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Abstract

Aims Carbon accumulation in terrestrial ecosystems
is inherent to the vegetation development and age-
ing process. Primary productivity synthetize biomass
which is constantly incorporated to soil. Vegetation
community composition, and other ecological driv-
ers, are known to mediate biomass production. How-
ever, links between forest developmental stage and
ecological drivers of carbon stocks are unexplored.
We address this topic under the prediction that
species-rich and uneven-sized forests can improve
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carbon storage potential in biomass and topsoil frac-
tion across its development.

Methods The study was carried in forest stands
growing under Mediterranean conditions in Central
Spain. Carbon content in both above- and below-
ground tree biomass and in topsoil organic matter
(040 cm) was measured in 30 sampling plots of
variable size (900-3000 m?). We also assessed Shan-
non species diversity index, Gini tree-size inequality
index and forest developmental stage using dendro-
chronological procedures to derive the mean age of
the oldest trees. First-order interaction terms between
diversity factors and forest age were regressed
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against carbon density in compartment-independent
regressions.

Results Forest-age and tree-size heterogeneity cou-
pling was the main factor driving carbon density of
both compartments. The interaction showed that wood-
lands maximize density in aged forests composed by
uneven-sized trees. Models gave not support to con-
sider species diversity as a mediator of carbon stocks.
Conclusion Our results shed light on how tree-size
heterogeneity can regulate the temporal dimension
of forest ageing to rise the carbon storage potential.
Mature forests in semi-arid environments cannot store
carbon due to their intrinsic ontogeny, they need to
grow structurally diverse.

Keywords Soil Organic Carbon - Biomass carbon -
Forest structure heterogeneity - Species diversity -
Forest ageing - Uneven-forests

Abbreviations

SOC Soil Organic Carbon

AGBC Above Ground Biomass Carbon
BGBC Below Ground Biomass Carbon
DBH  Diameter at Breast Height

BA Basal Area

Introduction

Forests store vast amounts of carbon above- and below-
ground in compartments subject to ecological drivers
that are presumed stationary. Forest age and diversity
(functional dispersion, species diversity and structural
heterogeneity included) are among the factors most
frequently studied in driving forest productivity (Chun
et al. 2020; Danescu et al. 2016; Silva Pedro et al.
2017). However, little is known about whether these
variables control simultaneously the carbon densi-
ties of two dissimilar but connected compartments in
semi-arid environments (Godlee et al. 2021): i.e., tree
and root biomass carbon (AGBC +BGBC) and topsoil
organic carbon (SOC). Moreover, evidence of a possi-
ble coupled effect of diversity variables and forest age
on carbon stocks of forest biomass and soils is scarce
(Zeller and Pretzsch 2019). Identifying any possible
interconnections could lead to new insight on how to
approach sustainable management practices focused on
forest carbon sequestration across the forest develop-
mental stages.

@ Springer

Plants, particularly those producing woody tis-
sues, have a prominent role in the carbon sequestra-
tion, where trees excel at this function owing to their
capacity to store large volumes of biomass during cen-
turies. As an initial step in understanding the carbon
fixation, forest productivity is one of the most com-
monly studied ecosystem processes either per se or by
using proxies like cumulated above-ground biomass
or tree radial growth. In this sense, factors such as cli-
mate (Bastos et al. 2016; Zscheischler et al. 2014) and
biotic factors like tree size (Stephenson et al. 2014),
tree age (Pregitzer and Euskirchen 2004) and/or stand
dynamics (Molina-Valero et al. 2021) are well known
to impact vegetation and forest productivity. Addition-
ally, tree species diversity has also been proposed to
foster tree growth (Forrester and Bauhus 2016; Liang
et al. 2016; del Rio and Sterba 2009; Ruiz-Benito et al.
2014). Mechanisms to explain the causal relationship
between diversity and productivity are mainly grouped
under two main ideas mutually compatible (Carrol
and Nisbet 2015): the complementarity effect and the
selection/sampling effect. While the former postulates
that a more efficient use of resources can be achieved
through niche partitioning, the latter supports the idea
that more species increase the probability of finding
certain species more efficient at resource exploitation
and usage. Nevertheless, in forest communities the
diversity-productivity coupling can also be interpreted
as a masked influence of structure heterogeneity, since
tree size is often dependant on tree species identity
(Forrester 2019). Consequently, several authors have
identified the positive effects of tree size heterogene-
ity on productivity (Dénescu et al. 2016; Madrigal-
Gonzalez et al. 2016; Ruiz-Benito et al. 2014; Silva
Pedro et al. 2017), as well as negative effects in some
instances (Bourdier et al. 2016; Yafez et al. 2017).
Biomass in forests is mainly accumulated in woody
tissues as the result of tree productivity which in turn
is influenced by multiple drivers described above.
Nevertheless, it still remains unclear whether the for-
est age-carbon biomass relationship is mediated by
different diversity metrics (Aponte et al. 2020; Zeller
and Pretzsch 2019).

According to the main ideas introduced above,
SOC is partially related to the same factors affecting
biomass production because a large part of the SOC
derives from the plant residues (Liang et al. 2019;
Mayer et al. 2020). In forests, vegetal inputs are heav-
ily represented by tree aerial parts (leaves, small and big
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branches, flowers and fruits, bark litter, dead stems...)
but also by underground processes like the continu-
ous detachment of fine roots that rise carbon density
according forest age (Pregitzer and Euskirchen 2004).
This phenomenon produces a vertical gradient of bio-
mass in which SOC concentration decreases according
to soil depth (Jobbagy and Jackson 2000), which sug-
gests that root vertical distribution may play an impor-
tant role in the distribution of carbon in soils. Due to
this complex configuration, it is not easy to clarify the
extent at which drivers of soil carbon stocks operates.
For instance, in grassland communities, the positive
effect of plant diversity on carbon density driven by
root inputs was found to be contingent on soil micro-
bial activity (Lange et al. 2015). This mechanism may
explain as well how species diversity can also promote
directly both below-ground biomass and carbon stocks
(Chen et al. 20,218). Other evidence suggests that the
absence of direct diversity effects that may be true only
if this influence is mediated by environmental condi-
tions (Felipe-Lucia et al. 2018). The lack of consensus
is more evident if considering a possible joint influence
of tree diversity and temporal dimensions like forest age
over SOC density (Conti and Diaz 2013; Jonard et al.
2017; Vesterdal et al. 2013). In secondary forests, tree
species diversity and structure heterogeneity are usually
dependent on human activities that also have an impact
on carbon stocks. Besides, the effect of forest manage-
ment is difficult to quantify and compare (Wiesmeier
et al. 2019). A rule may be that soils of unmanaged for-
ests hold more carbon than the managed counterparts
(Schulp et al. 2008). To turn this situation, the study of
species diversity and forest structure factors may help to
clarify a debate that could help to carry out a successful
land management focused on carbon sink.

The aim of this study was to examine quantita-
tively whether the influence of diversity drivers of
above- and below-ground carbon density is contin-
gent on forest ageing process. Specifically, we applied
linear models to evaluate differences on how species
diversity-forest age and tree size heterogeneity-forest
age couplings drive stocks of AGBC+BGBC and
topsoil SOC. We hypothesize that (i) carbon stored
in compartments is dependent on forest age, tree spe-
cies diversity and tree size heterogeneity. We assume
to find differences in the size-effect of diversity to
control carbon stocks depending on the compartment
considered (woody biomass or top soil). The tempo-
ral dimension represented by forest age should appear

equally relevant for both compartments bearing in
mind that older stands may hold larger carbon stocks
than younger forests. Also, we propose that increased
size heterogeneity and species diversity could help to
retain more carbon in the standing biomass. Moreo-
ver, such influence should also be evident on SOC,
owing to a more efficient use of space and a more
intense filling belowground due to niche segregation
in root systems (Brassard et al. 2011; Aponte et al.
2020). In addition, the relationship of carbon density
with forest age may appear modulated by diversity. In
this regard we expect that (ii) carbon stored will be
comparatively higher in diverse and uneven-sized for-
est plots. This control will be represented by the first-
order interaction between forest age and tree species
diversity and tree size heterogeneity and between spe-
cies diversity and tree size heterogeneity.

Materials and methods
Study area

We established the study area in the northern slopes
of the west subdivision of the Central System Moun-
tains, in central Spain. The geographic area selected
comprised two mountain ranges: the Sierra de Fran-
cia-Quilamas and the Sierra de Gredos. Mean annual
precipitation and temperature values for these regions
are 1200 mm and 12.5 °C in the Francia-Quilamas
range and 500 mm and 11 °C in the Sierra de Gre-
dos range (Spanish State Meteorological Agency,
AEMET). Both areas present the characteristic
Mediterranean summer drought, and humid and cold
weather conditions in winter. The regional geologic
and lithologic configuration is mainly dominated by
siliceous substrates. Granites are found in the hillsides
of both Gredos and Francia-Quilamas, but metamor-
phic rocks can also be found in the lowlands of Fran-
cia-Quilamas (Martinez-Grafia et al. 2017, 2019), i.e.,
slates. The most common soil types in which trees
establish are leptosols and regosols in abrupt relief
areas and cambisols in the more gradual slopes.

Sampling design
We selected 30 forest stands (14 in the Francia-Quila-

mas subsector and 16 in the Gredos subsector, Fig. 1)
where silvicultural practices were not detected when
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Fig. 1 Map showing the location of the sampled plots. Clus-
ter encompasses the plots of Sierra de Francia-Quilamas range
(cluster 1) and Sierra de Gredos range (cluster 2). For more
information about clustering, please see “Statistical analy-

sampling plots were defined. One plot was established
in each stand for the following soil and dendrochro-
nological data collection. Plot size was variable in the
areas, ranging between 900 and 3000 m?, because of
differences in tree density between stands. All field
work, sampling collection and soil analysis were con-
ducted between 2012 and 2019. Plot elevation varied
from 625 to 1355 m a.s.l. in the Francia-Quilamas
subsector and between 1040 and 1440 m a.s.l. in the
Gredos subsector (Appendix S1: Table S1). Due to
the distinguishable pattern formed in the geographic
location of forest stands (Fig. 1), we grouped plots
into two differentiated clusters. More information
about clustering can be found on the “Statistical anal-
ysis” section.

Dendrochronological and tree data collection
We followed standard dendrochronological proce-
dures to estimate plant age. Within each sampling

plot, all adult woody plants were identified at the spe-
cies level and tagged. If alive, they were sampled by
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sis” section. Data regarding plots such as altitude, geographic
location and forest characteristics is available in Appendix S1;
Table S1

extracting a core at 0.3-0.4 m above ground using
Pressler increment borers (Higlof, Sweden) with
the intention of registering as many rings as pos-
sible (Veblen 1992). In addition, Diameter at Breast
Height (DBH, measured at 1.3 m above ground) was
recorded for all living or dead adult woody plants.
We categorized adult as those individuals present-
ing a DBH>5.0 cm and height>2.00 m. Cores were
sanded until the tree rings were clearly visible and
then measured using scanned images together with
CooRecorder 7.6 software (Cybis, Sweden). Then,
we proceeded with visual and statistical cross-dating
using Cofecha (Holmes 1986). If a core did not reach
the pith, the number of missing rings was estimated
using the geometric procedure described by Duncan
(1989).

Forest characteristic data
As a measure of forest structure heterogeneity and

species diversity, we selected popular indices used
in the fields of ecology and/or forest management
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(Appendix S1: Table S1). For this purpose, DBH tree
individual measurements were converted to Basal
Area (BA), assuming circular stems, to proceed with.
The Shannon diversity index (Shannon and Weaver
1949) combines two components, the number of spe-
cies and the relative abundance of each species. The
Shannon index was computed using the proportion of
BA relative to a species regarding the total BA of a
sampling plot. On the other hand, the Gini coefficient
is a measure of inequality among values of a distribu-
tion (Gini 1912) and have been proposed as a measure
of forest structure diversity (Lexergd and Eid 2006).
Theoretically, the Gini coefficient ranges between 0
and 1. Thus, 0 depicts a perfect equality, i.e., all trees
within a plot present the same BA, while 1 postulates
the highest possible inequality (one tree represent all
the BA of the plot). Gini coefficient, and hence forest
structure heterogeneity, was calculated as follows:

Forest structure heterogeneity,;,; ont = w (1)
ini coefficient Z]n:l BAJ-(V! _ 1)

Where BA is the basal area of the tree of rank j,
and j is the rank of a tree in ascending order from 1
(the smaller tree) to the total number of trees .

Tree age was derived as the number of rings. Spe-
cifically, forest age was considered as the average
number of rings in the three oldest trees living in each
plot (Di Filippo et al. 2017) (Appendix S1: Table S1).

Soil data collection

Soil data were recorded at two different depths, from
the ground surface (0-20 cm) to the deeper upper
soil layer (20-40 cm). This sampling procedure was
adopted to record the possible variability of SOC
caused by the vertical gradient (Jobbagy and Jack-
son 2000). All subsamples were obtained at random
points within a sampling plot.

On the one hand, to assess organic matter content
in each plot, we took four subsamples at 0-20 cm
and two subsamples at 20-40 cm. Subsamples were
pooled in a single sample per depth and plot for
chemical soil analysis. Afterwards, soil samples
were processed by grinding them and then passed
through a 2-mm sieve to remove the larger particles.
Organic matter content was dated by wet oxidation
using a dichromate-sulphuric acid mixture (Walkley
1947). Residual dichromate was back titrated using

ferrous sulphate. The difference in the amount of
FeSO, added compared with a blank titration deter-
mined the amount of easy oxidizable organic carbon
(Walkley 1947).

On the other hand, aiming to quantify soil bulk
density, we extracted core subsamples with cylin-
drical cores (279.9 cm® volume). 2-3 subsamples
were extracted at 0-20 cm and 1-2 subsamples at
20-40 cm. Subsamples were later oven dried for
48 h and then weighed to the nearest 0.01 g. Bulk
density values were averaged by depth and plot.

Carbon density estimations

Regarding woody vegetation, biomass was com-
puted for all standing living and dead individual
trees by applying allometric equations derived from
experimental designs on DBH measures. A differ-
ent allometric equation was applied for each species
and tree component (aerial or root) (see Table 1 for
equation’s references). In cases where this was not
possible, equations belonging to equivalent spe-
cies and/or regions, inspired by Gil et al. (2011),
were used. Hereafter, tree biomass was considered
as the sum of aerial and root components. Biomass
was transformed to carbon using conversion factors
(0.500 for Pinus spp., 0.475 for Quercus pyrenaica
and 0.4735 for the rest of species) according to Gil
et al. (2011). The summation of all biomass car-
bon within a plot established the AGBC+BGBC
compartment.

We quantified top soil SOC, assuming that 50 per
cent of soil organic matter is carbon (Pribyl 2010),
by relating the organic matter content and bulk den-
sities obtained in the previous soil analyses. This
calculation was carried out independently for each
sampling plot and soil depth. After, top soil SOC
was considered as the sum of the SOC contents at
two depths (0-20 and 20—40 cm) within each plot.

Finally, carbon stocks were expressed as carbon
densities as megagrams per hectare (Mg ha™1).

Statistical analysis
To assess the influence of forest characteristics on
carbon density we fitted linear models with the

Im function in the R environment (R Core Team
2020). We analysed the effects of forest age, forest

@ Springer
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Table 1 Allometric equations applied to DBH data to assess carbon density in the aerial and underground tree biomass components

(AGBC and BGBC)
Species Biomass  Equation Source Target species (region)
compo-
nent
Juniperus oxycedrus AGBC 0.5+(2500DBH?>?)/ Schroeder et al. (1997) Temperate broadleaf forests
(DBH*>+246,872) (USA)
BGBC 0.0767DBH? Ruiz-Peinado et al. (2011)  Juniperus thurifera (Iberian
Peninsula)
Pinus nigra AGBC 0.6073DBH>- Montero (2004) Pinus nigra (Iberian Peninsula)
5.0998DBH-23.729
BGBC 0.1813DBH>- Montero (2004) Pinus nigra (Iberian Peninsula)
4.3988DBH +40.173
Pinus pinaster AGBC 0.4684DBH?- Montero (2004) Pinus pinaster (Iberian Peninsula)
6.3722DBH +36.698
BGBC 0.0213DBH>37%3 Montero (2004) Pinus pinaster (Iberian Peninsula)
Pinus sylvestris AGBC 0.0805DBH>*167 Montero (2004) Pinus sylvestris (Iberian Penin-
sula)
BGBC 0.0105DBH?62%68 Montero (2004) Pinus sylvestris (Iberian Penin-
sula)
Arbutus unedo AGBC -0.5547+0.3757DBH? Zianis et al. (2005) Arbutus unedo (Italian Peninsula)
BGBC 0.0767DBH? Ruiz-Peinado et al. (2011)  Juniperus thurifera (Iberian
Peninsula)
Castanea sativa AGBC 0.1236DBH>*% Patricio et al. (2004) Castnea sativa (Iberian Penin-
sula)
BGBC 0.0211DBH?>3% Ruiz-Peinado et al. (2012)  Castnea sativa (Iberian Penin-
sula)
Fraxinus angustifolia AGBC e (7254+272InDBH) Alberti et al. (2005) Fraxinus spp (Italian Peninsula)
BGBC 0.359DBH? Ruiz-Peinado et al. (2012)  Fraxinus angustifolia (Iberian
Peninsula)
llex aquifolium AGBC 0.5+(2500DBH>)/ Schroeder et al. (1997) Temperate broadleaf forests
(DBH*+246,872) (USA)
BGBC 0.0767DBH? Ruiz-Peinado et al. (2011)  Juniperus thurifera (Iberian
Peninsula)
Quercus faginea AGBC  0.41354DBH>' Hochbichler (2002) Quercus robur (Central Europe)
BGBC 0.169DBH? Ruiz-Peinado et al. (2012)  Quercus faginea (Iberian Penin-
sula)
Quercus pyrenaica AGBC 0.7783DBH>- Montero (2004) Quercus pyrenaica (Iberian
12.238DBH +58.196 Peninsula)
BGBC 0.0863DBH>1324 Montero (2004) Quercus pyrenaica (Iberian
Peninsula)
Quercus robur AGBC 0.41354DBH>' Hochbichler (2002) Quercus robur (Central Europe)

BGBC 0.0851DBH>!

Balboa-Murias et al. (2006) Quercus robur (Iberian Peninsula)

This table shows the equations and sources, as well as the original region and species for which the equations were developed (Target

species [region])

structure heterogeneity and species diversity on car-
bon densities of two compartments independently:
AGBC+BGBC and top soil SOC. We also con-
sidered an additional categorical explanatory vari-
able to take care of possible statistical independence

@ Springer

violations derived from the spatial proximity between
plots (Duncan et al. 1961) (clusters 1 and 2, see Fig. 1
and Appendix S1: Table S1).

Specifically, we built models to analyse carbon den-
sity as a linear function of plot clustering, forest age,
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forest structure heterogeneity and the first order interaction
between forest age and diversity traits (Forest age*Species
diversity and Forest age*Structure heterogeneity) as well
as Species diversity* Structure heterogeneity. In all cases
response variables were log-transformed to meet nor-
mality and homogeneity of variance. Both linear model
assumptions were checked visually. Finally, we computed
Variance Inflation Factor (VIF) values to test if predictors
were uncorrelated with each other (Zuur et al. 2010).

Results
Carbon stocks of tree biomass and top soils

Stands presented a total mean carbon value of
214.22+16.86 Mg ha~! (mean+ SE) computed as
the sum of the two SOC and AGBC+BGBC carbon
compartments (Fig. 2). The AGBC+BGBC com-
partment showed a value of 122.55+12.20 Mg ha™!
while the top soil SOC content was slightly lower
with 91.67+6.76 Mg ha~'. The carbon fraction
in dead trees was generally low or simply absent in
many of the sampling plots (Fig. 2).

Effects of forest characteristics in carbon stocks

The models fitted showed the interaction between
forest age and forest structure heterogeneity had
a significant effect on the carbon stocks in both

Fig. 2 Total carbon density
measured in each sampling
plot (sum of all carbon 500 S
observations regarding a
compartment). Coloured
bars depict different
compartments: living trees
above- and below-biomass,
dead trees above- and
below-ground biomass and
top soil

400 +

300

Carbon (Mg ha™")

100

0

Cluster 1

III |II gl LJ
||| I ol 1 Il IIII'I .l It

compartments, but this relationship was stronger for
AGBC+BGBC (Table 2; AGBC+BGBC: t=4.96,
p<0.001; SOC: r=2.37, p=0.027). In the case of
AGBC+BGBC, the combined effect of forest age
and structure heterogeneity resulted in the estimated
coefficient with the strongest influence on carbon
density, while in top soil SOC this interaction had
a lesser effect (Table 2). The sign of this interaction
was primarily positive in both cases in the sense that
higher carbon densities coincided with the highest
values of both forest age and structure heterogeneity
(Table 2; Fig. 3). Specifically, forest age had a null
effect over the carbon fraction when structure hetero-
geneity was below-than-average as seen in both com-
partments (Fig. 3); however, the effect of age turned
positive as the Gini coefficient increased.

An absence of significant differences between the
two spatial clusters indicated an absence of spatial auto-
correlation. Furthermore, VIF values showed a lack of
multicollinearity among predictors since all explanatory
variables resulted in VIF<3.00 units (Appendix S2).
In addition, to test for a possible masked relationship
between forest heterogeneity structure and age predictor
variables, we fitted a linear model with these particular
variables which resulted in a non-significant relation-
ship (p=0.956, Appendix S2).

All terms including species diversity either as a
main effect or through the interaction effect with for-
est age or with structure heterogeneity were non-sig-
nificant (Table 2), what suggests the Shannon index is
not an effective driver of carbon stocks.

Cluster 2

-Livin trees AGBC+BGBC
Dead trees AGBC+BGBC
Top soil SOC

1 rrrrrrrrnrinrua 17T 1rrrrJrJrrirrrrruoriua
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Plot code
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Table 2 Linear model summary showing parameter estimates (estimate), standard error (SE), ¢ values and its associated p values

Carbon Compartment Estimate SE tvalue  p value R?
AGBC+BGBC Intercept 4.56 0.10  47.75 *<0.001 0.648
Forest age 0.24 0.09 272 *0.012
Structure heterogeneity 0.15 0.06 2.66 *0.014
Species diversity 0.03 0.06 0.52 0.611
Forest age * Structure heterogeneity 0.32 0.06 4.96 *<0.001
Forest age * Species diversity -0.02 0.10 -0.20 0.845
Structure heterogeneity * Species diversity -0.05 0.07 -0.77 0.447
Cluster 0.25 0.13 1.86 0.076
Top soil SOC Intercept 4.35 0.11 39.16 *<0.001 0.385
Forest age 0.11 0.10 1.12 0.273
Structure heterogeneity -0.08 0.07 -1.15 0.261
Species diversity -0.07 0.07 -0.91 0.372
Forest age * structure heterogeneity 0.18 0.08 2.37 *0.027
Forest age * Species diversity -0.14 0.12 -1.16 0.258
Structure heterogeneity * Species diversity -0.09 0.08 -1.12 0.276
Cluster 0.10 0.15 0.62 0.539

The proportion of variance explained by the models corresponds to the adjusted-R2. Note that estimates and SE values are shown in
the log-form. Variables considered were forest age (average age of the three oldest trees), structure heterogeneity (Gini coefficient of
trees BA), species diversity (Shannon diversity index) and cluster (categorical variable of two levels)

A Forest age (Years) B Forest age (Years)
25 50 75 100 125 25 50 75 100 125
1 1 1 1 1 1 1 1 1 1
200 4 o
*
Ve
400 Ve
2 / 150
®©
£ & e
(o)) 1
= 0 &
(@] 7’ =)
@ 200 - 7 2 400+
¢ 7 S
Q %)
O
<
50 -
T T T T T T T T
-1 0 1 2 -1 0 1 2
Forest age (Z - score) Forest age (Z - score)

Gini index (z-score): === - =m = (0 == 1

Fig. 3 Graphical representation of the predicted carbon den- variable of three levels (-1, 0 and 1 z-scores) to simplify the
sity of forest biomass (AGBC+BGBC) and topsoil (SOC) representation of the interaction term. Negative Gini z-scores
computed based on the interaction effect between forest age describe less-than-average heterogeneous forests regarding
(average age of the three oldest trees) and forest structure het- tree sizes and positive values the opposite. Lines represent pre-
erogeneity (Gini coefficient of BA) Table 2). To illustrate this dicted carbon densities and points the observed values

effect the Gini index have been converted to a categorical
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Discussion

Our results evidence how the temporal effect of for-
est ageing process on the two analysed carbon stocks
operate contingent on tree size heterogeneity on
semi-arid Mediterranean woodlands (Table 2). At
a first glance, this effect is mainly positive, indicat-
ing that the largest carbon pools take place in mature
uneven-sized forest stands. Also, our results indicate
tree species diversity does not influence carbon den-
sity, and those factors driving forest productivity may
not always mediate carbon storage. Interestingly, our
results highlight that mature forests cannot maximize
their carbon stocks in a structurally homogeneous
environment.

Focusing on AGBC+BGBC, our results sug-
gest species diversity does not influence the benefits
of forest age as an effective driver of carbon density.
Previous studies have pointed to greater biomass
productivity in diverse forests in terms of composi-
tion and/or structure (Dinescu et al. 2016; del Rio
and Sterba 2009; Ma et al. 2020; Ruiz-Peinado et al.
2017). However, this relationship was found to be
contingent on the developmental stage of the forest
(Bongers et al. 2021; Lexergd and Eid 2006; Zeller
and Pretzsch 2019). Accordingly, other research has
reported that stand structure is one of the most rel-
evant factors driving biomass carbon density (Ruiz-
Benito et al. 2014; Vayreda et al. 2012; Aponte et al.
2020). Complementing our results, Felipe-Lucia et al.
(2018) found that stands with high vertical stand het-
erogeneity harbor larger standing tree biomass pools.
By contrast, the effect of tree species diversity was
not observed in our work despite the fact that it could
be expected that forests rich in species would lead
to forests rich in structure (Hakkenberg et al. 2016;
Mensah et al. 2020; Godlee et al. 2021). Nonethe-
less, due to insufficient taxonomic diversity among
the sampled stands, or due to diversity-productivity
relationships not always been successfully established
(Felipe-Lucia et al. 2018; Zeller and Pretzsch 2019),
our results help to solve this issue.

The mechanisms governing the storage of car-
bon with forest ageing, although obvious, have been
addressed with subtly different results. Theoretically,
stand carbon stocks increase conform forests expe-
riencing ageing processes (Lee et al. 2016). This
implies that tree biomass productivity decreases when
forests communities reach late-successional stages

where ageing processes gain more relative impor-
tance over the other (Collati et al. 2019; Curtis and
Gough 2018; Pregitzer and Euskirchen 2004). There-
fore, carbon density should not increase considerably
after some stage-developmental related tipping point.
Yet, other authors suggested that the carbon accumu-
lation rate at the tree level increases exponentially and
continuously with tree size (Stephenson et al. 2014).
Assuming a finite threshold of carbon density in for-
ests, these two a priori divergent affirmations may
evidence that in late-successional stages some indi-
vidual trees can store carbon persistently in detriment
of the death or suppression of another smaller trees,
what should foster forest structure heterogeneity.
Our fitted models indicate that, in our study region,
AGBC+BGBC density is still experiencing a linear
pattern even though seven plots are, on average, older
than 100 years old (Appendix 1: Table S1). Whether
the effect of age is linear or not, the role of forest age-
ing is not sufficient to explain per se carbon densities
of AGBC+BGBC since the structure heterogeneity
had a conditional effect over forest age. This could be
interpreted as the conditioning of structural diversity
on the carbon stocks, which may help these ecosys-
tems to maximize carbon density in earlier succes-
sional stages (Fig. 3a). Thus, our results suggest a
prevalence of the complementarity effect probably
driven by uneven-sized trees rather than tree spe-
cies that becomes more important according to age-
ing processes. Our results partially disagree with the
recent work of Molina-Valero et al. (2021) who found
that old forests in the Iberian Peninsula can gather
biomass despite their degree of naturalness. In this
work, such indicators of naturalness were assessed
through chronological and retrospective tree-ring
measurements (Di Filippo et al. 2017) that in some
cases such indicators were lower in uneven-aged for-
ests. Aside from the methodological and bioregional
differences, an explanation for such differences may
rely on the lack of interaction considered between
naturalness and age measurements. Thus, the need to
carry out further research including such interactions
is still required due to the relatively younger ages
recorded in our forest stands.

Uneven-sized forests may be configured by more
than one canopy layer, and as such, the largest trees
could develop larger root systems to access water
located in the deeper soil layers (Forrester 2019).
Within this conjecture, structurally diverse stands
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could present higher stocks of litterfall and root lit-
ter thanks to an optimization of the space occupied by
leaves and root systems above and below ground. This
would in turn promote higher carbon densities in the
forest floor and upper soil layers (Crow et al. 2009;
Vesterdal et al. 2013). Changes in forest structure,
whether caused by natural dynamics and/or manage-
ment activities, should not only impact carbon storage
but should also modify processes driving carbon sink
such as climate, tree species, floor climatic conditions
and biotic activity and possible interactions between
them (Lal 2005).

In consonance with the previous results regarding
AGBC+BGBC, the forest age and structure hetero-
geneity coupling (Table 2) was supported as a media-
tor of top soil SOC density variability, although this
influence was slightly inferior in soils than in above-
and below-ground biomass compartment (Table 2;
Fig. 3). These similarities between the fitted models
with tree biomass and top soil likely rely on the idea
that tree biomass is the main driver of top soil SOC
in forests (Ma et al. 2020; Martens et al. 2004; Mayer
et al. 2020; but see Lal 2005). In this sense, the role
of forest age has been widely addressed (Dybala et al.
2019; Jonard et al. 2017; Ma et al. 2020; Pregitzer and
Euskirchen 2004; Nitsch et al. 2018, Smith 2004);
however, the role of diversity has been documented in
different forms. For instance, Conti and Diaz (2013)
report that the diversity of plant functional traits has
a positive influence over SOC. Other research has
pointed to tree species identity, rather than species
diversity, as being an effective driver of SOC density
(Andivia et al. 2016; Dawud et al. 2016; Nitsch et al.
2018; Osei et al. 2021). These references both agree
on how conifer forests tend to accumulate more car-
bon in soils due to the existence of thicker organic
matter layers in the forest top floor formed by needle
litter depositions. In addition, the decomposition rate
of pine needles is slower than in broadleaf species,
as the former present higher proportions of recal-
citrant compounds (Fernandez-Alonso et al. 2018).
Other processes emerge as being significant when
deeper soil horizons are considered, since carbon
allocation is driven by different factors such as root
activity and SOC transportation (Nitsch et al. 2018;
Rumpel and Kogel-Knabner 2011). For instance,
root litter decomposition is slower in the deepest lay-
ers as a result of less microbial activity, which leads
to root litter carbon in soils having longer residence

@ Springer

times (Pries et al. 2018). Moreover, fine root biomass
tends to be high in mature forests that are diverse in
species or can increase according to the proportional
presence of conifers (Finér et al. 2017; Ma and Chen
2017). These findings may equally pertain to struc-
turally diverse forest where larger trees are forced to
develop profound roots as a consequence of sharing
the soil with other trees (Aponte et al. 2020).
Short-term harvesting, clearcutting, dead wood
raking, litter removal, species identity and tree size
heterogeneity are all factors that have been identified
as being relevant for controlling the size of soil and
biomass carbon stocks (Aponte et al. 2020; Gimmi
et al. 2013; Powers et al. 2011; Segura et al. 2017)
and can be employed in forest silviculture prescrip-
tions focused on carbon sequestration (Jandl et al.
2007). In this regard, sustainable practices such as the
lengthening of rotation periods or the application of
thinning to keep uneven-sized forests would be highly
desired in plantations and managed forests to maxi-
mize carbon density. Thus, we underscore the need
to promote tree size heterogeneity to enhance carbon
stocks as mature forests are unable to efficiently store
and densify carbon solely through ageing processes.

Conclusion

Given the primary role played by forests as reservoirs
of terrestrial carbon, in the face of global change, we
set out to quantify the effect of forest diversity driv-
ers on the forest-age and carbon density relationship
on two forest compartments. Our results provide cor-
relational evidence that supports the idea that une-
ven-sized forests can significantly exceed the carbon
stored on even-aged forests throughout the canopy
ageing process. A more efficient use of the physical
environment by trees both above and below ground
will help forests to maximize carbon density during
early successional stages. On the other hand, tree
ontogeny is not sufficient to enhance the ecosystem
carbon density, as mature forests must also develop
into structurally diverse ecosystems. These finding
supplement with previous studies that have shown
how biomass productivity of forests is stimulated
in structurally diverse stands. Bearing in mind the
opportunities and benefits of sustainable forest man-
agement for the mitigation of rising atmospheric CO,
concentration, it is worth noting the advantages of
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turning plantations to uneven-sized forests that can
store carbon more efficiently.
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