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Abstract

Background

Forests are vital carbon sinks, and accurately assessing their maximum capacity to store
carbon in absence of disturbances, further called as Potential Carbon Storage Capacity

(PCSC), is essential for national greenhouse gas inventory (NGHGI) and effective forest
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management. Estimating PCSC at large scales is challenging due to ecological variability,
which can be addressed through a site-quality-dependent approach that accounts for local
environmental and management conditions. Characterization of PCSC through a site
quality gradient as a reference for comparing the current value of aboveground carbon
(AGC), in both absolute and relative terms, could therefore enable comparable estimates
across regions. This study presents a methodology for Pinus sylvestris L. forests across
Europe, linking site quality to AGC stocks.

Results

Site quality was quantified using the site form (SF) index, which corresponds to the
dominant height at a reference dominant diameter. PCSC was estimated by fitting AGC —
SF curves at the FAO Global Ecological Zone level. Results show that SF effectively reflects
productivity, with different PCSC reference levels for the different ecological zones. The
PCSC fitted models were used as a baseline for case studies in Latvia and Spain, confirming
their value as reference conditions for characterizing disturbance intensity in both old-
growth and managed forests.

Conclusions

This study presents a methodology for estimating the PCSC of forests dominated by Pinus
sylvestris L. across European ecological zones, with potential applicability to other forest
types. The framework provides a baseline for PCSC estimation, supporting NGHGIs and
policies such as the Paris Agreement and EU Forest Strategy. In addition, the study findings
also highlighted that using the PCSC for forest ecosystems is crucial to ensure consistent
information regarding (i) evaluation of past carbon stock losses due to human and natural
disturbances, (ii) prediction of potential carbon stock gains through changes in forest
management, and (iii) assessment of mitigation benefits lost when forests are managed

with carbon reserves below their maximum capacity.

Keywords: Biomass stock, Carbon carrying capacity, Carbon reservoirs.
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Graphical abstract

DATASET (1) SITE FORM INDEX (2)

Sample plots R
*  NFlplots
4 Old-growth research stands

= Thinning trials

Ecological Zones
Boreal coniferous forest
Boreal mountain system

Dominant height (m)

|| Temperate continental forest

|| Temperate mountain system

Temperate oceanic forest
Subtropical dry forest

Dominant diameter (cm)

POTENTIAL CARBON STORAGE CAPACITY (3)

Subtropical mountain system

== Potential Carbon Storage Capacity (PCSC)
@ Plots around PCSC
@ Plots below PCSC

Aboveground Carbon (AGC)

Site quality (estimated by the site form index)

Summary of the idea developed in this work. (1) Dataset constructed with data from the networks of plots of the
national forest inventories (NFIs) in the Czech Republic, France, Germany, Italy, Norway, Slovakia, Spain,
Sweden and Switzerland, as well as two sets of plots located in old-growth and managed Pinus sylvestris forests
in Latvia and Spain, respectively. (2) Estimation of the site form (SF) index, defined as the dominant height (Hy)
at a reference dominant diameter (Doref). (3) Theoretical graphical representation of the aboveground carbon

stock along a site-quality gradient, including plots close to PCSC (shown in blue) and plots below their PCSC
(shown in orange). Cases are observed in which (a) only one AGC estimate is available, (b) the AGC increment
(A1) reaches the PCSC between two measurements of the same plot, and the AGC increment (A,) does not
reach the PCSC between two measurements of the same plot, and (c) the AGC remains the same (or decreases)
between two consecutive measurements.

1. Background

According to major climate change mitigation policies and agreements (e.g. the Paris
Agreement and the European Green Deal), reducing deforestation and forest degradation
and improving forest management are recognized as key mitigation strategies (1,2). These
actions contribute to reducing greenhouse gas (GHG) emissions by enhancing carbon
dioxide (CO,) sequestration and long-term storage (3). Forests already play arole as carbon
sinks and reservoirs globally: they harbor approximately 870 gigatons of carbon (4), absorb
nearly one third of human-induced CO, emissions (4,5) and influence climate by
exchanging energy, water and chemical compounds with the atmosphere (6). In this

context, aboveground biomass (AGB) -and by extension aboveground carbon (AGC)-
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represents the most dynamic carbon pool in forests (7). AGB can be estimated using
allometric equations, from variables commonly surveyed in forest inventories (8-12). These
estimates can be used with carbon content values per tree fraction to estimate AGC (4,5).
Land Use, Land-Use Change, and Forestry (LULUCF) data are reported in the National
Greenhouse Gas Inventories (NGHGIs) submitted by countries under the United Nations
Framework Convention on Climate Change (UNFCCC). According to CO, flux data, global
CO, sequestration has largely been driven by carbon sinks in forest land (13). In the period
2000-2020, these sinks accounted for approximately -6.4 Gt CO, year™ globally, primarily
within the forest land carbon pool, which includes harvested wood products (13). Notably,
forests that have existed for 20 years or more constitute most of this forest carbon sink,
contributing about 87% globally (13). Therefore, monitoring and tracking the potential of
forests to mitigate climate change through carbon sequestration requires greater
transparency and also improved cooperation between scientists and policymakers to
increase confidence in and harmonization of national statistical reporting across countries
(14,15).

In carbon accounting, reference levels or baselines are needed to assess emissions
reductions and removals by comparing observed or projected carbon stock changes
against a defined benchmark, including past, existing, or future changes in carbon stocks
(16). By one hand, the carbon carrying capacity (CCC), defined as the maximum amount of
carbon that can be stored in a forest ecosystem under prevailing environmental conditions
and natural disturbance regimes (17), has been considered as an ecologically based
reference level in previous works (18). However, because this definition relies on primary
forests, it may lead to unrealistic outcomes, such as areas where intact forests exhibit lower
carbon storage potential than managed forests (19). This pattern may arise because intact
and managed forests are not fully comparable. For instance, forest management may have

preferentially targeted the most fertile sites, increased the maximum attainable biomass
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through the establishment of highly productive monospecific stands, or e.g. reduced
natural disturbance regimes through active or passive fire suppression (19). In addition, the
use of CCC as a benchmark remains controversial. Some researchers claim that CCC is
reached in primary and old-growth forests in the absence of major disturbances (20-22).
However, others have found that mature forests with lower degrees of naturalness can also
reach CCC levels (23-29). Conversely, other studies show that forest reserves -even where
management has been abandoned for decades- do not necessarily reach their CCC (30).
These divergent findings underscore the complexity of defining CCC rigorously. Therefore,
the potential carbon storage capacity (PCSC), defined as the theoretical upper limit of
carbon an ecosystem like a forest can hold under optimal and in the absence of
disturbances, both natural and anthropic (31), may help overcome these issues.

The PCSC is known to depend on site quality (32), where site quality refers to the
capacity of a forest area to produce wood or biomass with a given genotype and a specified
management regime (33). Characterization of PCSC through a site quality gradient as a
reference for comparing the current value of AGC in relative terms, could therefore enable
comparable estimates across regions. This approach may also help estimate the potential
for additional carbon storage under different forest conditions, including unmanaged
forests and forests managed under alternative schedules (19). Moreover, it has the
advantage of requiring only a single measurement because it focuses on carbon stock. By
contrast, the biomass stock-change approach used in NGHGIs (34) requires several
measurements because changes in biomass stocks are assessed by comparing biomass at
a given time with a reference value determined in the past.

From a methodological perspective, site quality can be estimated by means of the site
form (SF) index, defined as the dominant height (H,) at a reference dominant diameter

(Doref) (35), which performs similarly to the well-known site index (H, at a reference age) in

comparable situations (36). The SF index has the advantage of being a reliable, age-
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independent site quality index that is suitable for National Forest Inventory (NFI) data
(37,38), as stand age is often not available or is only very roughly estimated in NFls (39). This
property of SF makes it appropriate for most forest types, including plantations, uneven-
aged/size stands, multispecies forests, continuous cover forestry (CCF) and unmanaged
forests. The idea of estimating the PCSC in relation to site quality has been evaluated by
Molina-Valero et al. (2021) for several major forest species in Spain. In these studies, data
from the Spanish NFI and plots under conditions of maximum AGB capacity were used to
validate the methodology, considering only living aboveground biomass. Nevertheless, the
methodology requires some fine-tuning, and its suitability must be demonstrated at larger
scales, such as global ecological zones (GEZ) (40).

By using an approach based on site-quality-dependent PCSC, we can aim to answer
the following questions: (i) How can the AGC be estimated relative to the PCSC when only
one measurement is available? (Fig. 1a); (ii) If the AGC has increased between two
measurements, will this trend continue or has the PCSC already been reached? (Fig. 1b);
(iii) If the AGC remains constant between two consecutive measurements (e.g. if those
measurements occur at the same time of the forest management schedule), what does this
mean in terms of reaching the PCSC? (Fig. 1¢); And finally, (iv) how can we compare the AGC
in forests with different site qualities? Defining a reference PCSC baseline could help to
overcome these challenges, complementing the biomass stock-change approach used in

NGHGls.
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Fig. 1. Theoretical graphical representation of the aboveground carbon stock in a hypothetical forest type as a
site quality gradient, including plots close to PCSC (shown in blue) and plots further from their PCSC (shown in
orange). Cases are observed in which (a) only one AGC estimate is available, (b) the AGC increment (A;) reaches
the PCSC between two measurements of the same plot, and the AGC increment (A,) does not reach the PCSC
between two measurements of the same plot, and (c) the AGC remains the same (or decreases) between two
consecutive measurements.

This study aimed to introduce and evaluate a framework to estimate PCSC in relation
to site quality, while also proposing a baseline for estimating carbon gains and losses in
NGHGIs. We further compared the estimated PCSC with two contrasting case study
scenarios: old-growth forests and thinning trials established in even-aged managed forests.
In this study, we focused on Pinus sylvestris L., as this is the most widespread species in
Europe and therefore has a high potential for carbon storage (41). Moreover, P. sylvestris
stands represent a substantial source of income; use of the species has been increasing
over the years, and it is distributed over six environmental zones and includes units
designated for genetic conservation management (42). In addition to NFI data, we analyzed
a network of plots located in old-growth forest stands in Latvia and another in managed
forests in Spain as comparative case studies. We developed a model to predict SF for P.
sylvestris in Europe and fitted a curve to the AGC~SF scatter plot, thus defining the PCSC

of the AGC through SF values at the level of GEZ in Europe.

2. Methods
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2.1. Study area
The study area covers a broad latitudinal gradient (approximately 37° N - 70° N), including
all global ecological zones (GEZ) where Pinus sylvestris L. occurs (Fig. 2). The GEZ
framework, established by the FAO (40), uses a hierarchical approach to stratify the Earth
into zones. It first divides the planet into climatic domains, i.e. tropical, subtropical,
temperate, boreal and polar, and further refines these domains into GEZs based on regional
variations in climate, vegetation composition and structural characteristics. The following
GEZs were included in the study: coniferous forest, mountain system and tundra woodland
in the boreal domain; dry forest and mountain system in the subtropical domain; and
continental forest, mountain system and oceanic forestin the temperate domain. The forest
inventory dataset was constructed with data from the networks of permanent plots of the
national forest inventories (NFlIs) in the Czech Republic, France, Germany, Italy, Norway,
Slovakia, Spain, Sweden and Switzerland, as well as two sets of plots located in old-growth

and managed Pinus sylvestris forests in Latvia and Spain, respectively (Fig. 2).
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Fig. 2. Dataset constructed with data from the networks of permanent plots of the national forest inventories
(NFIs) in the Czech Republic, France, Germany, Italy, Norway, Slovakia, Spain, Sweden and Switzerland, as well
as two sets of plots located in old-growth and managed Pinus sylvestris forests in Latvia and Spain, respectively.

2.2. Dataset

2.2.1. National Forest Inventories

Our methodologies for fitting site quality models require up-to-date NFI data to derive
growth trajectories from two consecutive measurements. Therefore, we used the two most
recent surveys from NFI. Since the study focused on forests dominated by P. sylvestris, only
plot measurements with at least 90% dominance of this species in basal area (G, m> ha'1)
were considered. This produced a total of 34,948 measurements of plots that met the
conditions of P. sylvestris dominance (Table 1). From these measurements, a total of 16,406

(8,203 plots) were used to fit the site form models, as only plots including a minimum of 10
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trees at both inventories were retained, to guarantee a minimum tree density adequate for

fitting the SF models (see section 2.3 Data processing).

Table 1. Number of observations (plots and plot measurements) by NFI.

Total data Data used for SF fitting
NFI Plots Measurements Plots Measurements
Czech Republic (CZ) 762 1104 624 312
France (FR) 2553 3213 356 712
Germany (DE) 5805 11371 2714 5428
Italy (IT) 46 74 24 48
Norway (NO) 1927 5288 874 1748
Slovakia (SK) 26 48 16 32
Spain (ES) 5240 7812 1944 3888
Sweden (SE) 3308 6009 1955 3910
Switzerland (CH) 22 36 8 16
Total 19689 34948 8203 16406

Plots: number of NFI plots included in this work. Measurements: total number of measurements across all plots
that met the conditions of P. sylvestris dominance.

National Forest Inventories across Europe are highly diversified and employ different
sampling and measurement designs to monitor forests. While all NFlIs rely on grid-based
sampling and circular plots, they differ in grid spacing, plot structure, diameter threshold of
measurements, and remeasurement cycles. For example, Spain uses a nested plot design,
which has been shown to produce biased estimates of some stand attributes, species
diversity, and spatial forest structure (43,44). However, these designs have been found to
provide unbiased estimates of basal area per hectare, a variable closely related to AGC (44).

Further methodological details for each NFI are provided in Supplementary material 1.

2.2.2. Case study scenarios

Old-growth forest stands in Latvia
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Old-growth stands were identified through a two-stage selection process. First, stands were
randomly pre-selected from the forest inventory database if no management information
was available for at least 40 years and were therefore assumed to be ‘unmanaged’. Second,
the stands were visited and examined in situ; only those that met all eligibility criteria based
onthe Buchwald classification (class n6, old-growth forest) (45) were selected and included
in the study. These criteria included no previous logging, dominance of large trees of the
target species, a high amount of large deadwood in different decomposition stages (both
standing and lying), multiple canopy layers, and a minimum distance of 5 km from
settlements to avoid human influence. Signs of former human activity were accepted only
where they were minor and no longer significantly affecting natural processes. Old-growth
stands in three different forest site types were assessed — Hylocomniosa (described as
fertile, productive forests on dry mesotrophic mineral soil), Caricoso-phragmitosa
(described as forests of moderate productivity on mesotrophic peat soil) and Myrtillosa turf.
mel. (described as fertile, very productive forests on mesotrophic drained peat soil). Data
were collected in 2017 and re-measurements were conducted in 2022. The size of the old-
growth forest stands sampled varied from 1.2 to 4.9 ha (on average 2.4 ha). For this study,
only plots with at least 80% dominance by P. sylvestris, in terms of basal area (G, m?> ha'1),
were selected, to ensure that all plots represented P. sylvestris dominated forests in the
hemiboreal region. Altogether, data from 31 old-growth stands (86 sample plots) were used.
Stand age is an estimate of the oldest cohort of trees in mixed-aged stands (144 to 223
years). Each sample stand included six to eight systematically established sampling plots
of 0.05 ha (radius =12.62 m). In each of these, the tree species were recorded and the
dbh =6.1cm of all the live and dead standing trees were measured. Tree biomass was

calculated using species-specific allometric equations for Latvia (46,47).

Managed forest stands in Spain
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We used data from ten thinning trials established in even-aged, monospecific P. sylvestris
stands in inland Spain. In each trial, between two and four treatments, including an
unthinned control, were tested. The thinning treatments varied in intensity, which was
based on the percentage of basal area removed at the onset of the trial. Thinning intensity
was thus defined as follows: light thinning (< 15% basal area removal), moderate thinning
(15% to 25% basal area removal) and heavy thinning (= 25% basal area removal). Within
eachtrial, both the control and thinning treatments were applied to at least two square plots
of 1000 m? per experimental site. For example, in a trial with three treatments (control,
moderate, and heavy thinning) there would be three plots per treatment. The thinning trials
were established between the 1960s and 1990s. At the start of each experiment, we
measured the dbh and h of all trees with a dbh of 7.5 cm or greater. Individual trees were
numbered and labelled for identification purposes in subsequent inventories. Inventories
were typically conducted every five years between establishment of the trial and the
beginning of regeneration felling, at which point the trial concluded. Thinning was

implemented at intervals of 10 to 15 years.

2.3. Data processing

For the development of site quality models (based on the site form index - SF) only plots
with two consecutive measurements and positive growth trajectories were included. This
approach avoided considering cases where the second measurement reflected an earlier
stage of development, such as e.g. those caused by significant disturbances. In addition,
only plots including a minimum of 10 trees at both inventories were retained, to guarantee
a minimum tree density adequate for fitting the SF models. This is because dominant height
(Hy) may be underestimated in stands that are not sufficiently dense. In some cases, H
tends to increase rapidly at low stand densities but stabilizes as density increases (48). By

contrast, dominant diameter (D) typically exhibits similar growth across stands with wider
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spacing, regardless of density (49). The 10-tree threshold was determined as follows:
between 1 and 20 trees per plot measurement were assessed for a random subsample of
50 plots for each NFI, in order to establish a minimum number of trees per plot (i.e. tree
density) where Hy /D, ratios were stable (Supplementary material 2 Fig. 1). Therefore, as
mentioned above, plot measurements including at least 10 trees were used to fit SF models.
Applying all these criteria resulted in a total of 8,203 plots (16,406 measurements) suitable
for fitting the SF models based on growth trajectories from two consecutive measurements

(Table 1).

In most NFls, h measurements are only available for a sample of trees within the plot,
whereas dbh measurements are available for all trees. Therefore, H, was predicted using
Assmann's criterion (50), which is based on a h~dbh logarithmic relationship (Eq. 1). The
D, is calculated as the arithmetic mean of the 100 trees per hectare with the largest dbh (or
proportional for plots, as these have an area of less than 1 ha), and Hy is predicted as h

when the independent variable dbh takes the value of D (Eq. 2):

h = By + 1 logso - dbh (1)
Ho = Bo + By " logro - Do
where , and ; are parameters to be estimated (BO and Bl) for each sample plot.
2.4. Site form (SF)

In this study, the Generalized Algebraic Difference Approach (GADA) methodology
developed by Cieszewski & Bailey (2000) was used to fit the SF curves. This technique is
used to derive dynamic equations that have the general form Y = f(Dy, Dy, Y;), where Y is
the value of the function (H, in this case) at dominant diameter D, and Y; is the reference
variable defined as the value of the function at dominant diameter D,,. The GADA

methodology enables expansion of base equations according to theories about the growth



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

characteristics of forest stands, such as asymptotic behaviour. This approach also enables
the inclusion of more than one site-specific parameter, resulting in dynamic equations that
are flexible, polymorphic and capable of exhibiting different asymptotes (51-53). We used
the Bertalanffy-Richards equation (Eqg. 3) to fit the SF curves. An additional constant of 1.3
was added to the right-hand side of the equation to force the curves to pass through the
point (Dg =0 cm, Hy = 1.3 m), as D, is estimated from dbh and, therefore, trees must be

taller than 1.3 m.

Hy =13 + a(1 — e(-bP0))° (3)

The parameters a and c of the equation are site specific. These were replaced with explicit
functions of X (an unobservable independent variable that describes site productivity as a
summary of managementregimes, soil conditions, and ecological and climatic factors) and
new parameters (Eq. 4). Thus, the initially selected two-dimensional base equation Y =
f(Dy) is expanded into an explicit three-dimensional site equation Y = f(D,, X), which
describes both cross-sectional and longitudinal changes using two independent variables,
Dy and X. Since X cannot be reliably measured or even functionally defined, the final step
involves replacing X with equivalent initial conditions representing snapshot observations
of the two observable variables Dy andY (e.g. Dy, and Y;), so that the model can be implicitly
defined and is practically applicable (51,53).

Ho = 13 + exp(X,)(1 — e(-bP0)) /%0

a = exp (Xo) (4)

Cc = d/XO

This resulted in the final expression of the fitted SF model, as follows:
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_ d/x,
SF = 1.3 + exp(Xo) (1 — e "Prer)) 7

Xo=0.5 [m(HOi - 13)+ \/ln(HOi - 1.3)" - 4dL0] (5)

Ly = ln(l - exp(—bDOi))

Dummy variables were then included to expand the parameters b and d by GEZ,
incorporating an associated parameter and a dummy variable to differentiate the three
main GEZs (boreal, subtropical and temperate) as follows:

_ . . (dy+dy-Isy+ds-lre) /X
SF=1.3 + eXP(XO) (1 _ e( (b1+by Iy +bs3 Ite)Doref)) 1TH2 AsuTEs Tte /20

X, = 0.5 [ln(HOi - 13)+ Jln(Hoi - 1.3)2 —4(dy +dy I, +ds - 1tp) Lo (6)

LO = ln(l - eXp(—(b1 + b2 - ISU + b3 : Ite)DOi))

where Iy, and I;, are the dummy variables for the subtropical and temperate GEZs,
respectively. These dummy variables take a value of 1 for the corresponding GEZ and 0O for
the other GEZ. To select the best model, an F-test comparing the simplest model (Eq. 5)
against the more complex model (the one including dummy variables, Eq. 6) was
performed. Finally, the reference dominant diameter (Doref) was selected so that it was a
reliable predictor of H, at other D, (55). A different reference D, and the corresponding
observed H, were used to estimate H, at other D, (both forward and backward) for each
plot. The results were compared with the values obtained from plot data, after which the

relative error in predictions (RE%) was calculated.
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We fitted the nonlinear models with the nls function in the R software environment (56). Two
goodness-of-fit statistics were calculated: the coefficient of determination (R?, referred to
as pseudo-R? when applied in nonlinear regression), which indicates the proportion of the
variance of the dependent variable explained by the model, and the root mean square error
(RMSE), which assesses the precision of the estimates. In addition, a leave-one-out cross-
validation method was applied to validate the fitted modelin terms of R? and RMSE. Finally,
graphical analysis of the residuals and the appearance of the fitted curves overlaid on the
trajectories of the H, of the plots was also conducted to test the assumptions of
homoscedasticity and correct model specification, respectively. The assumption of
independence inthe residuals did not require to be tested as there are only two consecutive

data points in time.
2.5. Potential carbon storage capacity (PCSC)

The aboveground biomass (AGB), defined as the total amount of organic matter in leaves,
branches, stem and bark, was estimated using country species-specific allometric models
forindividual trees. These allometric models use dbh and h as explanatory variables, which
are either directly available in the NFI databases or can be predicted, as is the case for h
(Eq. 1). Whenever models incorporating both variables (dbh and h) were available, they
were preferred over those that only use dbh. Additionally, in rare cases where models for
specific species were not available, models for species with similar allometry were used.
The bibliographic sources of the equations used for each NFI are summarized in
Supplementary material 1 Table 1. Subsequently, AGB was estimated at the stand level (Mg
ha™") by aggregating the AGB of individual trees at the plot level while scaling it to surface

area units (ha) using expansion factors.

Carbon values were predicted using the carbon fraction coefficients outlined in the 2006

IPCC guidelines for national greenhouse gas inventories (34). Since some AGB values were



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

directly provided by the NFls, without the possibility of distinguishing between different
biomass fractions, the default value of 0.47 was used in all cases (57). Thus, the
aboveground carbon (AGC) was calculated as AGC = AGB -0.47. As stand biomass
depends on site quality and development stage, the PCSC models were based on the
relationship between AGC (Mg ha™") and SF (m), i.e. the AGC~SF scatter plot. This is
consistent with the findings of Molina-Valero (28), who demonstrated that SF is a key
determinant for adequately estimating the upper limits of potential biomass storage. The
guide curve methodology (49) and the Bertalanffy-Richards base model were used to fit the
model, with AGC as the dependent variable and SF as the independent variable (Eq. 7).
Based on the analysis of maximum AGC values, a distinct asymptote (represented by
parameter a) was applied for the boreal zone, while a common asymptote value was used
for the subtropical and temperate zones. This was achieved by incorporating dummy
variables to expand parameter a. Parameter b was considered site-dependent (Eg. 8) to
obtain the PCSC curves, which were defined by the maximum reference AGC values

(AGCy,f) for an SF,¢ of 15 m (Supplementary material 2 Fig. 2).

AGC = a[l —exp (—b - SF)]°¢ (7)
Y
AGCrep\ /e
‘l”<1‘( =) ) @)
b= 15

a=apo " Ipo + asy " Isy + Ate " e

where AGCr, are the maximum AGC values for SFy..r = 15 m at their respective GEZs, and
Iyo, Iy, and I, are the dummy variables for the boreal, subtropical and temperate GEZs,
respectively. The fitting process was carried out by fitting the base model of AGC (Eq. 7) as

a function of SF. The AGC,.. ¢, values are shown in Table 2.
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To select the asymptotic parameters (a,,, ag, and a;.), a sequence of values ranging from
50 to 300 Mg ha™ was used to fit the PCSC model for the different GEZs, and the R? was
obtained for each fit. The a values were then selected on the basis of visual comparison of
the fitted curves overlaid on the maximum values of AGC through the SF gradient and the
highest possible R? values (Supplementary material 2 Fig. 3), yielding the estimates showed

in Table 2.

Table 2. Maximum AGC values for SF,.; = 15 and asymptotic values (parameter a).

Global Ecological Zones AGCref a

Boreal Coniferous forest 70.5 190
Mountain system 82.0

Temperate Continental forest 82.0 260
Mountain system 117.5
Oceanic forest 105.5

Subtropical Dry forest 94.0 260
Mountain system 117.5

3. Results and discussion

3.1. Site quality

We first demonstrated that the use of SF as a proxy for site quality prediction is effective,
with robust results at the global ecological zones (GEZs scale). To select the best model for
estimating the site form (SF) index, we compared two models incorporating different sets of
explanatory variables. The first model (the GADA model without dummy variables) revealed
that all parameters were significant at the 5% confidence level, yielding an R? of 0.999 and
a root mean square error (RMSE) of 0.204 m (Table 3). Conversely, the initial GADA model
with dummy variables for the subtropical and temperate GEZs (see methods) included non-
significant parameters, prompting their removal and adjustment of the model to retain only
significant parameters (by, b3, d4, d,, d3). This refinement resulted in all parameters being
significant at the 5% confidence level, with an R? of 0.999 and a slightly improved RMSE of
0.193 m (Table 3). The F-test yielded a value of 327.34 (p-value of 2.2e7%), supporting the

null hypothesis that the more complex model explains more variability. This model



393

394

395

396

397

398

399

400

401
402

corresponds to the GADA specification, incorporating GEZs as auxiliary variables. Visual
comparison of the fitted curves against the observed dominant height trajectories further
confirmed the strong performance of the model (Fig. 3). Consequently, the GADA model
with dummy variables was selected for estimating SF. It was found that a reference
dominant diameter of 32cm was superior for predicting the dominant height
(Supplementary material 2 Fig. 4), and the residuals were homoscedastic (Supplementary
material 2 Fig. 5a). The final expression is shown as Eq. 9.

Table 3. Estimated parameters and goodness-of-fit statistics for fitted models.

Model Parameters Fit statistics Cross-validation
statistics
Estimated p-value R? RMSE R? RMSE
Eq.5 b=0.0295 <0.001 0.999 0.204
(without
d=2.2075 <0.001

dummy
variables)
Eq.6 b; =0.0358 <0.001 0.999 0.193 0.999 0.194
(with b; =-0.0018 <0.001
dummy d, =2.4628 <0.001
variables)

d, =0.2622 <0.001

d; =-0.4221 <0.001
PCSC b=0.0421 <0.001 0.578 45.336
(Eq. 7) c=2.3957 <0.001

R?: coefficient of determination (pseudo-R?); RMSE: root mean square error.
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Fig. 3. Site form (SF) curves for dominant heights of 4, 8, 12, 16, 20, 24, 28 and 32 m at a reference dominant
diameter (Doref) of 32 cm overlaid on the observed data for the Global Ecological Zones (GEZ) boreal (a),
temperate (b) and subtropical (c).

SF=13+ exp(XO)(l _ e(—(0.0358—0.0018‘1te)'32))(2'4628+0'2622'1511_0'4'221'1f€)/x0

X, =05 [ln(Hoi - 1.3)
©)

+ \/ln(HOi - 1.3)2 — 4(2.4628 + 0.2622 - I, — 0.4221 - I,,))Lg

Lo = In(1 — exp(—(0.0358 — 0.0018 - I;,) Dy, ))

where Hy, and Dy, are the dominant height and diameter respectively for the plot i, and Iy,

and I;, are the dummy variables for the subtropical and temperate GEZs, respectively.

These dummy variables take a value of 1 for the corresponding GEZ and 0 for the other GEZ.

Compared to previous studies showing that SF estimates at national scale based on NFls
are consistent with species’ autoecology (37,38), the present study covers a larger scale
and also applies animproved methodology for model fitting using GADA relative to the guide
curve method. Consequently, the use of SF continues to be strengthened in increasingly

broad contexts and across diverse forest stand types dominated by P. sylvestris.
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Furthermore, as the estimation of forest potential was included in the "Forest Principles" for
sustainable forest management at the Earth Summit (58), SF serves as a practical and
operational estimator. SF can effectively guide silvicultural strategies related to timberyield
at the stand level (59) and can be used in broader forest policy decisions. Notably, it has
applications in international initiatives such as the FAO's REDD+ program, which aims to
reduce emissions from deforestation and forest degradation (17). Additionally, SF facilitates
site quality estimation using remote sensing products (60), as both height (61) and diameter
(62) can be estimated using various remote sensing sensors at scales ranging from local to
national. As SF does not require age information but only values for tree height and
diameter, it can be directly derived from field data collected in conventional forest
inventories. Consequently, SF models could be developed for other species beyond P.

sylvestris to estimate site quality using existing NFI data in most countries.

3.2. Potential carbon storage capacity

As expected, the PCSC was found to increase with site quality (estimated as SF) and can
also be modelled using the proposed approach. Parameterized and representative PCSC
curves were thus obtained for each GEZ (Fig. 4), which were used to map carbon stocks
according to the dataset used here (Fig. 5). In the fitted models, all parameters were
significant at the 5% confidence level, with an R? of 0.578 and a RMSE value of 45.336 Mg
C ha' for the PCSC model (Table 3). The residuals were found to be homoscedastic

(Supplementary material 2 Fig. 5b).
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Fig. 4. Predicted potential carbon storage capacity (PCSC) curves (black dashed lines) overlaid on the observed
data (colored dots) for the Global Ecological Zones (GEZ) boreal mountain systems (a) and coniferous forests
(b); subtropical dry forest (c) and mountain systems (d); and temperate continental forest (e), mountain system

(f) and oceanic forests (g).
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Fig. 5. Predicted carbon carrying capacity (PCSC) of the network of NFI Pinus sylvestris forest plots used in this
study. Plots correspond to the most recent NFI survey in the respective countries. The various global ecological
zones (GEZ) are represented by different colors.

The PCSC values shown for coniferous forests across different European GEZs are lower in
boreal forests than in temperate and subtropical zones, with the latter two achieving similar
PCSC values (Fig. 4). Thus, these last two zones have a similar potential carbon stock, as
reported by Keith et al. (2024). Another example of PCSC estimation is found in old-growth
Pinus sylvestris forests in Latvia, classified as temperate forests under the GEZ framework,
estimated with AGC values in living trees values of 172 + 7.0 MgC ha™" (25,26). These values
are consistent with the PCSC curve values for an SF of approximately 22.5 m (Fig. 4).
However, as comparisons are not based on site quality, it is not possible to assess these
values accurately. Moreover, it is important to note that this study did not consider

belowground or dead biomass, which can account for on average 16% and 22% of the total
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carbon stock, respectively (18). This is particularly relevant for dead biomass, which

constitutes a potentially large carbon pool in old-growth forests (63).

From a methodological point of view, there are some discrepancies with other
methodologies in which the PCSC was estimated based exclusively on forests under
natural disturbance regimes, with managed forests excluded from the estimates (19).
However, this methodology produced some unexpected results, with boreal regions
showing higher carbon storage potential in managed forests than in unmanaged forests.
Roebroek et al. (2023) proposed the following possible explanations for that: “(i) in these
regions, intact forests are not fully comparable to the managed forests because of the
preferred selection of the most fertile sites for forest management; and (ii) management has
increased the maximum potential realized biomass (for example, through the introduction
of highly productive monospecific stands) or has deliberately decreased the natural
disturbance regime (for example, active and passive suppression of forest fires)”. In
addition, Keith et al. (2024) also reported aboveground biomass carbon stock values in

primary forests that were lower than the 100 MgC ha™

reported in our results for conifer
forests in boreal zones. The reasons for this discrepancy cannot be accurately determined,
for the following reasons: (i) this study focused exclusively on Pinus sylvestris forests,
whereas Keith et al. (2024) included additional conifer species; and (ii) the old-growth
boreal forests analyzed by Keith et al. (2024) were situated in mountainous areas of Sweden
characterized by low site quality. This highlights the limitations of focusing solely on old-
growth forests for establishing the PCSC, as the site quality gradient may not be adequately
represented. For all the reasons mentioned above, it is important to consider plots in
managed forests as well as to focus on different types of forests for developing a robust

methodology. Using a site quality estimator (e.g. SF) that is sensitive to the site potential

and also to the genotype and specific management regime is also important (33).
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3.3. Case study scenarios

Old-growth forests in Latvia

Hemiboreal old-growth forests are specific ecosystems, which may have only some of the
structural attributes of similar forest types in the temperate continental forest zone.
However, they still host a variable mixture of coniferous and deciduous trees and a diverse
biota (64). This is evidenced by the higher SF values of some of the sites than in the other
temperate continental sites, especially in the mesotrophic mineral soils with normal
moisture regime (Fig. 6a). Our results show that PCSC values can potentially be reached in
these old-growth forests (Fig. 6), despite variability in AGC among sample plots within
stands (Fig. 6b), likely reflecting differences in past natural disturbance regimes and
ongoing successional processes. This variability is also influenced by the regeneration
strategies and lifespans of the dominant tree species, as well as by stand species
composition and soil properties within and between the old-growth stands (65,66). This
suggests that status of old-growth stand alone does not necessarily imply that a stand has
reached its maximum carbon storage potential. Instead, PCSC should be interpreted as a
reference upper boundary against which the strength of the natural disturbance regime can

be estimated (19).
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Fig. 6. PCSC of Pinus sylvestris old-growth forests in Latvia. In a), mesotrophic mineral soils with normal
moisture regime; naturally wet (undrained) organic soils; and drained nutrient-rich organic soils. In b), old-
growth forests including live and standing dead trees. Each dot represents a plot.

Managed forests in Spain

We found that the PCSC cannot be reached under intensive harvesting where the extracted
volume per rotation is optimized. In the thinning trials conducted in Spain, we found that
AGC reached maximum values in the control plots (i.e. unmanaged) and decreased with
management intensity (control > light > moderate > heavy thinning; Fig. 7). This is consistent
with the expectation that heavier thinning leads to more open, less well stocked stands.
However, it is important to note that the AGC removed through thinning operations was not
accounted for as carbon stock in this study. According to Assman (1970) and Langseeter
(1941) plateau rule, within a specific range of thinning intensity, the enhanced growth of the
remaining trees could compensate for the stock removed by thinning. Thus, by the end of
the rotation period, control plots are expected to have similar AGC stocks as the sum of the
extracted and standing stocks in thinned plots for each trial. Another important aspect here
is that the stand age at which maximum AGC values are reached differs according to the

intensity of management. Thus, for older ages in the control plots (i.e. unmanaged plots)
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and lower ages as management intensity increases, a gradient is again established (control

> light > moderate > heavy thinning; Supplemental material 2 Fig. 6). This also seems to be

consistent with the compensation theory mentioned above. Furthermore, we found that

AGC is positively related to age in the four treatments, although this is more evident in

control plots than in thinned plots. This is due to a reduction in tree density in control plots

exclusively due to natural mortality, while thinning alters tree density and therefore AGC

stands over the rotation period, indicating the observed lower correlations between AGC

and age.
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Fig. 7. PCSC in managed Pinus sylvestris thinning experiment trials forests in subtropical stands (Spain). In a)
control (0% basal area removal), b) light thinning (< 15% basal area removal), c) moderate thinning (15% to 25%
basal area removal), and d) heavy thinning (= 25% basal area removal).

4. Conclusions
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The findings of this study are highly relevant to international carbon monitoring agreements,
as forest ecosystems play a critical role as carbon stores, holding approximately 870 Pg C
in live biomass, dead biomass and soil organic carbon (4). Furthermore, forests represent
the largest component of the terrestrial carbon sink (4,5) and have a high potential for
additional carbon sequestration (68). This is particularly important considering that large
carbon reserves in primary forests have been underestimated (18), both by global biomass
models such as GlobBiomass (Santoro et al., 2018) and by default values provided by the
Intergovernmental Panel on Climate Change (34). The reference level currently used by the
UNFCCC to assess the target reduction in emissions by each country projects future net
annual emissions on the basis of current carbon reserves and ongoing management
dynamics. These dynamics are influenced either by the continuation of documented
historical practices or the implementation of approved future policies (70). However, this
approach cannot predict the potential carbon reserves that forests could store if
management were modified to restore maximum reserves based on site conditions, given
the natural potential of forest ecosystems. This limitation highlights that the methodology
developed in this study, based on carbon reserves, offers a complementary accounting

solution that can be applied within the framework of the Paris Agreement (2).

The proposed methodology would be particularly relevant in continuous cover forestry
(CCF) and unmanaged systems because, unlike in the case of rotation forest management,
maximum carbon potential is not defined by the rotation age. In addition, CCF systems like
close-to-nature approaches are considered strategic in the New EU Forest Strategy for 2030
to ensure long-term environmental and socio-economic viability of forests (71). Thus,
estimating the management intensity based on the PCSC may help to establish sustainable
forest management targets. This approach also aligns with the principles of the Paris
agreement to “conserve and enhance, as appropriate, sinks and reservoirs of greenhouse

gases” (2, Art. 5 Section1); by “reducing emissions from deforestation and forest
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degradation, and the role of conservation, sustainable management of forests and
enhancement of forest carbon stocks in developing countries; and alternative policy
approaches, such as joint mitigation and adaptation approaches for the integral and
sustainable management of forests” (2, Art. 5 Section 2). Hence, forest protection and
management are key factors in the global ambition to limit anthropogenic climate change
(72). In fact, climate change mitigation strategies (i.e. promoting PCSC) may conflict with
efforts to adapt to changing environmental conditions (i.e. reducing tree density to lower
resource competition). Forest management can be particularly important in regions and
forest types where active managementis the most effective strategy for preventing wildfires
(73). Such disturbances lead to CO, emissions, contributing to the decline in the land
carbon sink observed in 2023 (74). Another important point is to promote mixed conifer-
broadleaf stands through management to increase forest resilience e.g. to drought events
(75-77). However, this may be incompatible with the high density of P. sylvestris trees,
especially in relation to more light-demanding broadleaf species. Therefore, retaining high
proportions of stands close to PCSC in forests dominated by P. sylvestris could limit the

regeneration and especially the recruitment of e.g. beech, oak and birch (78).

Overall, the study findings also highlighted that using the PCSC for forest ecosystems is
crucialto ensure consistent information regarding (i) evaluation of past carbon stock losses
due to human activities, (ii) prediction of potential carbon stock gains through changes in
forest management, and (iii) assessment of mitigation benefits lost when forests are

managed with carbon reserves below their maximum capacity.

Declarations

Availability of data and materials



579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

The datasets generated and/or analyzed during the present study are available from the
corresponding author or from the respective National Forest Inventories, depending on their
origin, upon reasonable request.

Consent to Publish declaration

All authors consent to the publication of this manuscript.

Competing interests

The authors declare that they have no competing interests.

Ethics and Consent to Participate declarations:

Not applicable.

Funding

JAMV was supported by the Postdoctoral Fellow “Becas Fundacion Ramén Areces para
Estudios Posdoctorales” [BEVP35A7109] and the MSCA-COFUND Fellow within the
framework of the project “Central Bohemian Mobility Programme for Excellence in
Research, Innovation and Technology” [GA 101081195-MERIT]. LK was supported by the
Research application No 1.1.1.9/LZP/1/24/040 of the Activity "Post-doctoral Research" and
JCS Latvia's State Forests agreement No. 5-5.5._000k_101.16.15. VS was supported by
APVV 20-0168 from the Slovak Research and Development Agency. This work was
conducted within the Horizon Europe project NextGenCarbon [101184989].

Authors' contributions

JA.MV. wrote the original draft. JAAMV.,, J.G.A.G.,, and C.P.C. contributed to the
conceptualization, methodology, and formal analysis. V.M., P.S., and R.M. supported the
work through the provision of resources. JA.MV,, LK., D.M.F,,A.L.,,C.R,,FEM,,H.C,, I.C,, J.P,
T.G., V.S,, P.S,, and R.M. participated in data curation, either by providing the raw datasets
or processing them. All authors contributed actively to the writing, review, and editing of the

manuscript. J.A.MV. and A.L. were responsible for the preparation, creation, and



604

605

606

607

608

609

610

611

612

613
614

615
616
617

618
619
620

621
622
623

624
625
626

627
628
629

630
631
632

633
634
635

visualization of the published work. P.S. and R.M. supervised the study. Funding was
acquired by JA.MV,, PS., and R.M.

Acknowledegments

We sincerely acknowledge the efforts of all those involved in the design, establishment,
maintenance and remeasurement of the Spanish thinning trials over more than 60 years.
(IFN-2021). We also extend our gratitude to the teams of the National Forest Inventories for

their participation and collaboration in this work.

References

1. European Commission. The European Green Deal. COM (2019) 640 Final. Brussels.
2019;11(12):2019.

2. United Nations. Paris Agreement [Internet]. 2015 [cited 2025 Oct 2]. Available from:
https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-
d&chapter=27

3. IPCC. Climate Change 2023: Synthesis Report. Longer Report. Contribution of
Working Groups |, Il and Ill to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Geneva, Switzerland; 2023.

4. PanY, Birdsey RA, Phillips OL, Houghton RA, Fang J, Kauppi PE, et al. The enduring
world forest carbon sink. Nature. 2024 Jul;631(8021):563-9. doi:10.1038/s41586-024-
07602-x

5. PanY, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA, et al. A Large and
Persistent Carbon Sink in the World’s Forests. Science. 2011 Aug 19;333(6045):988—
93. doi:10.1126/science.1201609

6. Bonan GB. Forests and Climate Change: Forcings, Feedbacks, and the Climate
Benefits of Forests. Science. 2008 Jun 13. Located at: world.
doi:10.1126/science.1155121

7. FaheyTJ, Woodbury PB, Battles JJ, Goodale CL, Hamburg SP, Ollinger SV, et al. Forest
carbon storage: ecology, management, and policy. Front Ecol Environ. 2010 Jun
1;8(5):245-52. doi:10.1890/080169

8. ChaveJ, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus D, et al. Tree allometry
and improved estimation of carbon stocks and balance in tropical forests. Oecologia.
2005 Aug 1;145(1):87-99. doi:10.1007/s00442-005-0100-x



636
637
638

639
640

641
642
643

644
645

646
647
648

649
650
651

652
653
654

655
656
657
658

659
660
661

662
663
664
665

666
667
668

669
670
671

672
673
674

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chave J, Réjou-Méchain M, Burquez A, Chidumayo E, Colgan MS, Delitti WBC, et al.
Improved allometric models to estimate the aboveground biomass of tropical trees.
Glob Change Biol. 2014 Oct 1;20(10):3177-90. doi:10.1111/gcb.12629

Fischer FJ, Maréchaux |, Chave J. Improving plant allometry by fusing forest models
and remote sensing. New Phytol. 2019 Aug 1;223(3):1159-65. d0i:10.1111/nph.15810

Jenkins JC, Chojnacky DC, Heath LS, Birdsey RA. National-Scale Biomass Estimators
for United States Tree Species. For Sci. 2003 Feb 1;49(1):12-35.
doi:10.1093/forestscience/49.1.12

Zhou X, Yang M, Liu Z, Li P, Xie B, Peng C. Dynamic allometric scaling of tree biomass
and size. Nat Plants. 2021 Jan;7(1):42-9. doi:10.1038/s41477-020-00815-8

Grassi G, Conchedda G, Federici S, Abad Viflas R, Korosuo A, Melo J, et al. Carbon
fluxes from land 2000-2020: bringing clarity to countries’ reporting. Earth Syst Sci
Data. 2022 Oct 20;14(10):4643-66. doi:10.5194/essd-14-4643-2022

Grassi G, House J, Dentener F, Federici S, Den Elzen M, Penman J. The key role of
forests in meeting climate targets requires science for credible mitigation. Nat Clim
Change. 2017;7(3):220-6.

Grassi G, House J, Kurz WA, Cescatti A, Houghton RA, Peters GP, et al. Reconciling
global-model estimates and country reporting of anthropogenic forest CO2 sinks. Nat
Clim Change. 2018 Oct;8(10):914-20. doi:10.1038/s41558-018-0283-x

Chagas T, Costenbader J, Streck C, Roe S. Reference levels: Concepts, functions, and
application in REDD+ and forest carbon standards. Wash DC [Internet]. 2013 [cited
2026 Jun 9]. Available from: https://www.academia.edu/download/33745260/RLs-
CF.pdf

UN-REDD Programme. UNREDD Programme [Internet]. 2010 [cited 2025 Oct 2].
REDD+ Glossary. Available from: https://www.un-redd.org/document-library/redd-
glossary

Keith H, Kun Z, Hugh S, Svoboda M, Mikolas M, Adam D, et al. Carbon carrying
capacity in primary forests shows potential for mitigation achieving the European
Green Deal 2030 target. Commun Earth Environ. 2024 May 14;5(1):256.
doi:10.1038/s43247-024-01416-5

Roebroek CTJ, Duveiller G, Seneviratne Sl, Davin EL, Cescatti A. Releasing global
forests from human management: How much more carbon could be stored? Science.
2023 May 19;380(6646):749-53. d0i:10.1126/science.add5878

Gundersen P, Thybring EE, Nord-Larsen T, Vesterdal L, Nadelhoffer KJ, Johannsen VK.
Old-growth forest carbon sinks overestimated. Nature. 2021 Mar;591(7851):E21-3.
doi:10.1038/s41586-021-03266-z

Luyssaert S, Schulze ED, Borner A, Knohl A, Hessenmoller D, Law BE, et al. Old-growth
forests as global carbon sinks. Nature. 2008 Sep;455(7210):213-5.
doi:10.1038/nature07276



675
676
677

678
679
680

681
682
683

684
685

686
687
688

689
690
691
692

693
694
695

696
697
698

699
700
701
702

703
704
705

706
707
708
709

710
711

712
713
714

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Luyssaert S, Schulze ED, Knohl A, Law BE, Ciais P, Grace J. Reply to: Old-growth forest
carbon sinks overestimated. Nature. 2021 Mar;591(7851):E24-5. doi:10.1038/s41586-
021-03267-y

Fisk MC, Zak DR, Crow TR. Nitrogen Storage and Cycling in Old- and Second-Growth
Northern Hardwood Forests. Ecology. 2002;83(1):73-87. doi:10.1890/0012-
9658(2002)083[0073:NSACIO]2.0.C0O;2

Hoover CM, Leak WB, Keel BG. Benchmark carbon stocks from old-growth forests in
northern New England, USA. For Ecol Manag. 2012 Feb 15;266:108-14.
doi:10.1016/j.foreco.2011.11.010

Kénina L, Jaunslaviete |, Liepa L, Zute D, Jansons A. Carbon pools in old-growth Scots
pine stands in hemiboreal Latvia. Forests. 2019;10(10):911.

Kénina L, Elferts D, Jaunslaviete |, Baders E, Jansons A. Sustaining carbon storage:
lessons from hemiboreal old-growth coniferous and deciduous forest stands. For Sci.
2023;69(2):158-66.

Meyer P, Nagel R, Feldmann E. Limited sink but large storage: Biomass dynamics in
naturally developing beech (Fagus sylvatica) and oak (Quercus robur, Quercus
petraea) forests of north-western Germany. J Ecol. 2021;109(10):3602-16.
doi:10.1111/1365-2745.13740

Molina-Valero JA, Camarero JJ, Alvarez-Gonzalez JG, Cerioni M, Hevia A, Sanchez-
Salguero R, et al. Mature forests hold maximum live biomass stocks. For Ecol Manag.
2021 Jan 15;480:118635. d0i:10.1016/j.foreco.2020.118635

Nord-Larsen T, Vesterdal L, Bentsen NS, Larsen JB. Ecosystem carbon stocks and their
temporal resilience in a semi-natural beech-dominated forest. For Ecol Manag. 2019
Sep 1;447:67-76. doi:10.1016/j.foreco.2019.05.038

Idoate-Lacasia J, Stillhard J, Portier J, Brang P, Zimmermann S, Bigler C, et al. Long-
term biomass dynamics of temperate forests in Europe after cessation of
management. For Ecol Manag. 2024 Feb 15;554:121697.
doi:10.1016/j.foreco.2024.121697

Walker WS, Gorelik SR, Cook-Patton SC, Baccini A, Farina MK, Solvik KK, et al. The
global potential for increased storage of carbon on land. Proc Natl Acad Sci. 2022 Jun
7;119(23):€2111312119. doi:10.1073/pnas.2111312119

Keith H, Mackey B, Berry S, Lindenmayer D, Gibbons P. Estimating carbon carrying
capacity in natural forest ecosystems across heterogeneous landscapes: addressing
sources of error. Glob Change Biol. 2010;16(11):2971-89. doi:10.1111/j.1365-
2486.2009.02146.x

Skovsgaard JP, Vanclay JK. Forest site productivity: a review of the evolution of
dendrometric concepts for even-aged stands. Forestry. 2008;81(1):13-31.

Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K. 2006 IPCC Guidelines for
National Greenhouse Gas Inventories [Internet]. 2006 Jul 1 [cited 2025 Oct 2].
Available from: https://www.osti.gov/etdeweb/biblio/20880391



715
716

717
718
719
720

721
722
723

724
725
726

727
728
729
730

731

732
733

734
735
736

737
738
739
740

741
742
743

744
745

746
747
748

749
750
751
752

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Vanclay JK, Henry NB. Assessing Site Productivity of Indigenous Cypress Pine Forest in
Southern Queensland. Commonw For Rev. 1988;67(1 (210)):53-64.

Molina-Valero JA, Diéguez-Aranda U, Alvarez-Gonzalez JG, Castedo-Dorado F, Pérez-
Cruzado C. Assessing site form as an indicator of site quality in even-aged Pinus
radiata D. Don stands in north-western Spain. Ann For Sci. 2019 Dec 11;76(4):113.
doi:10.1007/s13595-019-0904-1

Aguirre A, Moreno-Fernandez D, Alberdi |, Hernandez L, Adame P, Cafiellas |, et al.
Mapping forest site quality at national level. For Ecol Manag. 2022 Mar 15;508:120043.
doi:10.1016/j.foreco.2022.120043

Moreno-Fernandez D, Alvarez-Gonzalez JG, Rodriguez-Soalleiro R, Pasalodos-Tato M,
Canellas |, Montes F, et al. National-scale assessment of forest site productivity in
Spain. For Ecol Manag. 2018 May 15;417:197-207. d0i:10.1016/j.foreco.2018.03.016

Tomppo E, Gschwantner T, Lawrence M, McRoberts RE, editors. National Forest
Inventories: Pathways for Common Reporting [Internet]. Dordrecht: Springer
Netherlands; 2010 [cited 2025 Oct 2]. Available from:
https://link.springer.com/10.1007/978-90-481-3233-1 doi:10.1007/978-90-481-3233-1

FAO. Global Ecological Zones for FAO Forest Reporting: 2010 Update. Rome; 2012.

Durrant T, de Rigo D, Caudullo G. Pinus sylvestris in Europe: distribution, habitat,
usage and threats. In. 2016.

Forest Europe. State of Europe’s Forests 2020 [Internet]. Bonn: Forest Europe; 2020
[cited 2025 Oct 2]. Available from: https://foresteurope.org/state-europes-forests-
2020/

Moreno-Fernandez D, Canellas |, Hernandez L, Adame P, Alberdi I. Nested plot
designs used in forest inventory do not accurately capture tree species richness in
Southwestern European forests. Ann For Sci. 2024 May 21;81(1):20.
doi:10.1186/s13595-024-01237-8

Lin HT, Lam TY, von Gadow K, Kershaw JA. Effects of nested plot designs on assessing
stand attributes, species diversity, and spatial forest structures. For Ecol Manag. 2020
Feb 1;457:117658. doi:10.1016/j.foreco.2019.117658

Buchwald E. A hierarchical terminology for more or less natural forests in relation to
sustainable management and biodiversity conservation. 2005.

Liepins J, Lazdin$ A, Liepin$ K. Equations for estimating above- and belowground
biomass of Norway spruce, Scots pine, birch spp. and European aspen in Latvia.
Scand J For Res. 2018 Jan 2;33(1):58-70. doi:10.1080/02827581.2017.1337923

Liepins J, Liepins K, Lazdin$ A. Equations for estimating the above- and belowground
biomass of grey alder (Alnus incana (L.) Moench.) and common alder (Alnus glutinosa
L.) in Latvia. Scand J For Res. 2021 Jul 4;36(5):389-400.
doi:10.1080/02827581.2021.1937696



753
754
755

756
757
758

759

760
761
762

763
764
765

766
767

768
769
770

771
772

773
774
775

776
777
778

779
780
781

782
783
784

785
786
787
788

789
790
791
792

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Zhou M, Lei X, Duan G, Lu J, Zhang H. The effect of the calculation method, plot size,
and stand density on the top height estimation in natural spruce-fir-broadleaf mixed
forests. For Ecol Manag. 2019 Dec 1;453:117574. doi:10.1016/j.foreco.2019.117574

Clutter JL, Fortson JC, Pienaar LV, Brister GH, Bailey RL. Timber management: A
quantitative approach. [Internet]. 1983 [cited 2025 Oct 6]. Available from:
https://www.cabidigitallibrary.org/doi/full/10.5555/19840691762

Assman E. The principles of forest yield study. Pergamon Press, Oxford; 1970.

Cieszewski CJ, Bailey RL. Generalized algebraic difference approach: theory based
derivation of dynamic site equations with polymorphism and variable asymptotes. For
Sci. 2000;46(1):116-26.

Cieszewski CJ. Three methods of deriving advanced dynamic site equations
demonstrated on inland Douglas-fir site curves. Can J For Res. 2001 Jan 1;31(1):165-
73. doi:10.1139/x00-132

Cieszewski CJ. Comparing fixed-and variable-base-age site equations having single
versus multiple asymptotes. For Sci. 2002;48(1):7-283.

Cieszewski CJ. Developing a well-behaved dynamic site equation using a modified
hossfeld IV function Y 3=(axm)/(c+ xm-1), a simplified mixed-model and scant
subalpine fir data. For Sci. 2003;49(4):539-54.

Goelz JCG, Burk TE. Development of a well-behaved site index equation: jack pine in
north central Ontario. Can J For Res. 1992 Jun 1;22(6):776-84. doi:10.1139/x92-106

R Core Team. R: A language and environment for statistical computing. R Foundation
for Statistical Computing. [Internet]. Vienna, Austria; 2025 [cited 2025 Oct 6].
Available from: https://cir.nii.ac.jp/crid/1574231874043578752

McGroddy ME, Daufresne T, Hedin LO. Scaling of C:n:p Stoichiometry in Forests
Worldwide: Implications of Terrestrial Redfield-Type Ratios. Ecology. 2004;85(9):2390-
401. doi:10.1890/03-0351

UNCED. Forest principles: non-legally binding authoritative statement of principles for
a global consensus on the management, conservation and sustainable development
of all types of forests. Rio de Janeiro; 1992. Report A/CONF.151/26.

Pretzsch H, Grote R, Reineking B, Rotzer Th, Seifert St. Models for Forest Ecosystem
Management: A European Perspective. Ann Bot. 2008 May 1;101(8):1065-87.
doi:10.1093/aob/mcm246

Castafo-Santamaria J, Lépez-Sanchez CA, Ramén Obeso J, Barrio-Anta M.
Development of a site form equation for predicting and mapping site quality. A case
study of unmanaged beech forests in the Cantabrian range (NW Spain). For Ecol
Manag. 2023 Feb 1;529:120711. doi:10.1016/j.foreco.2022.120711

Alvites C, O’Sullivan H, Francini S, Marchetti M, Santopuoli G, Chirici G, et al. Canopy

height Mapper: A google earth engine application for predicting global canopy heights

combining GEDI with multi-source data. Environ Model Softw. 2025 Jan 1;183:106268.
doi:10.1016/j.envsoft.2024.106268



793
794
795

796
797
798
799

800
801
802
803

804
805
806

807
808
809

810
811
812
813

814
815
816

817
818
819

820
821
822

823
824
825

826
827
828

829
830
831

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Brede B, Lau A, Bartholomeus HM, Kooistra L. Comparing RIEGL RiCOPTER UAV LiDAR
Derived Canopy Height and DBH with Terrestrial LiDAR. Sensors. 2017
Oct;17(10):2371. d0i:10.3390/517102371

Di Matteo G, Luzzi G, Basile A, Sposato A, Bertini G, Neri U, et al. Carbon
concentrations and carbon storage capacity of three old-growth forests in the Sila
National Park, Southern Italy. J For Res. 2023 Feb;34(1):233-42. doi:10.1007/s11676-
022-01549-3

Léhmus A, Kraut A. Stand structure of hemiboreal old-growth forests: Characteristic
features, variation among site types, and a comparison with FSC-certified mature
stands in Estonia. For Ecol Manag. 2010 Jun 15;260(1):155-65.
doi:10.1016/j.foreco.2010.04.018

Hansson K, Olsson BA, Olsson M, Johansson U, Kleja DB. Differences in soil properties
in adjacent stands of Scots pine, Norway spruce and silver birch in SW Sweden. For
Ecol Manag. 2011 Aug 1;262(3):522-30. doi:10.1016/j.foreco.2011.04.021

Laganiere J, Cavard X, Brassard BW, Paré D, Bergeron Y, Chen HYH. The influence of
boreal tree species mixtures on ecosystem carbon storage and fluxes. For Ecol
Manag. 2015 Oct 15;354:119-29. doi:10.1016/j.foreco.2015.06.029

Langsaeter A. Om tynning i enaldret gran-og furuskog [Internet]. 1941 [cited 2025 Oct
7]1. Available from:
https://agris.fao.org/search/en/providers/125329/records/6748e4107625988a3721b3
ce

Bastin JF, Finegold Y, Garcia C, Mollicone D, Rezende M, Routh D, et al. The global tree
restoration potential. Science. 2019 Jul 5;365(6448):76-9.
doi:10.1126/science.aax0848

Santoro M. GlobBiomass: global above-ground biomass and growing stock volume
datasets [Internet]. 2018. Available from: http://globbiomass.org/products/global-

mapping

Grassi G, Pilli R, House J, Federici S, Kurz WA. Science-based approach for credible
accounting of mitigation in managed forests. Carbon Balance Manag. 2018 May
17;13(1):8. d0i:10.1186/s13021-018-0096-2

European Commission. New EU Forest Strategy for 2030 [Internet]. Brussels:
European Commission; 2021. Report COM(2021) 572 final. Available from: https://eur-
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021DC0572

McGrath MJ, Schulte-Frohlinde A, Luyssaert S. New ways for (in)validating the forest
carbon neutrality hypothesis. Glob Change Biol. 2024;30(1):16982.
doi:10.1111/gcb.16982

Carta F, Zidda C, Putzu M, Loru D, Anedda M, Giusto D. Advancements in Forest Fire
Prevention: A Comprehensive Survey. Sensors. 2023 Jan;23(14):6635.
doi:10.3390/s23146635



832
833
834

835
836
837
838

839
840
841
842

843
844

845
846
847

848

74.

75.

76.

77.

78.

Ke P, Ciais P, Sitch S, Li W, Bastos A, Liu Z, et al. Low latency carbon budget analysis
reveals a large decline of the land carbon sink in 2023. Natl Sci Rev. 2024 Dec
1;11(12):nwae367. doi:10.1093/nsr/nwae367

Aussenac R, Bergeron Y, Ghotsa Mekontchou C, Gravel D, Pilch K, Drobyshev I.
Intraspecific variability in growth response to environmental fluctuations modulates
the stabilizing effect of species diversity on forest growth. J Ecol. 2017;105(4):1010-
20.doi:10.1111/1365-2745.12728

Bottero A, Forrester DI, Cailleret M, Kohnle U, Gessler A, Michel D, et al. Growth
resistance and resilience of mixed silver fir and Norway spruce forests in central
Europe: Contrasting responses to mild and severe droughts. Glob Change Biol.
2021;27(18):4403-19. d0i:10.1111/gcb.15737

Haberstroh S, Werner C. The role of species interactions for forest resilience to
drought. Plant Biol. 2022;24(7):1098-107. doi:10.1111/plb.13415

Drossler L, Fahlvik N, Wysocka NK, Hjelm K, Kuehne C. Natural Regeneration in a
Multi-Layered Pinus sylvestris-Picea abies Forest after Target Diameter Harvest and
Soil Scarification. Forests. 2017 Feb;8(2):35. d0i:10.3390/f8020035



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supplentarymaterial CBM1.docx
e Supplentarymaterial CBM2.docx


https://assets-eu.researchsquare.com/files/rs-10090179/v1/367deb4ca9954ba38cab7fd5.docx
https://assets-eu.researchsquare.com/files/rs-10090179/v1/d3d50b8856e542fe0e1799f4.docx

