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Abstract

As the capacity of old-growth forests to store carbon until very old ages has been proved, their conservation has become
a mitigation strategy to reduce net CO, emissions and moderate climate warming. We investigated the effect of tree age,
competition and climate on aboveground standing biomass and C stocks over a 50-years period in two Spanish forest stands
(successional Pinus pinea forests with old-growth attributes, OGFA and secondary Pinus nigra old-growth Forest, SOGF),
combining dendroecological methods with forest inventory data, using semiparametric modeling. P. nigra SOGF stored
69.9 t C ha™! in standing volume, while P. pinea OGFA stored 58.2 t C ha~!. Carbon stored during the last 50 years increased
in both forests, with a steeper increase in P. pinea OGFA. The fraction of annual C stored by the oldest trees was 20-25% in
P. nigra SOGF and 17-23% in P. pinea OGFA. The different patterns of biomass growth increment in the two forests were
explained by different biophysical environments, climate and history effects. The response to contrasted climate events was
forest-specific. Results for P.nigra showed a similar response to climate irrespective of tree age, while biomass growth in P.
pinea increased in humid periods compared to dry periods in trees older than 100-years. The negative effect of drought is
evidenced in P. pinea trees over 100-years old, while P. nigra showed a cumulative negative effect of drought for all ages. A
lower effect of competition was recorded in the oldest trees in both forests. The interaction of competition with climate and
tree age showed attenuated climate-mediated differences when competition was high.
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Introduction

Forests play a main role in helping to mitigate the effects of
anthropogenic climate change due to their ability to store
substantial amounts of carbon (Gunn et al 2013). Currently,
EU forests absorb around 10% of the total EU emissions
(Korouso et al. 2023), thus being identified as “natural solu-
tions" to climate change (Gonzalez et al. 2020). Among their
mitigation strategies, EU policies include the retention of
mature trees to assure carbon sequestration in the long-term.
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Thus, the conservation of old-growth forests is one strategy
aimed at reducing net carbon dioxide emissions and mod-
erate the influence of future climate change (Fraser et al.
2023). The term “old-growth forest” is used differently in
studies published about their effect in climate change mitiga-
tion (Kenina et al. 2023). What is common in all definitions
is naturally regenerated forest stands of native tree species,
the exclusion of significant human intervention for a long
period, the presence of a dominant cohort of large, both
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live and dead, standing and fallen old trees, their complex
structure (variety of tree sizes and tree ages, resulting in
multilayered canopies), the accumulation of large deadwood
material in different stages of decay, the provision of a wide
range of ecosystem services and natural disturbance regimes
(Wirth et al. 2009; Spracklen and Spracklen 2019; FAO
2020; O’Brien et al. 2021). According to Buchwald (2005)
old-growth is not necessarily “virgin” or “primeval”. Thus,
old growth forests are able to develop following human dis-
turbances. Very few undisturbed primary old-growth forests
are found in Europe due to the long history of intense forest
management and land-use (Sabatini et al. 2018). According
to Keith et al. (2024), it is more appropriate in European for-
ests to interpret the term “old-growth forests” as forests that
have been unlogged for long (at least 60—80 years after the
last harvesting event (O’Brien et al. 2021)) and have reached
a level of maturity that includes many old-growth charac-
teristics and a high degree of naturalness and ecological
functioning, without implying that there was never human
disturbance. Thus, the term “secondary old growth forests”
is particularly useful in Europe (O’Brien et al. 2021).

Live carbon storage per unit leaf area is different depend-
ing on species composition, but it is also expected to be
affected by tree age, site type and stand-growth dynamics
(Kenina et al. 2023). Although young forests may yield
greater rates of carbon accumulation on an annual basis
when compared to old forests, they are usually subjected to
more intense disturbances that reduce carbon stocks (Fraser
et al. 2023). For decades, there was the perception that old-
growth forests were carbon neutral, achieving a steady state
with respect to net exchange with the atmosphere (Suchanek
et al. 2004). However, there seems to be a more dynamic
relationship with age, having demonstrated the capacity of
old-growth forests to fix and store carbon until very old ages
(Luyssaert et al. 2008). In fact, old-growth temperate forests
may store the largest amounts of carbon per unit area among
terrestrial ecosystems. Forests over 200 years-old continue
to sequester over 1.6+0.6 MgC ha™! yr™! (Gundersen et al.
2021), reaching up to 2.4 +0.8 MgC ha~! yr~! according to
Luyssaert et al. (2008). The time that fixed carbon remains in
the forest depends upon many factors, including productiv-
ity, structure, species composition and tree age (Sierra et al.
2017). Regardless species and forest biomes, or even com-
petitive environments, large old trees continue to actively
fix large amounts of carbon compared to smaller trees, thus
not acting just as carbon reservoirs (Stephenson et al. 2014).

Under climate warming scenarios, tree growth rates,
and subsequently biomass accumulation and carbon stor-
age, will be affected. However, the assessment of climate
change effects on tree biomass is far from straightforward
due to the difficulty in disentangling the effects of tem-
poral climate change drivers from temporal endogenous
processes (Chen and Luo 2015). The climate effects on
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ecosystem structure and functioning may be modified
by interactions of soil, vegetation and hydrologic pat-
terns with spatially variability of land use histories and
human activities over a range of time scales (Groffman
et al. 2012). Simulation models to explore the effects of
climate change on European forest carbon cycles suggest a
reduced efficiency of forests to absorb carbon in the future
because of drought, heat stress and wildfires (Hale et al.
2019). Age-modulated growth response to climate has
been suggested as a widespread phenomenon for different
tree species growing under variable environmental condi-
tions (Carrer and Urbinati 2004). In fact, species-specific
morphological and physiological shifts during ontog-
eny, jointly with limiting environmental conditions can
lead to age-induced growth responses to climate (Rozas
2015). However, size-mediated extrinsic factors such as
asymmetric inter-tree competition can modulate the indi-
vidual sensitivity to climate more than tree age (Mencuc-
cini et al. 2005). Most studies agree that the competition
effects on individual tree growth are primarily negative
(Aakala et al. 2013), predisposing trees to the damaging
effects of a climatic stress (Linares and Tiscar 2010). On
the other hand, the stress gradient hypothesis postulates
that a tree can benefit from its neighbors when growing
under a harsh environment (Bertness and Callaway 1994;
Callaway and Walker 1997). However, the influence of tree
age on growth and subsequent biomass and carbon storage,
and its relationship with competition and drought remains
poorly studied, especially in structurally heterogeneous old
growth forests.

In the last three decades, the area of old-growth forest
stands in Europe has been increasing due to a decrease in
forest management intensity and an increase in forest pro-
tection (O’Brien et al. 2021). In Spain, given the current
age distribution in mountain pine forests, a large forest area
will be beyond its rotation period (100-120 years) in the
next decades. Thus, understanding old-growth forest stands
carbon dynamics and evaluating the influence of drought
events and tree age becomes essential for assessing the full
range of forest carbon mitigation as part of the life carbon
cycle. In this respect, using tree-ring techniques offer a pre-
cise approach to estimate biomass accumulated and carbon
fixed over time in forest aboveground biomass (Martin-
Benito et al. 2021).

In this paper we analyze stand and tree aboveground bio-
mass and carbon stocks over a 50-years period in two Span-
ish forest pine stands (successional Pinus pinea forests with
old-growth attributes, OGFA and secondary Pinus nigra
old-growth Forest, SOGF) to distinguish between age and
competition effects and to explore climate influence as the
explanatory driver behind the changes in carbon stores. We
addressed the following questions: (1) will the two studied
forest stands maintain their capacity for carbon fixation?;
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(2) is there a significant and forest-specific trend in biomass
growth with tree age?; (3) is this trend modulated by climate
(ie, is it different in the humid vs dry periods)?; (4) is the
capacity of the trees to fix carbon decreasing with the suc-
cession of intensive dry periods in the last fifty years?; (5)
can the competitive environment modulate biomass growth
rates?; (6) is this influence of competition modulated by cli-
mate (humid vs dry periods) and by tree age?

For this purpose, we combine dendroecological tech-
niques with detailed forest inventory data.

Material and methods
Study sites

The study was performed using data from two representa-
tive Spanish forest pine stands: a Pinus pinea forest stand
at Hoyo de Pinares (Avila, 40°31'3,9"N, 4°23'52"W, at an
elevation of 900 m) and a Pinus nigra forest stand at Sierra
de Cazorla (Jaén, 37°48'49°°N, 2°57'30”’W, at an eleva-
tion of 1,800 m). Hoyo de Pinares and Sierra de Cazorla
are home to some of the oldest pines dated for the species
(Creus 1998; Natalini et al. 2016). The climate in Hoyo de
Pinares is continental Mediterranean, the mean annual tem-
perature is 12.2 °C, the mean monthly temperatures range
between 3 °C in January and 23 °C in July and the average
annual precipitation is 511 mm. Lithology mainly consists

of granitic and gneiss, and the main soil type is humic cam-
bisol. The climate in Sierra de Cazorla is Mediterranean,
the mean annual temperature is 11.7 °C, the mean monthly
temperatures range between 4 °C in January and 21 °C in
August and the average annual precipitation is 1100 mm.
The lithology consists of limestone and dolomites.

Data collection and dendrochronology analysis

One ha plot was installed in each of the two forest stands
(Pinus pinea stand and Pinus nigra stand) in 2019 (Fig. 1).
Plots were installed in areas with evidence of no recent
silvicultural intervention. According to the reports from
the Forest Service, and the aerial photographs made by
the US Army Map service in 1956-57 that cover all Spain
(https://fototeca.cnig.es/fototeca/), the Pinus pinea stand
has not been logged since, at least, 1960. Pinus nigra stand
has been unlogged for the last century (Linares and Tiscar
2010). Thus, following O’Brien et al. (2021), the Pinus nigra
old-growth forest stand could be defined as secondary old-
growth forest (SOGF), and Pinus pinea old-growth forest
stand as successional forests with old-growth attributes
(OGFA). For the sake of simplicity, both stands will be
described by their acronyms throughout the text.

The Pinus pinea OGFA plot is dominated by Pinus
pinea, with some scattered Pinus pinaster trees, while the
Pinus nigra SOGF plot is pure. Every tree on each plot
with diameter at breast height (DBH) over 7 cm was tagged
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Fig. 1 Maps showing tree position within the (a) Pinus nigra SOGF and (b) Pinus pinea OGFA stands
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Table 1 Dasometric characteristics of the two forest plots

Forest Species N (stems.ha™!) G (m%ha™!) DBH (cm) H (m) Trees AGB (tDM.ha™")  C stock

DBHh>50 cm Mg.

ha™)

Hoyo de Pinares P.pinea 58 17.88 59.2 16.2 42 105.80 53.75
(Pinus pinea OGFA) [17.5-96.6] [4.5-22.2]

P.pinaster 15 2.42 43.39 12.4 4 8.78 4.49
[17.5-71.00] [4.7-16.3]

Hoyo de Pinares P.nigra 117 26.68 48.03 11.95 59 135.40 69.92
(Pinus pinea OGFA) [9.9-127.7]  [3.1-21.1]

N number of stems, G basal area, DBH diameter above breast height, H total height, AGB aboveground biomass, C stock carbon stock

and positioned (X and Y coordinates), and DBH (in cm),
total height (h, in m), height to crown base (hcb, in cm)
and crown diameter (cw, in cm) were measured. Mean plot
characteristics and histograms of the distribution of heights
and DBH are shown in Table 1 and Figure S1 (Suppl. Mate-
rial), respectively.

A sample of 34 trees in the Pinus pinea OGFA plot and
43 trees in the Pinus nigra SOGF plot were chosen, rep-
resenting all age classes (between 24 and 220 years old in
Pinus pinea and between 46 and 657 years old in Pinus
nigra). Two perpendicular cores at breast height were taken
per tree, from which annual ring widths were measured
using standardized dendrochronological techniques (Speer
2010). Using mean annual ring width of both increment
cores we calculated the tree basal area increment (BAI, cm?):

T
BAI = Z(df—df_l) (1)

where d, is DBH at the end of a given annual ring incre-
ment corresponding to rings formed in year t; and d, ; is
DBH at the beginning of a given annual ring increment
corresponding to rings formed in year t-1. To eliminate
the biological growth trends and to produce stationary and
residual tree ring width chronologies (Fritts et al. 1990) we
used a detrending procedure and an autocorrelation removal
with the Friedman supersmoother spline (Friedman 1984)
and autocorrelation modeling. Through this procedure we
obtained chronologies of dimensionless indices (CDI), pre-
serving a common variance with interannual time scales.
To measure the reliability of the chronogies we calculated
RBAR (mean series intercorrelation) and EPS (expressed
population signal of detrended BAI series) (Lindholm et al.
1999) for each of the species during the studied 1969-2018
period. We obtained a mean EPS of 0.954 and RBAR of
0.387 for P. pinea, and EPS of 0.968 and RBAR of 0.410 for
P. nigra. These values confirm the reliability and replication
of the chronologies, as they are above the EPS threshold of
0.85.
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Plot backdating

Data of past DBH for all the trees (cored and non-cored)
within each plot during the studied period (1969-2018) are
required in order to calculate the current and past competi-
tive status of each tree and to assess the stored biomass at
stand scale. Past DBH of cored trees was reconstructed as
explained in the above section. Diameter growth of non-
cored trees was reconstructed using a backdating sequence
(de Dios-Garcia et al. 2015, Riofrio et al. 2019). First,
we calculated BAI of each cored tree in 5-year inter-
vals (1969-1973, 1974-1978, 1979-1983, 1984-1988,
1989-1993, 1994-1998, 1999-2003, 2004-2008,
2009-2013 and 2014-2018). Then, we fitted a linear regres-
sion between BAI at 5-year intervals and DBH in 2019
(when trees were cored) for each of the 10 analyzed periods:

log (BAI

periodj) = a+ B * log(DBH 9) + ¢ ()

The fitted models were then used to predict the basal area
increment of the non-cored trees for those 5-year intervals.
Finally, we transformed BAI into DBH.

Climate data and selection of drought years

We used data on a monthly basis (mean, maximum and
minimum temperature and precipitation). Climate data were
obtained from the E-OBS dataset from the EU-FP6 project
UERRA (http://www.uerra.eu) and the data providers in the
ECA&D project (https://www.ecad.eu) (Cornes et al. 2018).
Monthly data were used to calculate mean annual tempera-
ture (T, °C) and annual precipitation (P, mm) for the studied
period (1969 to 2019).

We selected specific drought and humid periods for
each forest. Drought and humid years were identified using
climate data, by means of the Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al.
2010) that is based on a monthly balance of precipitation
and potential evapotranspiration. An SPEI value below (-1)
corresponded to a dry period and SPEI values above (+1)
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corresponded to humid periods. SPEI was obtained for
months 1 and 12 from the E-OBS dataset. We considered
drought years when at least 75% of the months showed an
SPEI,, <-1 during the growing season (March to October,
and mean minimum temperature above 8°C). We consid-
ered humid years when at least 75% of the months showed
an SPEI, > 1 during the growing season. The effect of
drought and humid periods on tree growth was assessed for
the period 1969-2019. Drought and humid periods were spe-
cific to each forest stand, ranging from two to six (Table 2).

Distance dependent competition indices

We used the Hegyi Competition Index (HGCI) (Hegyi 1974)
that was computed for each cored tree and year during the
studied period (1969 to 2019). HGCI calculates the sum of
the competition of each competing trees (k) over the subject
tree (i):

n

HGCI, =)’
k=1

DBH,
(DBH, x disty) )

where dist;, is the distance between the subject tree i and
the neighbor tree k. We assume size-symmetric competition
typical of mediterranean forests, and considered as competi-
tors all the trees growing in a circle of fixed radius of 10 m,
centered in the subject tree. Plot edge bias was corrected
using Martin et al. (1977) method.

Aboveground biomass

Standing aboveground biomass was calculated for each
tree and year (from 1969 to 2019). To this aim, first we
calculated tree height at each age using a specific DBH-
height model constructed for each species and plot (Dixon
2002). We assessed four bi-parametric DBH-height models,
among those commonly used (Calama and Montero 2004).
The DBH-height model finally selected for both species and
plots was the model proposed by Wykoff et al. (1982):

b

h;=13+exp [a + m] “

After fitting the model for each species (Pinus pinea:
parameter a=3.4003, parameter b=-39.046; Pinus pin-
aster: a=3.0846, b=-27.1471; Pinus nigra: a=3.0811,
b=-27.0289) we computed the height increment for tree
i during year 1,0h;,, as the difference between height pre-
dicted for the tree i in years ¢ and ¢-/, using the model in
Eq. 4. These height increments were then subsequently
subtracted from the observed height in 2019 in order to
reconstruct the pattern in height growth of each tree and
prevent inconsistencies. Then, we used the annual recon-
structed values of tree height and diameter to calculate
stem biomass, crown biomass and total biomass of each
tree, by means of the species specific tree biomass model
developed by Menéndez-Miguélez et al. (2021). Finally,
annual biomass increment was calculated as the difference
between standing tree aboveground biomass in two consec-
utive years. Previous studies show that aboveground bio-
mass estimated from tree rings accurately represent stand
biomass for several decades, particularly in the absence of
large disturbances (Gea-Izquierdo and Sanchez-Gonzalez
2022). Aboveground total biomass and annual increments
in biomass were transformed into stocks of C stored by
applying the rates of C content in dry biomass proposed
by Montero et al. (2005): 0.508 for Pinus pinea, 0.509 for
Pinus nigra and 0.511 for Pinus pinaster.

Exploratory analysis at stand scale

In order to answer question (1), we constructed general
charts showing the evolution with time—on 5-year steps—
of the total aboveground biomass (t D.M. ha™") or the C
storage capacity (Mg C ha™') of each plot, as well as the
annual rates of increment. To identify the contribution
of the different age-classes to the total stock of biomass
and C, trees in each plot were divided into three different
classes: Old trees, including those trees with individual
age over the 75th percentile of observed ages; Intermediate

Table 2 Selected drought and
humid periods for each forest

during the period 1969-2019

Forest Drought periods SPEI,, Humid periods SPEI,,
Hoyo de Pinares D1:1985-1986 —1.181 H1:1977-1980 H2:1996-1998 1.471
(Pinus pinea OGFA) D2:1991-1995 —0.987 0.998
D3:2005 —1.243
D4:2009-2012 -0.709
D5:2014-2017 —-0.830
Sierra de Cazorla D1:1981-1983 -1.209 H1:1970-1972 H2:1996-1998 1.144
(Pinus nigra SOGF) D2:1991-1994 -0.979 H3:2009-2011 0.870
D3:1999-2000 -1.289 1.462

D4:2005-2006

-1.110
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trees: trees with individual age between percentiles 25th
and 75th; and Young trees: tree with age below the 25th
percentile. Limits for age classes in the Pinus nigra plot
were 160 and 300 years, and 70 and 150 years in the Pinus
pinea plot.

Modelling approach at tree scale
Data structure and initial model structure

The dataset included annual biomass increments of the 77
cored trees of the two species (43 cores in Pinus nigra and
34 cores in Pinus pinea), corresponding to the periods iden-
tified as Humid (H) or Dry (D) [two humid (H1-H2) and
five dry (D1-D5) subperiods in Hoyo de Pinares and three
humid (H1-H3) and four dry (D1-D4) subperiods in Sierra
de Cazorla (see Table 2)]. With this data structure we can
expect some degree of correlation of the observations within
a tree and between observations within the same subperiod
for a certain tree. Moreover, an inspection of the scatterplot
of the biomass growth and tree age suggests a trend that is
highly non-linear and difficult to absorb by parametric func-
tions (Figure S2, Suppl. Material). Similarly, we can observe
some possible trend of biomass growth as a function of the
competition index HGCI (Figure S3, Suppl. Material), which
is also non-linear.

In order to answer the questions (2) to (6) arised in the
introduction, we propose to fit the following model:

yijkmn =pu+ aj t7nt 6n(m) + tk(j) + (aY)jm

+ (aé)j(nm) +f(x;) + g(s;) + €jmn )

where y,,,: biomass growth of tree k of species j with
an age x; and competition s; in the climate subperiod n of
climate period m; p: general mean; « ;: fixed forest effect
G=12); ty): tree (inside site) random effect with initial
hypothesis t,;~N (0, o 2y o fixed period effect with
m=1,2; (ay)jm: forest x period interaction fixed effect; (a6
Jin(m): forest x subperiod interaction fixed effect; f (x;) is
some non-parametric function to account for the trend of the
biomass growth with tree age; g (s;) is some non-parametric
function to account for the trend of biomass growth with
competition and e, is the error term. This is a semipa-
rametric mixed model that incorporates fixed and random
effects and non-parametric functions (f and g). The differ-
ences among the two forests should be read as a combination
of site and species effects.

For the univariate trend functions f and g we chose low
rank thin plate radial smoothers incorporated in the mixed
model (Ruppert et al. 2003). The mixed model formula-
tion of the radial smoother incorporates a fixed part, cor-
responding to the value of the covariates (tree age (x;)
in the case of f function and competition (s;) in the case
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of g function) and a random part that is the solution of
the spline coefficients. We followed Ruppert et al. (2003,
chapter 13.4-13.5) to form the design matrices of the ran-
dom effects corresponding to f and g. For selecting the
number of knots K of fand g trend function we followed
closely the rule (Ruppert et al. 2003): K=min(0.25 X num-
ber of unique x; (or s; for g), 35). We selected 33 knots for
the f function and 9 for the g function. The advantage of
the mixed model formulation is that the smoothing param-
eter is automatically determined through the estimation
of the covariance parameters, once the knots have been
selected, and the easy modularity with straightforward
incorporation of other fixed and random effects and dif-
ferent covariance structures.

Selection of final model structure and parameter
estimation

Different model alternatives were tested for selecting the
best model structure. First alternatives concerned different
approximations for the f and g non-parametric functions.
As an example, for f function, if the biomass growth trend
with age for both forests, periods and subperiods were
very similar, then only one f trend function would absorb
the trend efficiently. However, if trends were different by
forests and/or periods and/or subperiods (or interactions),
then it would be more appropriate to have specific f trend
functions. In the case that specific trend functions were a
better choice we should also test if it is better to consider
different or the same degree of smoothness. Following this
reasoning we have tested the following alternatives for

f function: (1) no significant trend, (2) common general

trend, (3) forest specific trend, (4) period specific trend, (5)
forest x period specific trend, (6) subperiod specific trend,
(6) forest x subperiod specific trend. For the f function
we also considered the possibility of different degrees of
smoothness for the specific trend functions. After select-
ing the best approach for the f function, we followed a
similar approach for selecting the g trend function. For
each alternative, the significance of the tree random effect
and if the variance component at tree level was different
in the two species were tested. We also considered and
tested an autoregressive order one—AR(1)—correlation
structure among observations within each subperiod of a
tree. Variance components in the different model alterna-
tives have been estimated with restricted maximum likeli-
hood (REML). Comparison between alternative models
have been done, in the case of nested models, comparing
the values of -2 X log likelihood (-2LL) with a likelihood
ratio test considering an o value of 0.05. For not nested
models (i.e. one model is not the reduction of the other),
Akaike's information criteria (AIC) has been taken into
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account for model selection. The significance of the fixed
effects was tested with a F test.

Prediction of biomass growth at different ages and humid/
dry periods

The final set up of the model will allow us to answer ques-
tions (2) to (5). In order to answer question (6) (“Is the influ-
ence of competition on biomass growth modulated by cli-
mate and tree age?”’) we need to predict the biomass growth
at different tree ages and at different periods (humid/dry)
for a series of increasing competition levels. We selected
three different ages for each species (young/medium/old)
corresponding to the percentiles 10, 50 and 95 of the age
distribution respectively. These percentiles correspond to the
values 60, 215 and 636 years old in the case of Pinus nigra
and 24, 108 and 214 years old in the case of Pinus pinea.
We then predicted the biomass growth at the three ages and
two periods (humid/dry) for HGCI values ranging from 1
to 11 with steps of 1, and the simultaneous 95% confidence
bands by simulation (Ruppert et al. (2003, pp. 142-143).
The construction of the design matrices of fixed and random
effects for prediction include the design of random effects for
the trend functions fand s, which is detailed in Ruppert et al.
(2003, Sect. 13.5). We used SAS 9.4 for statistical analysis.

Fig.2 Evolution of stock of C 75
stored in aboveground biomass
(AGB) during 1969-2018 in the 70

Pinus nigra SOGF (Cazorla)
and Pinus pinea OGFA (Hoyo

de Pinares) stands 65

60
55
50

45

C storage in AGB (t ha)

40

35

30

25
1968 1978

Results
Exploratory analysis at stand level

At the moment of the inventory, the Pinus nigra SOGF stand
at Cazorla stored 135.4 t D.M. ha™! (equivalent to 69.9 Mg
of stored C) in the standing biomass, a value that was higher
to that stored in the Pinus pinea OGFA stand at Hoyo de
Pinares (114.6 t D.M. ha™'!, 58.2 Mg of C). The evolution
in C storage during the last 50 years showed a maintained
increase in the total amount of C stored in both forests,
being such increase much steeper in the Pinus pinea plot
(Fig. 2). Annual rates of aboveground biomass increment,
analyzed for different periods (Fig. 3), showed a positive
trend in Pinus pinea plot in the initial phases, reaching maxi-
mum values over 1.30 t D.M ha™! year™! for the 19941998
period, coinciding with a humid period. In the last 20 years,
biomass increment rates have remained constant (over 1.15
t D.M ha~! year™!), indicating the impact of recent droughts.
In the case of the Pinus nigra SOGF stand, no clear trend
was observed among periods, with values remaining quite
constant (between 0.40—0.50 t D.M ha™! year").
Analyzing the contribution of each age group to the total
C storage (Fig. 4), it is relevant to mention that in both
stands the trees in the intermediate age class (70-160 years
old in Pinus pinea; 150-300 years old in Pinus nigra) are
those storing a large amount of C and biomass, also show-
ing the largest rates of C increment. On the other hand, the
oldest trees in both stands showed almost a constant amount
of standing biomass and C stored, with mean annual incre-
ments over 0.054 Mg C ha™! year™! in the Pinus nigra SOGF

Cazorla -#-Hoyo

1988 1998 2008 2018

@ Springer



European Journal of Forest Research

Fig.3 Annual increment in 1,6
aboveground biomass per 5-year
period in the Pinus nigra SOGF
(Cazorla) and Pinus pinea 17
OGFA (Hoyo de Pinares) stands
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stand and 0.105 Mg C ha~! year™! in the Pinus pinea OGFA
stand. Despite these quite low values, the annual C stored by
the oldest trees represents a significant contribution to the
total amount of C annually stored in these stands (Figure
S4, Suppl. Material), reaching 20-25% in the Pinus nigra
SOGF stand and 17-23% in the Pinus pinea OGFA stand.
However, we observed for both stands a reduction in this
contribution in the last analyzed periods. Finally, the young-
est trees in both stands, although still storing very low val-
ues of aboveground biomass and C, are currently contribut-
ing to total C storage almost the same as the oldest trees
(0.059 Mg C ha~! year™! in the Pinus nigra SOGF stand and
0.056 Mg C ha~! year™! in the Pinus pinea OGFA stand),
but showing a clear increasing trend.

Effect of age, climate and competition on individual
biomass growth

Our semiparametric modeling approach reveals a significant
trend on annual biomass increment with age (Table 3), which
is forest-specific (Fig. 5). Pinus pinea showed significantly
larger biomass growth in the medium and older classes
(> 75 years old), but a trend to decrease in the oldest trees
(>200 years old). For Pinus nigra the trend is not so evident,
though a decreasing pattern with age was also shown in the
oldest trees (> 600 years old). Variability is much higher in
Pinus pinea than in Pinus nigra (Fig. 2, Table 3, superiority
of Model 3 over Model 2). For both forests it is remarkable
to indicate that larger variability was shown in trees with
intermediate ages.

This specific trend is mediated by the climate period
(humid vs dry), which influences differently each forest,

@ Springer

and by the subperiod within the period (Table 3, superiority
of Models 6-9 over Model 5). A specific degree of smooth-
ness for each species and period also resulted in better fit
(Model 10 in Table 3). Pinus pinea (Fig. 6) showed a similar
trend of maximum increment in intermediate ages in humid
and dry periods, although reaching larger values of biomass
increment in humid ones (especially in the especially humid
period H2, 1996-1998). In the driest periods the decrease
associated with increasing ages is more evident, while in
humid ones there is a trend to constancy. In Pinus nigra
(Fig. 7) the differences in the general trend of biomass incre-
ment with age between humid and dry was not so evident,
with the main difference being that in humid periods there is
much variability and larger values of increment for interme-
diate ages. For Pinus nigra it is relevant to remark that, for
both humid and dry periods, there is a gradient of decreasing
biomass increment between the oldest and the most recent
subperiods, revealing a negative possible effect of cumula-
tive recent droughts.

For both forests, competition exerted a significant and
negative influence on biomass growth. This effect varied
depending on the forest, being much sharper in Pinus pinea
at Hoyo de Pinares than in Pinus nigra at Sierra de Cazorla
(Fig. 8, Table 4, superiority of Model 12 over Model 10).
Competition is also mediated by the climate period and the
subperiod (Table 4, see superiority of Model 16 over Models
10-15), being the impact of competition attenuated in humid
periods when compared with drier ones (Fig. 8). Neverthe-
less, in both forests the higher levels of competition resulted
in the absence of differences between dry and humid periods
in terms of growth.
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Fig.4 Evolution of C stock
stored in aboveground biomass
(AGB) during 1969-2019, as a
function of age-classes (young,
medium and old), in the in 40
the Pinus nigra SOGF (Sierra

de Cazorla) and Pinus pinea 35
OGFA (Hoyo de Pinares) stands
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Given the strong relationship between age and competi-
tion (see Figure S5, Supplem. Material), with younger trees
experiencing the higher rates of competition, we proposed a
predictive approach to disentangle the joint effect of both fac-
tors (Figs. 9 and 10). The prediction process was done with the
parameters obtained from the best model (Table 4, Model 18),
which includes a significant autoregressive order one param-
eter between observations within a subperiod for a tree. When
analyzing the interaction of competition with climate and tree
age we observed, for both forests, that for the same level of
competition, biomass growth decreased with tree age (espe-
cially in the oldest Pinus nigra trees (Fig. 10)). In Pinus pinea
the differences in biomass increment due to age and climate

@ teees@uececs@osccss@essssc@uossce@occccc®e

............Q..............

1988 1998 2008 2018

were attenuated under extreme competition (Fig. 9). In Pinus
nigra, when growing under higher competition rates, no differ-
ences were observed between dry and humid periods (Fig. 10).

Discussion

Our studied stands exhibited high structural diversity
(DBH and height distribution) and wide spread of can-
opy classes across ages characteristics. The abundance of
old trees, the multi-aged structure, and the wide range of
ages, sizes and heights across canopy classes evidenced
high vertical and spatial complexity, confirming the path

@ Springer
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Fig.5 Semiparametric models
for annual biomass increment
in the Pinus nigra SOGF stand
(Sierra de Cazorla) and Pinus
pinea OGFA stand (Hoyo de
Pinares) as a function of age.
Bands represent the 95% confi-
dence interval for the fitted line

Fig.6 Semiparametric models
for annual biomass increment in
Pinus pinea OGFA stand (Hoyo
de Pinares) as a function of age,
period (dry-humid) and specific
subperiods. Bands represent the
95% confidence interval for the
fitted line
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towards old-growth forest state of the studied forests. The  and high presence of large living trees with DBH > 50 cm)
maximum ages observed (220 years in Pinus pinea and  in both stands were similar to those of other old-growth
657 years in Pinus nigra) are within the range of the oldest ~ temperate forests in Europe and North America (Martin-
trees for both species (Creus 1998; Natalini et al. 2016). Benito et al. 2020).

Stand structural characteristics (basal area, stand density

@ Springer
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Fig.7 Semiparametric models

for annual biomass increment 25
in the Pinus nigra SOGF stand
(Sierra de Cazorla) as a func-
tion of age, period (dry-humid)
and specific subperiods. Bands 20
represent the 95% confidence
interval for the fitted line —
% 15
=
g 10
o
é
o 5
0
0 200
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Stocks at stand level

The two studied forest stands maintain a C stock stored
in the standing biomass of 58.2 t C ha™! (equivalent to
114.5 t D.M. ha™!) in Pinus pinea (Hoyo de Pinares stand)
and 69.9 t C ha™! (equivalent to 135 t D.M. ha™!) in Pinus
nigra (Cazorla stand). These values are below those observed
for the mean standing stocking in an even-aged forest of
the species through a typical rotation period of 100 years
(127 t D.M. ha™! in Pinus pinea forests and 200 t D.M. ha™"
in Pinus nigra forests according to Alejano (2008), Montero
et al. (2008)). These results indicate that, in terms of bio-
mass and C storage, the studied forest stands currently
stock about 12-30% less biomass than the values expected
for a typical cycle of managed even-aged forest of these
two species. On the other hand, values in our forests are
quite similar to the mean standing stocks proposed for man-
aged uneven-aged stands in Pinus pinea (63 t C ha™!, in del
Rio et al. 2017) and Pinus nigra (69.2 t C ha™', in Alejano
et al. 2008). Despite this similarity, the annual increments
observed in managed uneven-aged stands are largely over
those observed in the studied stands (2.0 t D.M. ha™' year™!
vs 1.2 t D.M. ha™! year™ for Pinus pinea OGFA), espe-
cially for Pinus nigra SOGF (3.5 t D.M. ha™! year™! vs
0.5 t D.M. ha™! year™"). This result evidence that our for-
ests have not still reached the stability typical of old-growth
forests, suggesting that they are secondary old-growth for-
ests, or especially in the case of Hoyo de Pinares forest,

@ Springer
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successional forest in a transitional state between a managed
uneven-aged forest and an old-growth one.

However, the oldest trees in the stands are still responsi-
ble for the 20-25% (in the Pinus nigra stand) or 15-20% (in
the Pinus pinea stand) of the total annual increment in C and
biomass stock, thus still playing an essential role in C fixa-
tion (Stephenson et al. 2014). These findings give response
to question (1), showing that the studied forest stands main-
tain their C fixation capacity, but at lower rates than younger
managed stands. This result is compatible with the well-
known age-related decline in productivity at stand scale,
associated with lower densities due to mortality, changes in
growth efficiency and shifts in tree dominance hierarchies
(Ryan et al. 1997; Piper and Fajardo 2011).

Individual capacity for biomass and C fixation

Despite the observed reduction in stand-level stocking bio-
mass, the individual trees in the two studied forest stands
are able to maintain their capacity for carbon fixation in
tree biomass as tree age and size increase, with no signs
of decline (Sillet et al. 2010, Stephenson et al. 2014), thus
positively answering to question (2). The patterns of biomass
growth increment are not fully consistent in Pinus nigra and
Pinus pinea. Pinus nigra maintains a mean biomass growth
increment of 4.9 kg D.M. tree™! year™! over the 600 years
life-span, a result that is in agreement with recent studies
on the growth patterns for the species (Linares and Tiscar
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Fig.8 Semiparametric models

for annual biomass increment
in Pinus pinea OGFA (a) and
Pinus nigra SOGF (b) stands
as a function of competition
and period (dry-humid). Bands
represent the 95% confidence
interval for the fitted line

Biomass growth (kg/year)

50 75 10.0 125
Hegyi Competition Index

Period @ Humid @ Dry + Humid + Dry

25

20

Biomass growth (kg/year)

b)

2010, 2012). However, it is relevant to mention that Pinus
nigra trees in the intermediate age classes show large vari-
ability in biomass increment, reaching maximum values
over 20 kg D.M. tree”! year™!. On the other hand, Pinus
pinea showed an increase in the biomass growth from age
70, which is maintained up to 200 years (from 9,8 kg D.M.
tree™! year™! to 21 kg D.M. tree”! year™!), when a slight

Hegyi Competition Index

Period @ Humid @ Dry + Humid + Dry

decreasing pattern is observed in the oldest trees. Both find-
ings might be behind the observed larger rates of biomass
increment per hectare due to the presence of trees of inter-
mediate age classes.

These specific patterns should be considered in the con-
text of different biophysical environments (soil properties
and soil moisture), climate and history effects between the
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Table 4 Sequential procedure for model selection. Models 11 to 18

Models
11 12 13 14 15 16 17 18
Effects s common s forest s period s forest x s sub- s forest x =16 with =17. AR(1)
trend specific specific period period subperiod(period)  different  between
specific (period)  specific smooth observa-
specific for spe- tions
cies within a
subperiod
of a tree
Fixed Age —0.013*%* —0.009*  —0.011** —0.009** 0.010*¥*  —0.009%* -0.007*  —0.007*
effects  HGCI -1.04 -2.19 —1.04* —1.97%%  1.02%* —1.58%%* —0.79%%  —0.83%**
(n.s) (n.s)
Species Hokk n.s FkE n.s wk * n.s n.s
Period wE * n.s n.s n.s n.s n.s n.s
Forest x Period * n.s * n.s * n.s n.s n.s
Subperiod (Period) =~ *** * HoE * n.s n.s n.s n.s
Forest x ok * wHE wE wE n.s n.s n.s
Subperiod(Period)
Variance  Tree
€ompo-  Tree (P. nigra) 2.59 2.48 2.63 241 2.77 2.54 3.07 2.16
NeNtS  Tree (P. pinea) 76.12 37.1 82.75 476 86.64 57.33 44.9 51.05
f trend
P. nigra. humid 0 0 0 0 0.008 0 0 0
P.nigra. dry 0 0 0 0 0 0 0 0
P. pinea. humid 1.6325 2.0127 1.7039 2.67 1.134 0 2.7401 0
P. pinea. dry 0.3982 2.2643 0.4107 0.7379 0.307 1.735 1.6006 0
g trend 0.0352 0.1791 0.015 0.1004 0.0196 0.095
P. nigra 0 0
P-pinea 0.4646 0.2034
AR(1) 0.4075
Residual 24.1 23.83 24.09 23.89 23.78 2291 22.47 24.02
-2LL 9939 9921 9945 9936 9943 9916 9881 9699
AIC 9951 9933 9957 9948 9959 9926 9893 9709

HGCI: Hegyi competition index. AR(1): order one autoregressive parameter. -2LL: -2 X log likelihood. AIC: Akaike’s information criteria. n.s.:

non-significant (x=0.05). ***p <0.001; **p <0.01; *p <0.05

sites (Jandl et al. 2007; Gao et al. 2018). The Pinus nigra
SOGEF stand is located in an isolated mountainous area,
which has remained inaccessible and unmanaged during
centuries, having permitted the development of an unal-
tered forest (Linares and Tiscar, 2012). On the other hand,
the Pinus pinea OGFA stand is located close to inhabited
areas, and its current state is the result of the abandonment,
during the decade of 1960s, of the traditional management
focused on the conservation of old large cone producer trees
spreaded on a pasture land maintained by the presence of
goat grazing (Montero et al. 2003).

Some characteristics of the two studied tree species, such
as light demand, regeneration and growth strategies, and
longevity (Kenina et al. 2023), could also have a notable
effect on the observed differences in carbon storage with
age. Pinus nigra is a typical shade-tolerant, slow-growing
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species, and one of the longest-living trees in the Mediterra-
nean basin, with dated trees over 1,000 years (Creus 1998) in
the vicinity of the studied stand. Meanwhile, Pinus pinea is
a light demanding species (except in initial phases, Calama
et al. 2013), showing an initial high growth rate and low
longevity. The oldest living trees of the species grow iso-
lated in gardens, and are supposed to reach 400 years (see
www.monumentaltrees.com/en/trees/pinuspinea/records/).
However, the oldest dated dendrochronological series from
natural forests (obtained in the Hoyo de Pinares stand) do
not reach more than 250 years (Natalini et al. 2016, Baroni
et al. 2020). The particularities of the historical legacies of
each site, the differences in longevity of the species and the
different patterns in biomass accumulation pattern may indi-
cate that while the Pinus nigra stand constitutes a second-
ary old-growth forest, the Pinus pinea stand, even though
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Fig.9 Predicted annual biomass

increment for a Pinus pinea
tree of age classes “Young”
(24 years old), “Medium”
(108 years old) and “Old”
(214 years) as a function of
Hegyi competition index and
climate (humid or dry). Bands
represent the 95% confidence
interval for the fitted line. Be
aware that predicted negative
values are predicted for higher
rates of competition in old trees,
a situation that is not observed
in reality
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including the oldest dated trees for the species, might have
not reached this stage.

Among the disturbance agents potentially affecting
biomass growth, the most likely agent in these forests is
drought. Recent phenomena of growth reduction, associated

8 2 4 6 8 2 4 6 8

Hegyi Competition Index
Humid

Dry

with decay, have been described for Pinus nigra (Linares and
Tiscar 2010; Navarro-Cerrillo et al. 2018) and Pinus pinea
(Calama et al. 2019; Ferriz et al. 2021). In addition, both
species have shown a great sensitivity to climate in terms
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of radial growth and carbon uptake (Natalini et al. 2016;
Camarero et al. 2013; Navarro-Cerrillo et al. 2014).

Regarding other disturbance agents like pests, the poten-
tial effect of pine processionary moth in these forests seems
to have been low for decades, as is suggested by the presence
of Pinus nigra over 600 years old in the Sierra de Cazorla
forest and Pinus pinea over 200 years old in the Hoyo de
Pinares forest. However, the pine processionary moth is a
severe pest of Pinus species in southern Spain, being Pinus
nigra defined as a species especially sensitive and highly
palatable to this moth in the studied region (Junta de Anda-
lucia 2013; Ros-Candeira et al. 2019). The dynamics of the
pine processionary moth strongly depends on temperature
as a physiological driver for insect growth and development
(Hodar et al. 2002), being highly sensitive to climate warm-
ing since the main feeding activity of larvae occurs in winter
(Gazol et al. 2019). Predicted milder minimum temperatures
during winter will promote the progression in altitude of the
pest, as well as an increase in outbreak severity, resulting
in heavier defoliation (Hédar et al. 2012). In addition, the
interaction between drought and pine processionary moth
defoliation could affect tree growth and, therefore, above-
ground biomass, particularly in a palatable species such
as Pinus nigra. For instance, a synergistic impact of both
stressors could lead to more persistent and longer growth
reductions and even contribute to growth decline (Camarero
et al. 2022).

Effect of age, climate and competition on C fixation
capacity

In the studied forest stands the response to contrasted cli-
mate events (dry vs humid periods) showed some differ-
ences in the pattern of biomass growth increment between
the species. Weak differences were observed in Pinus nigra
biomass growth pattern between humid and dry periods over
the 600 years life-span analyzed, indicating similar response
to climate irrespective of tree age (Esper et al. 2009). This
result contrasts with Navarro-Cerrillo et al. (2014) that
identified larger sensitivity to drought in young than in old
trees of the species in a much more limiting environment,
which might indicate that in our study other factors apart
from drought are ruling interannual growth variability. On
the other hand, Pinus pinea showed an increase in biomass
growth in humid periods compared to dry periods for the
medium-age and old trees (over 100 years old). Thus, the
sensitivity of trees to climate as trees get older is not a con-
stant, but site and species-specific, being more limiting for
biomass growth in Pinus pinea oldest trees in our case study.
This answers question (3), suggesting that there are differ-
ent phases in the long-term dynamics of the climate-growth
relationships that are site and species-dependent (Carrer and
Urbinati. 2004). Among the different functional processes
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linked to tree growth, the hydraulic limitation hypothesis
can play a major role in explaining how age may control the
climate sensitivity of trees (Ryan and Yoder 1997; Mencuc-
cini et al. 2005). As trees get older, hydraulic constraints
are increasingly limiting, inducing stressful conditions in
older trees. Such constraints can be intimately related to
decreasing photosynthesis in old and tall trees, rather than
to increasing respiratory demands (Kutsch et al. 2009).

The negative effect of drought is evidenced in Pinus
pinea trees over 100-years old, through the decrease in bio-
mass growth mainly during the two dry periods with lower
SPEI (1985-1986 and 2005). Pinus pinea of this age (over
100 years old) also responded positively to humid periods,
mainly during 1996-1998, while younger trees showed
lower climatic sensitivity (Carrer and Urbaniti, 2004).
Meanwhile, Pinus nigra showed a cumulative negative effect
of drought, independently of tree age, reflecting the recent
pattern of growth reduction due to drought observed for the
species (Navarro-Cerrillo et al. 2014). These results answer
question (4).

Under competition for water resources and light, differ-
ential space exploitation strategies may dictate how trees
of different ages interact and establish dominance (Martin-
Benito et al. 2020). Our results showed that competition
decreased with age in both studied stands, thus a lower effect
of competition was recorded in the oldest trees, and more
significantly in 600 years-old Pinus nigra trees, which may
be almost considered as open-growing trees. In addition,
we found a general decrease in biomass growth increment
as competition increased, positively responding to question
(5). For both forests, older trees showed larger crowns com-
pared to mature and young trees, which is indicative of their
higher space exploitation efficiency (Vanninen 2004) and a
lower effect of competition. When analyzing the interac-
tion of competition with climate and tree age we observed
that the climate-mediated differences in Pinus pinea and
Pinus nigra biomass growth were attenuated when compe-
tition was high, responding to question (6). Following the
stress gradient hypothesis (Bertness and Callaway 1994),
this result suggests that when growing under a harsh envi-
ronment, there is a positive interaction among conspecific
individuals (Calama et al. 2019; Fajardo and Mclntire 2011).

Conclusions

We assessed stands in their path to old-growth forest where
Pinus nigra (46 to 657 years old) and Pinus pinea (24 to
220 years old) are still the dominant cohort, thus contribut-
ing to a better understanding of carbon storage in these Med-
iterranean forests in Europe. Although the two studied stands
stocked around 35% less aboveground biomass than a typi-
cal Pinus nigra or Pinus pinea managed forest, our results
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confirmed the hypothesis that old-growth forests maintain
a relatively high, rather than negligible, capacity for carbon
fixation (Suchanek et al. 2004). Further investigation should
focus on the contribution of other forest compartments (lit-
ter, woody debris, belowground and mineral soil) to total C
uptake in old-growth forests.

The observed differences in carbon stocks in tree bio-
mass between the two forests seemed related to their differ-
ent growing environments and life-spans, with a main role
of natural disturbances, mainly drought. In this sense, the
explicit consideration of drought is essential for accounting
potential carbon losses in old-growth forests (Gunn et al.
2013). For instance, the smaller mean annual biomass incre-
ment change in Pinus nigra SOGF stands, joined to its lower
drought resistance and high palatability to the pine proces-
sionary moth, may render these forests less able to ensure
the maintenance of climate neutrality; thus, they could serve
as carbon reservoirs mainly in areas with limited natural
disturbance influence.

The conservation and management of old-growth forests
is at risk from different agents including climate change,
which is exacerbated by the rarity and small size of old-
growth forests on the landscape (Sabatini et al. 2018). As
old-growth forests provide a diverse array of ecosystem ser-
vices, including carbon fixation and storage among them,
managing these forests to maintain their vertical complexity
and spatial heterogeneity instead of just minimizing distur-
bances, will be an important component of a diverse forest
carbon portfolio (Fraser et al. 2023).
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