. Uniquely
represented forest types as well as the five beech reference sites
(TSA > 100 y) were included comparatively.

3. Results

3.1. Carbon storage and variability

Across the 100 sites, the site averages of total carbon storage
ranged between 186.5 and 493.0 (x̄ = 315.6) Mg C ha−1. Out of the
ten sites with the highest total carbon storage, seven were nutrient
rich beech stands. Carbon stored in the aboveground living biomass
alone varied between 59.0 and 261.9 (x̄ = 151.6) Mg C ha−1, while it
was 15.2 – 47.7 (x̄ = 29.7) Mg C ha−1 belowground. Aboveground
dead biomass contained between 1.3 and 61.0 (x̄ = 14.1) Mg C ha−1

and carbon in belowground dead biomass ranged from 1.5 to 28.2
(x̄ = 7.7) Mg C ha−1. The soil organic layer held 0.5 to 65.3 (x̄ = 13.5)
Mg C ha−1, while the mineral soil had a carbon stock of between
31.9 and 304.8 (x̄ = 97.4) Mg C ha−1.

For even-aged beech stands, the average amount of carbon
stored in aboveground living and dead biomass increased for
approximately 50 years of TSA as well as with increasing stand age
(Table 2). Average values were lower for both high stand age (201 –
240 yr.) and TSA (61 – 75 yr.). The five sites with TSA > 100 yr.
had the highest average value. With either increasing TSA or stand
age the standard deviation between site average values increased.
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TABLE 2 Mean and standard deviation of aboveground carbon (Mg ha−1)
in dead and living biomass for even-aged beech forests in pooled groups
of TSA and stand age (reference year: 2020).

TSA [yr.] Carbon: x̄
(Mg ha−1)

Carbon: σ
(Mg ha−1)

0 - 15 142.7 51.6

16 - 30 150.6 58.5

31 - 45 174.6 62.4

46 - 60 186.6 61.1

61 - 75 152.5 72.9

> 100 190.7 97.7

Stand
age [yr.]

German forest
inventory: x̄
(Mg ha−1)

41 – 80 86.0 17.4 110.9*

81 - 120 189.7 60.2 144.8*

121 - 160 172.2 57.3 150.6*

161 - 200 170.0 63.2 148.6*

201 - 240 145.2 62.1 NA

240 175.9 97.4 NA

Mean and standard deviation from multiple samples were computed with combinevar()
in the R-package “fishmethods” (Nelson, 2022). For comparison with managed forests, we
converted the publically available volumes per age class from the German Forest Inventory
(Schmitz, 2014; https://bwi.info/) to Mg C ha−1 . Managed stand with stand age > 160 yr.
are recorded as one group in the German inventory. *As aboveground deadwood is reported
independent of stand age, we added the average amount of 21 m3 ha−1 to these values.

3.2. Carbon in living biomass

The 64 age-class beech forest sites stored 80.5 – 261.9 (x̄ = 162.5)
Mg C ha−1 in aboveground living biomass. Increasing TSA had
a positive effect on carbon stored in the living biomass (Table 3
and Figure 3; see also Supplementary materials 2, 3). While
the relationship was linear for approximately 0 – 45 years after
abandonment, it subsequently leveled out to 180 – 200 Mg C ha−1

(Table 2 and Figure 3), showing a decreasing effect at higher values

of TSA. Over 50 years of TSA, the average increment was 70–
80 Mg C ha−1. Stand age showed a convex relationship with carbon
content in the living biomass, peaking at 150 yr. The effect of
stand age was greatest in the aboveground compartment, while it
was not a powerful predictor in the belowground compartment
(Supplementary material 3). A higher share of beech trees was
associated with higher carbon stocks aboveground, whereas no
effect of species mixture was detected belowground. The strongest
environmental predictor was annual precipitation, displaying a
negative linear relationship with carbon stock. Soil pH (0-5 cm) had
a convex relationship to carbon in living biomass, with an optimum
around pH = 5.5.

3.3. Carbon in dead biomass

The 64 age-class beech forest sites stored 1.3 – 46.3 (x̄ = 11.7)
Mg C ha−1 in aboveground dead biomass. Model fits were weaker
for carbon in dead biomass, compared to living biomass (Table 3).
Increasing TSA had a positive effect on carbon in the aboveground
deadwood compartment, leveling out around TSA = 50 yr.
(Figure 4C; Supplementary material 4). Belowground, TSA
correlated negatively with the carbon stock in dead biomass
(Supplementary material 5). It was further indicated that higher
amounts of precipitation correlated positive with higher amounts
of deadwood. Increasing average annual temperature showed a
weak positive influence on carbon stock.

3.4. Carbon in the soil

The 64 age-class beech forest sites stored 1.2–65.3 (x̄ = 14.1)
Mg C ha−1 in the organic layer and 40.9–266.2 (x̄ = 92.1) Mg C
ha−1 in the mineral soil. Carbon in the organic top layer and the
mineral soil were most notably dependent on soil pH (Table 3;
see also Supplementary material 6, 7). While pH > 5 did not
influence the amount of carbon stored in the organic layer, pH
values below pH = 5 correlated strongly to increasing amounts of

TABLE 3 A separate GAMmodel was built for each carbon compartment and total carbon stock (Supplementary materials 2–9).

Aboveground Belowground Organic
layer

Mineral
topsoil

Total

Living Dead Living Dead

TSA / / / \ ∩ − /

Stand age ∩ − − − − − ∩

Share beech (Vol.) * / \ − − \ * − /

Plot slope − − / − − − −

Precipitation \ ∪ \ − − − −

Temperature − − − / − \ −

pH ∩ − − − \ / /

uFC − NA − NA NA NA −

Cwb NA − NA − NA NA NA

The indicated trends per predictor variable are simplified main trends. For the exact fitted spline consult the respective GAM panels (Supplementary materials 2–9). Clear evidence for a
relationship is highlighted in dark-gray, weaker evidence in light-gray. Altough the variables may have contributed to the respective GAM, the evidence of their relationship with the carbon
compartment is weak. uFC (usable field capacity) was used in models for living biomass, cwb (climatic water balance for dry years 2018–2020) was used in models for dead biomass. *We
used the share of non-beech and non-oak tree species in the GAM for the organic layer, to better reflect the higher turnover rate of admixed deciduous species (see discussion in “4.3. Soil.”).
(no evidence:−; positive relationship: /; negative relationship: \; convex relationship: ∩; concave relationship: ∪; predictor not used in models of these carbon compartments: NA).
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FIGURE 3

Total carbon in aboveground biomass (living + dead) for the age-class beech forest plots used in the main analysis, the five study sites in forests with
TSA > 100 years and the primeval beech forest reference. The latter are plot values from three Slovakian primeval forests (Glatthorn et al., 2018). The
solid line depicts a loess smoothing function (aboveground total carbon ∼ TSA + stand age), the gray shaded area is the 95% confidence interval. For
forests with TSA > 100 years and the primeval forest we used boxplots, with median (thick black line), 25-and 75-percentiles and the whiskers not
exceeding the 1.5-fold of the interquartile range. The mean value is indicated by a diamond.

stored carbon. Conversely, the mineral topsoil showed increasing
carbon stocks with pH values rising above pH = 5. Carbon storage
in the mineral topsoil was additionally affected by a negative linear
correlation with average annual temperature. An increasing share
of admixed tree species (i.e., broadleaved tree species others than
beech and oak) correlated to decreasing amounts of carbon stored
in the organic layer. TSA did not affect carbon stock in the mineral
topsoil, while a weak convex relationship was found for carbon
stock in the organic top layer. However, when only accounting for
carbon stock in the topmost layer of the mineral soil (0-5 cm) there
was a concave relationship with increasing TSA (Supplementary
material 8).

3.5. Beech stands with TSA > 100 yr.

The five beech forest sites with TSA > 100 yr. had a total carbon
storage between 266.6–407.2 (x̄ = 327.5) Mg C ha−1. The average
total carbon stock was slightly higher in the old beech forest sites
than in the age class beech sites (Figures 4, 5). Carbon stored in
aboveground deadwood was highest in old beech forest sites 24.6 –
61.0 (x̄ = 39.6) Mg C ha−1.

3.6. Other forest types

Total carbon stock in multi-aged beech forest ranged between
264.8 and 495.0 (x̄ = 343.0) Mg C ha−1 (Supplementary material
10), the latter value being the highest total carbon stock of all
sites. Wet-favorable mixed-oak stands varied between 232 – 326.4
(x̄ = 278.4) Mg C ha−1 of total carbon stock (Supplementary
material 11). The additional forest types had a total carbon storage
between 210 – 395.8 Mg C ha−1 (Supplementary material 12).
Both multi-aged beech stands and wet favorable oak stands did not

show an apparent trend in carbon storage with increasing TSA. We
presented these sites in S 10-12 and compared their aboveground
carbon storage levels with values obtained from our age-class beech
forest prediction model.

3.7. Total carbon & carbon prediction
model

The 64 age-class beech forest sites stored 208.1 – 444.5
(x̄ = 319.1) Mg C ha−1 in total. The majority of the total carbon pool
was made up of the living biomass stock and the carbon stored in
the mineral soil (Figures 5, 6). Increasing TSA was a positive driver
of the total carbon stock for 50 years, with a decreasing effect at high
values of TSA (+ 50 yr.) (Supplementarymaterial 9). Additionally,
increasing pH in the mineral soil showed a positive relationship
with total carbon stock.

We illustrated the modeled changes of total carbon stock
per carbon compartment across TSA and with varying stand age
(Figure 6). The highest level of carbon storage was found at a stand
age of 160 yr. and TSA = 50 yr. Generally, a stand age of 160 yr. held
the highest levels of carbon storage compared to other stand ages at
all respective levels of TSA. The major contribution to increasing
carbon stocks were the above- and belowground living biomass
compartments, followed by aboveground dead biomass.

4. Discussion

4.1. Living biomass

We found independent effects for both TSA and stand age
on carbon storage in even-aged, beech dominated stands. The
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FIGURE 4

Boxplots for carbon in total aboveground biomass (A), aboveground living biomass (B) and dead biomass (C) for different TSA classes (0-19 yr.,
20-39 yr., 40-59 yr., > 100 yr., primeval forest). A boxplot is drawn for each TSA class based on plot-level data, with median (thick black line), 25-and
75-percentiles (box) and whiskers not exceeding the 1.5-fold of the interquartile range. The mean value is indicated with a diamond. Note that
carbon in dead biomass is shown on a logarithmic scale. Dead biomass (C) is differentiated between aboveground (black boxplots) and
belowground (gray boxplots) carbon stock. The virgin forest reference is based on plot level data from three Slovakian virgin forests (Glatthorn et al.,
2018), here data on belowground dead biomass was not available.
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FIGURE 5

Carbon storage in all six carbon compartments for the five old beech forest sites with TSA > 100 years. They are sorted by ascending TSA from left
to right. The mean values per carbon compartment of the main sites (TSA 0 – 68 yr.) are depicted in the left-most column.

FIGURE 6

Modeled carbon storage in each carbon compartment for forest stands of different stand age (80, 120, 160, and 200 yr.) along a TSA gradient (10 -
60 yr.). For example, on the left there are six 80 year old beech stands, with a TSA of 10, 20, 30, 40, 50, and 60 years, respectively. The values are
modeled based on a fictional stand, under average environmental conditions. Through the separation of stand age and TSA, the effects of the two
variables can are expressed simultaneously.
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positive linear relationship of TSA on carbon storage for the
first 50 years after the end of forest management is consistent
with results based on real time series (Meyer et al., 2021).
Beside the effects of site conditions and other abiotic factors,
reflecting the physiological requirements and constraints of beech
(Leuschner and Ellenberg, 2017), stand growth is determined by
stand age (Pretzsch, 2010). We observed a peak of living biomass
around a stand age of 150 years. Klein et al. (2013) found a
maximum for living biomass in unmanaged beech sites at the age of
160 years. On the basis of inventory data from Spain, a maximum
carbon stock was found in undisturbed mature stands but not in
older stands (Molina-Valero et al., 2021).

The negative influence of young stand age on aboveground
living biomass can be explained by the still maturing stand, that is
not yet filling its potential growing space. The observed negative
effect of high stand age is more complicated to interpret. The
textbook opinion is that volume increment in beech stands levels
out gradually with stand age (> 150 yr.; Pretzsch, 2010), but
this does not explain decreasing stocks of living biomass that
we found for TSA > 50 yr. An increase of age-related mortality
was not observed, as there was no effect of stand age on the
aboveground dead biomass carbon stock. A possible explanation
could be found in the management history of the stands. According
to our observations in the field, most of the old stands were at
least partly harvested before abandonment, resulting in a reduced
level of biomass. Brown et al. (1997) showed that forest stands that
were harvested in the past had a significant potential to increase
aboveground biomass, compared to old-growth forest biomass
levels, because they lack large diameter trees (diameter > 70 cm).

However, we want to stress that the observed decrease of carbon
stock in living biomass for TSA > 50 yr. and the negative effect
of high stand age could be an artefact caused by the space-for-
time substitution, lower number of sites with TSA > 50 yr., lack of
information on management legacy or inaccuracy of the reported
stand age. Correspondingly, time series data from German SFR
do not show a negative effect of stand age on biomass stock or
increment in unmanaged beech and oak forests (Meyer et al., 2021).

The positive effect of an increasing share of beech on carbon
storage in living biomass is in line with findings by Meyer et al.
(2021), where pure beech stands reached higher levels of biomass
as well as higher net increment in biomass than mixed forest types.
This contradicts the consistent reports of a positive biodiversity-
productivity relationship in forests (Liang et al., 2016). However,
the seemingly emerging trend of higher productivity in pure
beech stands would have to be studied in more detail to draw
deeper conclusions. It must be stressed that the negative diversity-
productivity relationship we found refers solely to the influence of
tree species diversity on biomass production in beech forests and
does not apply to other important metrics, such as biodiversity or
ecosystem resilience.

4.2. Dead biomass

Regarding the opposing effects of TSA on above- and
belowground dead biomass, we found that the negative relationship
of belowground deadwood with TSA was largely driven by tree
stumps. Management induces high frequencies of stumps that, with
increasing TSA, successively decrease in frequency and biomass
due to decomposition (Figure 4C). For better comparison with

the existing literature, we use aboveground deadwood volumes in
the following list of values. Across all of our 100 sites inventoried,
we found average aboveground deadwood volumes of 4 – 450
(x̄ = 63 m3 ha−1). The 64 age-class beech stands with TSA ≤ 68 yr.
had 4 – 180 (x̄ = 51) m3 ha−1 of aboveground deadwood. The five
old beech sites (TSA > 100 yr.) had distinctly higher amounts of
aboveground deadwood volume with 128 – 450 (x̄ = 206) m3 ha−1.
The latter was mostly driven by one particular site, that had an
average of 450 m3 ha−1 due to high deadwood input from large
silver fir (Abies alba). Excluding this outlier, the remaining four
sites had 128 – 161 (x̄ = 145) m3 ha−1 of aboveground deadwood.
Siemonsmeier et al. (2020) measured an average of 121 m3 ha−1

in eight German strict forests reserves based on seven sites with
TSA = 40 yr. and one site with TSA = 29 yr. For comparison,
managed forests in Germany hold an average of 21 m3 ha−1 of
deadwood (Schmitz, 2014)1. The primeval beech forest remnants in
the Carpathians hold average deadwood volumes of 111 – 177 m3

ha−1 (Commarmot et al., 2005; Feldmann et al., 2018; Stillhard
et al., 2022).

An increase in deadwood volumes after cessation of
management is a common trend in SFR (Christensen et al.,
2005; Vandekerkhove et al., 2009; Meyer and Schmidt, 2011).
Deadwood stocks accumulate over time, as the decay of beech
deadwood can take up to 50 years (Přívétivý et al., 2016). Based on
our data, an exponential increase of aboveground dead biomass
can be expected for the first fifty years after abandonment. Later on,
the rate of increment likely slows, so that altogether the increase of
deadwood follows a logistic course, eventually approaching values
similar to primeval beech forests. Meyer and Schmidt (2011) found
a mean net increase of 1 m3 ha−1 year−1 in northwestern German
SFR with up to 28 years of TSA. However, deadwood formation is
largely subject to stochastic events (i.e., natural disturbances) and
therefore difficult to predict, especially on the small spatial scale of
typical German SFR.

4.3. Soil

The range and distribution of carbon stocks in the organic
layer and the mineral top soil we found correspond well to the
range reported in the German forest soil inventory (Grüneberg
et al., 2019). The carbon stock in the organic layer showed a
convex relationship with TSA (Supplementarymaterial 6) and our
initial hypothesis had to be rejected (but see below). This pattern
might be explained by an inverse relationship of canopy openness
(i.e., a driver for mineralization) and TSA, indicated by the rapid
decrease in belowground dead tree carbon (i.e., decaying stumps,
see section “4.2. Dead biomass”) and the exponential increase in
aboveground dead tree carbon (Figure 4C). The share of admixed
tree species also had an effect on carbon in the organic layer.
An increasing share of other broadleaved tree species caused a
decrease in organic layer carbon stocks, which can be explained
by a higher turnover rates for most broadleaved species litter
compared to beech litter (Vesterdal et al., 2008). However, the
strongest predictor for organic layer carbon stock was soil pH, with
higher stocks under more acidic conditions. A dominant opposing

1 https://bwi.info/

Frontiers in Forests and Global Change 11 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1099558
https://bwi.info/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1099558 March 10, 2023 Time: 14:46 # 12

Nagel et al. 10.3389/ffgc.2023.1099558

trend regarding soil pH (i.e., smaller stocks under more acidic
conditions) was found for carbon stocks in the mineral topsoil
(0–30 cm). This is similar to findings by Grüneberg et al. (2019)
and can partly be explained by the positive effect of increasing soil
pH on the soil biological activity and bioturbation (i.e., relocation
of organic carbon from the organic layer to the mineral topsoil).
However, regarding the carbon stock potential in the mineral
soil, a characterization based solely on pH seems insufficient. The
effect of soil texture (i.e., clay content), was found to have a
pronounced effect on carbon storage in the mineral soil (Grüneberg
et al., 2019), however these criteria were not determined for
our samples. A strong influence of soil type on carbon storage
was also documented for primeval beech forests (Pichler et al.,
2021).

The negative effect of increasing temperature found for
carbon stocks in the mineral topsoil could be explained by
the general temperature-induced acceleration of biological and
chemical processes causing an increase of the mineralization rate.

In line with our hypothesis, TSA and stand age had no
visible effect on carbon stocks in the mineral topsoil. However,
there was a concave effect of TSA on carbon stock in the
topmost layer (0-5 cm; Supplementary material 8). This effect
was inverse compared to the convex effect of TSA on carbon
stock in the organic layer, indicating a dynamic tradeoff between
these compartments. A similar zero-sum situation was described
for artificial canopy gaps in acidic beech forests by Bauhus
et al. (2004). Our results suggest that the tradeoff exists in both
directions and continues over the course of progressing TSA. In
other words, the relatively open canopy conditions after harvest
promote mineralization in the organic layer and a shift of carbon
to the topmost mineral soil layer. After abandonment, the canopy
closes and the mineralization rate decreases, due to lower surface
temperatures. In turn, the storage in the organic layer increases,
but the input to the mineral soil is reduced and its carbon stock
decreases, due to continuing mineralization and carbon leaching.
After several decades, disturbances cause canopy openings and
mineralization of the organic layer increases again, and so does
the input to the topmost mineral soil layer. Further, this tradeoff
seems to apply for beech forests across different site conditions.
In consequence, the mineral topsoil in total might remain largely
unaffected by stand age and TSA, as long as canopy disturbance
(in the past, present and future) does not exceed a moderate
level.

Other reasons why there were no visible effects of TSA
on mineral topsoil in total could be that some important
factors were missing, or that our sampling depth was not deep
enough. Observed temporal changes in topsoil carbon stocks in
German forests in general, differing with soil type and region
(mean = 0.75 Mg ha−1 year−1, range = −0.71 – 1.35 Mg
ha−1 year−1; Grüneberg et al., 2019), further complicate the
interpretation of data from space-for-time approaches. As the
site conditions are very individual, it would be appropriate to
make direct comparisons on the same site (Gleixner et al., 2009)
regarding subtle differences in stand age and TSA. However,
in paired plot studies (i.e., forest reserve vs. adjacent managed
forest) no significant differences regarding carbon storage in
the topsoil were found between managed and lately unmanaged
(TSA > 40; Mund, 2004; Krueger et al., 2017; Nord-Larsen
et al., 2019) or even primeval beech forests (Leuschner et al.,

2022). The latter, however, had a higher carbon storage in the
upper subsoil (30-60 cm), confirming that in the neighboring
managed stands clear cuts in the past (80-100 years ago) had
long-term effects on the carbon stock in the upper subsoil.
According to Gleixner et al. (2009), broadleaved forests tend to
store a higher fraction of carbon in deeper layers. Nevertheless,
this is only an indication toward negative effects from forest
management, but not for a persistant carbon sink in the soil
of unmanaged forests. According to Wirth et al. (2009), the
dynamics of the soil carbon pool are still unclear, as there
are no chronosequential studies on deep soil horizons and
approaches are blind to the continuous export of dissolved organic
carbon.

4.4. Other forest types

Due to the low number of oak and multi-aged beech
forest sites it was not possible to conduct a robust statistical
exploration of the data. Therefore, the set of sites for our
main analysis had to be restricted to age-class beech stands.
Furthermore, an unclear management history of the multi-aged
beech stands compromised their classification as multi-aged. In
fact, some of these sites were formerly managed as even-aged
stands but information on stand age was lost or no longer
applicable. Initially, the single sites of additional forest types
were selected within similar ranges of TSA and stand age to be
comparable among themselves. Unfortunately, over the course
of our study, several corrections had to be made to the basic
attributes and a comparison within a singular range of TSA
was not possible.

While the modeled values for age-class beech followed the
modeled course with increasing values of TSA, multi-aged beech
and wet-favorable oak sites did not appear to display a pattern along
the gradient of TSA (Supplementary material 10, 11). Modeled
values corresponded well with the values measured in other
forest types (Supplementary material 12) that were dominated by
broadleaved species. Site typical conifer stands reach lower levels
compared to modeled beech stands.

4.5. Carbon storage over time

We found that aboveground carbon storage increased
significantly over time for approximately 50 years. This matches
the expectations from our hypothesis and the findings of other
studies (Halpin and Lorimer, 2016; Meyer et al., 2021). Compared
to the values reported for German managed forests (Table 2), SFR
had a stronger increment with stand age, while managed forests
had stable aboveground volumes for stand ages > 100 (Schmitz,
2014; See text footnote 1), SFR peaked at younger stand ages and
maintained high volume levels with further increasing stand age.

Through the combined effect of TSA and stand age,
carbon stocks of medium aged stands profited most from
abandonment, which is reflected in our prediction model. To
test this, we ran a GAM, replacing current stand age with
“age at abandonment” (AAA). This model also showed a
convex relation between stand age and carbon stored in living
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biomass, with a peak of AAA at a stand age of 120 years.
We interpret this finding as the combination of high annual
volume increment and already high levels of biomass stock
of medium aged stands, because the main harvest had not
been initiated at the time of abandonment. This suggests, that
the observed effect of stand age could indeed be an effect of
management (see also 4.1). Nevertheless, the age-independent,
positive effect of TSA on aboveground living biomass suggests
that all stands profit from the cessation of management,
independent of stand age.

Halpin and Lorimer (2016) found that aboveground living
biomass in unmanaged forests declined when stands transitioned
from even-aged to multi-aged structures. The descending
aboveground carbon storage with high stand age (Table 2; age
class 201 – 240 yr.) and the high standard deviation in old stands
(stand age + 240 yr.) may indicate the onset of the terminal phase
and overmaturing trees, with the associated structural changes.
Our models also show a negative effect of high stand age and
decreasing levels of living biomass for TSA > 50 yr. However,
DBH-density distributions on our sites suggest that the transition
to multi-aged, “old-growth” structures is not very advanced yet.
Given the findings of Halpin and Lorimer (2016), it is conceivable
that living biomass levels will decrease with further increasing
TSA, as our models predict.

A moderate decrease of aboveground living carbon stock
(about -15%) is also indicated by the mean value in the five
beech forest sites that were unmanaged for > 100 years. In total,
the accumulating aboveground deadwood compensated the lower
carbon stock in living biomass to an extent (Figure 4). The mean
value of carbon in aboveground living biomass on these five sites
was similar to the stocks reported for an old forest reserve in
Denmark (Nord-Larsen et al., 2019) and top values documented
for the Hainich National Park in Germany (Mund, 2004). Past
management of these sites may still affect carbon storage and stand
structure to the present day. For example, management legacies
are still present in the form of old wood pasture oaks, or the
underrepresentation of distinct tree cohorts (i.e., dbh 40-70 cm),
likely due to unfavorable conditions for regeneration under an
even-aged managed stand in the past.

SFR at the peak around 50 years of TSA had similar carbon
stocks in living biomass as primeval beech forests in Slovakia
(Glatthorn et al., 2018; Figure 4B). This suggests that, in the
long run, carbon stocks in living biomass may rise again when
tree demography has progressed towards old-growth structures.
Considering that the aboveground deadwood carbon stock in
primeval forests is even larger than that in our long unmanaged
stands (Figure 4), the total aboveground carbon stocks might well
exceed those of SFR with TSA around 50 years by then. We want
to remark that stock and deadwood volumes in the three Slovakian
primeval forests (Figures 3, 4; see also Feldmann et al., 2018) are
not exceptionally high but average, compared to other primeval
beech forests in this region (Korpel’, 1995; Kucbel et al., 2012;
Petritan et al., 2012; Stillhard et al., 2022). Overall, when comparing
carbon storage levels of our sites, including the old beech sites, to
data from primeval forests it seems reasonable to assume that, after
fast initial growth, the carbon stock stabilizes already at early stages
of natural forest development (Molina-Valero et al., 2021), at a level
relatively close to the site-specific carbon carrying capacity (Gupta
and Rao, 1994; Keith et al., 2009).

4.6. Total carbon storage

Our finding that the total carbon stock was mostly driven by
TSA and soil pH (Supplementary material 9) highlights that the
total carbon pool of a forest stand is dominated by living biomass,
and the carbon stock in the mineral soil. Accordingly, the highest
total carbon stocks are to be expected on fertile sites with high soil
pH and a forest stand that has accumulated biomass for several
decades, set aside at a stand age around 120 yr. or younger. It is
up to future studies with extended datasets, to further assess the
development of the carbon stock in stands with TSA > 50 years.

4.7. Sources of uncertainty

It was noticeable, that our GAMs were not able to predict the
extreme levels of carbon storage we measured. This may be due to
a lack of information on certain abiotic parameters or management
legacies related to productivity and biomass stock in our data. Due
to a reduced density of data points, the development of carbon stock
beyond 50 years of TSA could not be reliably predicted. SFR with
TSA > 50 years are rare and thus, the confidence intervals of our
models widen at the high range of TSA. For this reason, we limited
our carbon prediction model to 10 – 60 years of TSA (Figure 6) and
emphasize the reduced reliability for the highest values of TSA.

As discussed previously, stand age and management legacy
were additional sources of uncertainty. Stand age was based solely
on silvicultural records, that do not necessarily reflect the true
age structure of the stand. For example, two stands may have the
same age in the records, but differ greatly in the field as one was
harvested intensively before being set aside while the second stand
experienced low levels of management intervention.

It is apparent that space-for-time substitution is inferior to
time-series data. Better data on management history and stand
structure are required to obtain more reliable estimates of carbon
stock dynamics and the effects of TSA and stand age.

5. Conclusion

After abandonment, forests increase their carbon stock to
notably higher values compared to still managed stands. The
central compartment of that increase is the living biomass. Several
studies have found that the carbon stock in unmanaged forest can
increase over long periods of time (Carey et al., 2001; Knohl et al.,
2003; Luyssaert et al., 2008; Klein et al., 2013; Herbst et al., 2015;
Gustavsson et al., 2017; Pukkala, 2017; Curtis and Gough, 2018).
Within the observed gradient of TSA, our study supports these
findings. We found a linear increase of the carbon storage over
the first 50 years after abandonment. However, our data remain
inconclusive on the expected development of the carbon stock past
50 years of TSA.

In the light of the efforts to mitigate climate change and the
heated discussion about whether to set aside forest to natural
development or not, it is important to consider that how we
manage forests is not only relevant to climate change, but also to
biodiversity, ecosystem functions and cultural values (Watson et al.,
2018). It is important to continue the observation and collection of
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data in order to better understand naturally developing forests. Our
study shows that long-term time-series data are essential to reliably
disentangle specific effects, such as the influence of stand age or soil
characteristics.

The coming decades are critical for climate change mitigation.
According to the current state of knowledge, unmanaged forests
can reliably sequester and store carbon from the atmosphere within
a limited timeframe and the constraints of their natural carrying
capacity (Keith et al., 2009). Our results suggest, that this timeframe
is at least 50 years long. Over time, the sink function diminishes
and naturally developing forests become a passive, but stable
carbon storage (Nord-Larsen et al., 2019; Stillhard et al., 2022).
Half a century of predictable carbon uptake may be utilized in
climate-smart forest management planning. This timeframe is well
within the range of climate goals formulated by the IPCC (2021).
We feel that in some cases the term “Climate-Smart Forestry” is
being constrained within the context of bioenergy production and
product substitution. However, it is a concept aiming to integrate
and optimize multiple forest functions (Nabuurs et al., 2018). We
encourage that the potential of naturally developing forests to
sequester and store carbon, as well as for biodiversity and other
ecosystem functions should be addressed in devising Climate-
Smart Forestry (Nabuurs et al., 2018; Bowditch et al., 2020; Verkerk
et al., 2020).
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