Forest Ecology and Management 610 (2026) 123652

FI. SEVIER

FOREST
ECOLOGY AND
MANAGEMENT

SCIENCE TO SUSTAIN THE WORLD'S FORESTS

T ATEE
& i 13:\

Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

Evaluating the reliability of tree-ring-based estimates of aboveground

L))

Check for
updates

biomass and biomass increment in managed forests

Dario Martin-Benito ©, Guillermo Gea-Izquierdo

Institute of Forest Sciences (ICIFOR-INIA, CSIC), Ctra La Coruna km 7.5, Madrid 28023, Spain

ARTICLE INFO

Keywords:

Forest biomass

Carbon dynamics

Permanent plots

Dendroecology

Aboveground net primary productivity
Tree rings

ABSTRACT

Forest biomass, as the major terrestrial reservoir of stored carbon, plays a key role in the global carbon cycle.
Permanent plots are commonly used to estimate carbon stocks and net primary productivity (NPP). Because
permanent plots are labor intensive, require prolonged field observations, and provide low temporal resolution,
alternative methods have been developed. Dendroecological methods are commonly used to estimate forest
growth, but most studies are often limited to the individual tree level rather than integrating growth estimates at
the plot or stand level, which limits their use to understand forest-level biomass growth and productivity. Here,
we evaluated the accuracy in estimating stand aboveground biomass (AGB) and annual AGB increments (AGBi)
with two different approaches (dendroecological plots and repeated plot inventories) on a network of 40 per-
manent plots from managed forests representing four pine species across a wide environmental gradient in the
Iberian Peninsula. Dendroecological AGB showed higher agreement with permanent plots than AGBi. For periods
longer than 30 years, AGB and AGBIi estimates significantly differed between methodologies. Low-productivity
stands composed of drought-tolerant species showed better agreement than more productive and faster-
growing forests. Recent disturbances or silvicultural treatments within the 20-30 years prior to sampling
increased the deviations of dendroecological estimations compared to permanent plots. Carefully selecting sites
with little past disturbance or management interventions increases the temporal range for which dendroeco-
logical estimates of forest biomass stocks and biomass growth are reliable. Our results show how dendroeco-
logical plots can complement the spatial distribution of permanent plots and provide high temporal resolution to
assess the effects of climate variability on biomass dynamics in managed forests.

1. Introduction

repeated full stand inventories in permanent plots. Allometric equations
are then used to estimates biomass from in situ forest measurements

Forest biomass plays a central role in the global carbon cycle as the
major terrestrial reservoir of stored carbon (Houghton et al., 2009).
Almost 80% of terrestrial carbon is stored in forest biomass, either
aboveground or belowground (Dixon et al., 1994). The carbon contained
in standing forest biomass constitutes long-term stocks that may be
mobilized through natural or anthropogenic processes (Houghton,
2005). Biomass results from the accumulation of net primary production
(NPP), which represents the balance between carbon uptake through
photosynthesis and its release via autotrophic respiration. Forest NPP
can be approximated by estimating aboveground biomass (AGB) in-
crements and losses from successive estimations of stand-level biomass
in permanent plots (Clark et al., 2001; Curtis and Marshall, 2005; Oht-
suka et al., 2009). Forest growth, as well as mortality, ingrowth and
regeneration, can be accurately tracked and measured through multiple
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(Clark et al., 2001; Houghton et al., 2009). Permanent plot analysis is
the common reference standard for forest biomass, growth and above-
ground net primary productivity (ANPP) estimations, despite its po-
tential biases and uncertainties (Clark et al., 2001; Ohtsuka et al., 2009;
Qin et al., 2021). Remeasurement intervals of 5-10 years reduce the
temporal precision of permanent plot data, hindering the analysis of
biomass dynamics and processes at interannual scales. This low tem-
poral precision precludes the assessment of sensitivity of forest biomass
to interannual climatic variability, which may be of particular interest in
the current climate change context. Long measurement intervals may
also increase errors in the estimation of AGB increments (AGBi), for
example by not accounting for the growth of trees that died between
remeasurements (Clark et al., 2001). Permanent plots also require long
periods of time to obtain the data at decadal time scales relevant to
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analyze changes in ecological communities of long-lived individuals like
trees and their biomass dynamics.

To overcome these limitations, other methods have been developed
to estimate similar variables in a retrospective manner such as those
based on tree rings (Babst et al., 2014a; Davis et al., 2009; Graumlich
et al., 1989; Nehrbass-Ahles et al., 2014; Xu et al., 2019), satellite ob-
servations (Boisvenue and Running, 2006; Running et al., 2004) or eddy
flux towers (Ouimette et al., 2018; Rocha et al., 2006). Despite the high
temporal precision and detailed information on C-cycle processes of
eddy flux towers and the large spatial scales of remote sensing obser-
vations, both are limited by their short temporal availability (<40
years). This limits the temporal scale and time periods of changes and
processes that can be analyzed, particularly when compared with
long-lived forest trees. Because they may only provide stand level esti-
mates, but not tree level, they are also limited in their ability to assign
C-fluxes to certain trees species, size or canopy class. Tree rings methods
in contrast, allow extending the analyses back decades or centuries with
annual precision and only require a single time of sampling. They can
also provide additional information on the sampled trees such as species,
age, past disturbances, and climatic sensitivity (Cook and Kairiukstis,
1990; Fritts, 1976). However, sampling designs commonly applied in
dendroecological studies, which focus on either old-looking trees or
dominant trees, fail to represent forest productivity because they
inherently ignore biomass accumulation at the stand level as permanent
plots do. In order to overcome these limitations, different sampling
approaches have been used to estimate AGB and AGBi as proxies for
ANPP from tree rings (Babst et al., 2014a; Davis et al., 2009; Graumlich
et al., 1989; Nehrbass-Ahles et al., 2014). These dendrochronological
methods to estimate forest productivity are based on three different
sampling strategies within a certain area or plot: (i) sampling all trees
within plots; (ii) random sampling; (iii) sampling based on a stratified
selection of trees, in some cases prioritizing larger trees (Babst et al.,
2014a; Davis et al., 2009; Graumlich et al., 1989; Nehrbass-Ahles et al.,
2014; Xu et al., 2019). These three sampling strategies require different
sampling efforts. Among them, variable-radius plots (or k-tree plots)
include a fixed number of at least 30-60 trees show a good balance
between sampling effort and accuracy compared to full-stand sampling
(Babst et al., 2014a; Nehrbass-Ahles et al., 2014). However, as opposed
to periodic inventory of permanent plots, tree-ring sampling with the
objective of reconstructing forest biomass dynamics and stand growth
may be biased through time because past tree mortality or harvest
removes trees that cannot be captured at the time of tree ring sampling
(Dye et al., 2016; Klesse et al., 2016). Thus, the effect of past mortality
on AGB and AGBi is usually uncertain and has commonly been avoided
or reduced by selecting forest stands without signs of past extensive
mortality such as logs, stumps etc. Thus, the accuracy back in time to
estimate NPP using tree-ring methods is reduced and limited by the
mortality or extraction by management operations of trees before the
time of sampling, the so-called ghost tree limitation (Swetnam et al.,
1999), though some analytical solutions have been proposed (Foster
et al., 2014; Gea-Izquierdo and Sanchez-Gonzalez, 2022). The legacies
of previous forest mortality can greatly affect the estimation of past NPP
dynamics. Management-induced effects on forest AGB and AGBi dy-
namics introduce additional complexity when comparing dendroeco-
logical and permanent plot approaches, relative to unmanaged forests
mainly driven by natural disturbances.

Despite these limitations, the use of dendroecological methods to
analyze forest productivity increased over the last decade (Babst et al.,
2014a; D’Amato et al., 2013; Foster et al., 2014; Gea-Izquierdo and
Sanchez-Gonzalez, 2022; Martin-Benito et al., 2021; Pérez-Luque et al.,
2026; Teets et al., 2022, 2018). They are often used to analyze growth at
the individual-tree level (Biondi, 1999; Foster et al., 2016) and less often
to assess forest productivity at the stand level using complete dendro-
chronological sampling (D’Amato et al., 2013; Foster et al., 2014; Teets
et al., 2018). Comparisons of past tree growth at the individual level
from tree-ring time series and repeated inventories commonly show a
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good agreement in the temporal growth trends, but a low agreement in
absolute individual growth values (Biondi, 1999; Foster et al., 2016)
because the latter are greatly affected by stand dynamics. For estimates
of stand-level AGB, previous studies suggest that tree-ring reconstructed
AGB confidently reflects actual forest AGB for a maximum of around
30-40 years in forests dominated by natural disturbances (Dye et al.,
2016) where frequent but low intensity disturbances tend to produce
slow and gradual changes in forest structure, composition and growth,
particularly in mixed-species forests compared to simpler, monospecific
stands. However, most forests are subjected to some type of manage-
ment or other human disturbances. Therefore, the question remains as
for how long tree-ring estimates can be reliable substitutes of permanent
plots to analyze biomass dynamics in forests under common manage-
ment practices.

In this study, we aimed to evaluate and compare estimates of AGB
and AGBIi (as a proxy for ANPP) derived from two different methodol-
ogies with complementary spatial and temporal capabilities: (1)
repeated inventories of permanent plots; and (2) full-sampling, tree-ring
biomass-oriented plots (hereafter referred to as dendroecological plots).
We analyzed a large network of both types of plots including 40
managed forests of four pine species along a wide environmental
gradient in the Iberian Peninsula. These forests, monitored through in-
ventory plots established in the 1960s, were managed using practices
similar to those in surrounding forests. Specifically, we assessed
whether: (1) these two methods yield significantly different estimates of
aboveground biomass (AGB) and AGB growth (AGBi) for the common
observational period (i.e. the last 70 years); (2) for how long can the
AGB and AGBi from dendroecological plots reliably represent estimates
from permanent plots. We specifically hypothesized that: (1) AGB shows
better agreement between approaches than AGBi because a larger
temporal scale of integration reduces its temporal variability; (2) recent
disturbances, either natural or management-induced, reduce the reli-
ability of stand-level dendroecological proxies as they increase the effect
of ‘ghost trees’; and (3) reliability of dendroecological estimates of forest
biomass increases with decreasing stand productivity.

2. Material and methods
2.1. Study areas

This study was conducted in a wide network composed of 40 per-
manent plots in monospecific stands of four different native pine species
(Pinus halepensis Mill., P. pinaster Ait., P. nigra J.F. Arnold, and
P. sylvestris L.) sampled across their entire distribution ranges in the
Iberian Peninsula (Fig. 1A). They also cover the wide range of forest
productivity for each pine species (Del Rio et al., 2025; Martin-Benito
et al., 2008). These permanent plots were originally set up between
1963 and 1971 on even-aged forest stands (Figure S1A). Permanent plot
areas ranged between 625 m? and 2500 m? and initial stem densities
between 176 and 10,112 trees-ha~! (Fig. 2). When permanent plots were
originally set up, trees were individually tagged and the height of 1.3 m
above ground (breast height) marked in each tree. Since the time of
establishment, they were remeasured 6-9 times with a periodicity of
5-12 years. In total, we used over 40,000 measurements from 7604
trees. The years of last inventories ranged between 2006 for P. nigra and
2015 for P. sylvestris (Table 1). In each inventory, diameter at breast
height (DBH) was always measured at the same height, and dead trees or
trees no longer present in the plot were recorded as extracted. Sepa-
rating between natural and management-induced mortality was not
possible because the cause of death was not identified in these inventory
plots. These stands were subject to management similar to that of the
surrounding forests. As is commonly observed in most forest manage-
ment practices, extracted trees where in general smaller than surviving
trees (Figure S2).

To describe mean climate conditions at each site, we used monthly
mean temperature and precipitation for the period 1960-2020 from the
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Fig. 1. Location and climate characteristics of all sampled plots for the four studied pine species. A) Map of the spatial distribution of plots. Points were jittered to
decrease overlapping. B) Mean annual temperature and total precipitation (E-OBS v31.0e for the period 1960-2020). Error bars represent the standard deviations of
mean annual variables. Note that in B some points overlap because they share the same E-OBS v31.0e grid point.
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Fig. 2. Plot characteristics through time derived from repeated inventories (color lines and symbols). Open black symbols show values for each dendroecological
plots at the time of sampling (2016, 2019 or 2020). (A) Stand density and (B) above ground biomass (AGB). Note the logarithmic scale in the y-axis of stand density
in (A).

Table 1
Characteristics of the permanent plots at the last inventory. Mean values with ranges between parentheses except for AGBi where mean + 1 SD is presented.
Species Year of first inventory Year of last inventory N plots Plot size (m?) Stem density BA AGB AGBi
(trees -ha™?) (m%ha™1) (Mg-ha™) (Mg-ha™! year™1)
P. halepensis 1965 2008-2009 8 1375 560.3 27.7 88.4 1.76 £ 0.73
(1000-2000) (295-880) (16.8-39.0) (49.8-129.1)
P. nigra 1963-1964 2006 10 1591 720.5 57.1 288.4 5.08 £ 2.72
(900-2500) (180-1248) (35.4-84.7) (165.5-404.5)
P. pinaster 1966-1967 2014-2016 10 1572 570.7 46.7 177.2 4.13 £ 2.69
(625-2500) (176-1104) (31.7-67.9) (129.5-285.4)
P. sylvestris 1963-1971 2011-2015 12 1157 999.3 51.5 225.1 5.21 +4.70
(625-2000) (360-1667) (37.5-62.0) (152.6-334.9)

BA, basal area at last inventory; AGB, aboveground biomass at last inventory; AGBi, aboveground biomass increment (for the entire period available (from 1963-1966
to 2006-2015 depending on the plot).

E-OBS v31.0e gridded data set (Cornes et al., 2018). We used monthly permanent plot location. Following species hydric and thermal re-
temperature and precipitation data from the closest grid point to each quirements and species drought tolerance, temperature in this network
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showed a strong gradient (P. sylvestris < P. nigra < P. pinaster
<P. halepensis) with precipitation showing an opposite, but less pro-
nounced gradient (P. sylvestris> P. nigra >P. pinaster > P. halepensis)
(Fig. 1B).

2.2. Field and dendrochronological methods

In 2019 and 2020, we established one k-tree circular plot (consid-
ering DBH > 5 cm) collocated inside each permanent plot with k ranging
between 35 and 48 trees per plot. Plot radius ranged between 8.4 m and
25.9 m (Table 2) which are considered sufficient to provide robust
representations of carbon accumulations (Babst et al., 2014b;
Nehrbass-Ahles et al., 2014). For each tree within these k-tree circular
plots, we measured DBH and total height and collected two cores with
increment borers (5-mm interior diameter). DBH distributions of trees
sampled for tree rings were similar to those of all trees present at the last
permanent plot inventory (Figure S1B). We used three additional den-
droecological plots developed in 2016 for P. sylvestris following similar
methods (Gea-Izquierdo and Sanchez-Gonzalez, 2022). For a subsample
of trees in each plot, we measured bark thickness with a bark probe to
develop ad hoc allometric equations to estimate bark thickness based on
measured DBH over bark (DBH,,) and DBH under bark (DBH,)
(Figure S3).

We sampled and used a total of 1642 trees from 40 dendroecological
plots of the four species (Table 2). Increment cores were mounted onto
wood boards, dried and progressively sanded until rings were visible.
Rings were visually crossdated and later measured on a LINTAB
measuring station (0.01 mm precision). Crossdating was verified with
COFECHA (Holmes, 1983). When necessary, we adjusted ring widths so
that their cumulative sum was equal or lower than the DBH under bark
(DBHyp) on the year of sampling (Bakker, 2005). For each tree, we
reconstructed DBH back in time by subtracting ring widths from DBH,.
We obtained DBHop recons Pack in time by adding estimated bark thick-
ness to DBHyp, recons- This way reconstructed annual DBH over bark was
estimated as DBHgp, recons= DBHub recons + 2-barkestimateda Where DBH,,.
b.recons 1S the reconstructed annual DBH under bark for each tree and
barKestimateq is bark thickness estimated based on allometric equations
and DBHyp recons (Figure S3B). Using bark thickness to reconstruct DBH
and basal area increments (BAI) significantly reduces potential biases
(Klesse and Bigler, 2025) such as negative growth value closer to the
pith (Bakker, 2005). Because the size of k-tree plots of variable radius
represent the minimum plot size containing k trees, they may over-
estimate stem density, basal area and above ground biomass (Kleinn and
Vilcko, 2006). Thus, we corrected the field-measured radius of each plot
by considering the distance to the a potential k + 1 tree by estimating
the average distance from the plot center to all trees and adding it to the

i=k
distance of the most distant tree as rmay = dx + Z‘;‘ d‘, where rp, is the
maximum radius of the plot, d; is the distance of tree i to the plot center
and dy is the distance of k tree to plot center (i.e. farthest tree measured
within the plot). Thus, plot area for each k-tree plot was estimated as
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Area = n-r?,,, and areas of tree-ring plots ranged between 224 m? and
2498 m? (Table 2).

2.3. Aboveground biomass estimations

We used species-specific DBH-based allometric equations (Montero
et al., 2005) to estimate total tree above ground biomass (AGB), i.e.
including all components of the plant, both woody stems and the can-
opy. We used the same allometric equations for tree-ring based and
permanent plot AGB estimates using DBH,p, either annually recon-
structed from tree rings (DBHgp recons) OF periodically measured in each
inventory. Individual AGB of all trees sampled within each plot were
summed to estimate plot-level AGB per unit area (Mg-ha™!) as AGB =

Ej AGB;- 12'220, where AGB; is the AGB for each i tree in the plot and
Area is the surface area of each plot (in m?). AGBi was used as a proxy of
aboveground annual net primary productivity (ANPP). We estimated
annual plot-level AGBi as the difference in tree-ring-based AGB between
two consecutive years. For comparison with AGBi from permanent plots,
we used the average tree-ring-based AGBi for the years between in-
ventories of each permanent plots.

Annual AGBi from permanent plots was estimated as the difference
between AGB of living trees between two consecutive inventories
divided by the time elapsed between inventories (Clark et al., 2001):
AGBi = Y1 AGBi; = Y1, A%Pu—8Gic1 ywhere AGB; is AGB of tree i at
one inventory, AGB; (_1 is AGB of tree i at the previous inventory and At
the time interval between inventories (in years), and n the total number
of trees in the plot. This approach was selected because individual trees
could not be tracked through time for some plots due to fading of
painted tags and only stand-level biomass could be analyzed (Clark
et al,, 2001). The potential bias introduced by not analyzing the
within-interval growth of all trees, including trees that died between
inventories, for long intervals is minimized because management in
these permanent plots extracted small or dead trees from most plots
(Figure S2). However, large disturbance events such as increased mor-
tality or timber extractions that affect large trees in combination with
large inventory periods may introduce important biases in AGB and
AGBi estimations from permanent plots (Clark et al., 2001).

2.4. Comparisons between inventory-based and tree-ring based estimates

Dendroecological plots were established entirely within the borders
of permanent plots, but were smaller in size and of different shape
(circular vs. rectangular) than permanent plots. To avoid scale-related
biases, for comparisons between both types of data, from each in-
ventory and permanent plot we generated 1000 random k-tree plots of
equal k number of trees as those sampled for dendroecological plots.
Because, tree location within each permanent plot was not recorded, we
estimated the simulated sampled area for every simulated k-tree plot
proportional to the density of permanent plots at the time of each in-
ventory. We then calculated AGB and AGBi for these simulated plots to

Table 2
Characteristics of the dendroecological plots. Mean values with ranges between parentheses except for AGBi where mean + 1 SD are presented.
Species Time N plots Plot size (m?) Trees sampled per plot DBH Stem density BA AGB AGBi
Span (cm) (trees -ha™1) (m%*ha™1) (Mg-ha’l) (Mg<ha’1 year’l)
P. halepensis 1877-2020 8 819 40 27.4 509.5 31.4 95.7 1.08 +£0.17
(568-1238) (35—-48) (7.9-56.6) (323.1-721.4) (17.8-42.0) (43.9-133.4)
P. nigra 1827-2020 10 839.1 41 35.4 692.0 63.3 3189 3.62 +£1.02
(286.5-2091.2) (39-43) (5.8-78.2) (191.3-1465.9) (41.3-102.4) (174.1-474.2)
P. pinaster 1905-2020 10 1083.2 41 34.9 580.7 48.4 169.7 2.15+0.78
(301.7-2498.3) (36—46) (7.3-59.1) (170.8-1358.9) (31.2-64.6) (55.2-251.3)
P. sylvestris 1852-2020 12 455.4 43 27.3 1139.0 62.0 262.7 3.09 £+ 1.42
(224.3-1098.6) (38—48) (5.7-69.8) (400.5-2050.7) (47.7-80.2) (186.2-432.3)

Time span, period of tree ring data; tree-ring width data from three P. sylvestris plots ended in 2016. BA, basal area at the time of sampling; AGB, aboveground biomass;
AGBi, aboveground biomass increment. BA and AGB at correspond to values at the time of sampling. AGBi corresponds to mean values for the last 10 years for each

dendroecological plot.
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compare with dendroecological-based estimates. We compared esti-
mates of AGB and AGBi from both types of data using several metrics.
We particularly focused on evaluating differences along different
lengths of inventory-to-sampling intervals, i.e. the time interval between
the dates of each periodic inventory of each permanent plot (between
1963 and 2016) and the time of sampling of dendroecological plots
(2016, 2019 or 2020) (Figure S4). These comparisons offer the possi-
bility to analyze how reliable dendroecological-based estimations are
compared to inventory-based estimations across common periods. First,
we used linear correlations between the estimates using dendroeco-
logical plots and the average of the 1000 simulated k-tree plots from
each inventory of each permanent plot. Second, we estimated the mean
differences between both AGB and AGBIi for each plot and species along
the full range of inventory-to-sampling intervals. Third, we used the
nonparametric Mann-Whitney-Wilcoxon test with the wilcox test func-
tion in the rstatix library in R (Kassambara, 2023) to assess whether the
distributions of dendroecological and permanent plot AGB and AGBi
estimates were identical without the assumption of normality. To
analyze whether dendroecological derived AGB and AGBi under-
estimated or overestimated those derived from repeated inventories, we
used the location parameter from the Mann-Whitney-Wilcoxon test and
their confidence intervals (i.e. the median of the differences between
both distributions). Location parameters represent shifts with respect to
permanent plots used as reference group so that positive values indicate
overestimation by dendroecological plots and negative values an un-
derestimation. We also estimated root mean squared error (RMSE) and
bias for each variable (AGB and AGBi) for different
inventory-to-sampling intervals and for all intervals combined.

3. Results
3.1. Biomass dynamics from permanent plots and dendroecological plots

Across all species, plot density declined over time, with P. sylvestris
showing the most pronounced decreases and P. halepensis the lowest
decreases (Fig. 2). In contrast, AGB increased consistently for all species,
particularly in P. nigra and P. sylvestris. As a result, over the period of
permanent plot inventory data (1963-2019), plots tended towards
lower stand density, but higher AGB as a result of higher individual tree
biomass. In some plots, reduction in stand density also lead to decreases
in AGB after management operations (e.g. thinning) or large natural
disturbance events. For example, one P. sylvestris plot sharply reduced its
density and AGB due to a snow storm in 1996 (Gea-lzquierdo and
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Sanchez-Gonzalez, 2022).

Some of our tree-ring records go back to the 1820s and records in
most plots started between 1900 and 1950 (Table 2; Figure S5). Our
analyses focused on the common period for both dendroecological and
permanent plot data (1964-2016). All species showed interannual and
inter-plot variability in AGBI, particularly P. nigra and P. sylvestris
(Fig. 3; Figure S5). Based on tree-ring reconstructed AGB (Table 2),
P. nigra and P. sylvestris showed the highest AGBi values (3.62 + 1.02
Mg-ha l.year! and 3.09 + 1.42 Mg-ha '.year ! respectively for the
last 10 years of tree-ring data available), while P. pinaster and P. hale-
pensis showed lower AGBi values (2.15 =+ 0.78 Mg-ha !-year ! and 1.08
+0.17 Mgha lyear !, respectively). At the species level, AGBi
remained rather constant after the 1970s or 1980s (Fig. 3). Results from
permanent plots showed larger mean species growth for all species for
the entire period and similar interspecies gradients in AGB increments
than those estimated using dendroecological plots: P. halepensis (1.76
+0.74 Mgha lyear™!) < P. pinaster (4.12 + 2.69 Mg-ha l.year™})
< P. nigra (5.09 + 2.72 Mg-ha lyear™!) <P. sylvestris (5.23 + 4.79
Mg-ha~l.year™!) (Table 1). These AGBi gradient from dendroecological
and permanent plots were in general inversely related to the species
drought tolerance (P. sylvestris < P. nigra < P. pinaster <P. halepensis).

3.2. Comparisons between AGB and AGBIi from permanent and
dendroecological plots

Aboveground biomass (AGB) from dendroecological plots were
strongly correlated with permanent plots estimates along the entire
range of inventory-to-sampling intervals (in all cases >10 years R* >
0.67, P < 0.001) (Fig. 4). The strength of the relationship was slightly
lower at the shortest and longest inventory-to-sampling intervals and
rather similar for intervals between 10 and 50 years (R? between 0.77
and 0.80). We note that the inventory-to-sampling interval < 10 years
also had the lowest replication (22 plot-inventories). Despite strong
agreements (slopes >0.75 for periods between 10 and 40 years), sys-
tematic differences were evident between AGB estimates derived from
dendroecological plots and those from inventories across the four pine
species (i.e. bias in estimates from dendroecological plots). In general,
results from dendroecological plots slightly overestimated AGB at short
times since inventory (positive location parameters and bias for <10
years; Table 3) and underestimated inventory-based AGB with
increasing inventory-to-sampling intervals (negative location values and
bias). These disagreements were more pronounced in the fastest growing
plots (i.e. those at the more mesic sites including the least drought-

P halepensis

o N A~ O
> T

P nigra Y

- T .

1
o N b~ OO 0

AGBi (Mg-ha 'year™)

o N O~ OO

1
o N O~ OO

1 1 1
1970 1990 2010

1
1950

= 1 1 1
1950 1970 1990 2010
Year

Fig. 3. Mean dendroecological derived above ground biomass increment (AGBi) for each plot for the four species analyzed. Color lines represent plot-level values and
thick black lines represent species means. Grey shade shows the inventory period for each species. See Fig. S3 for full AGBi time series.



D. Martin-Benito and G. Gea-Izquierdo

Forest Ecology and Management 610 (2026) 123652

<10 years 10-20 years 20-30 years
y=465+0.883x ¢ , y=18.1+0.89 x o y =5.58 +0.84 x L
400+ _, ’ . ’ o s
R? =0.23, P& 0.025 , R?=0.78, P <0.001 o ¢ R? =0.80, P <0.001 o 7
300 -
200 -
T 100F 8
©
<
o
= 0 4 1 1 1 1 4 1 1 1 1
_g 30-40 years 40-50 years >50 years
c
(0} y=38.55+0.774 x , y =6.46 +0.752 x , y=4.32+0.648 x L
O 400F ", ’ -, ’ -, s
m R?=0.77, P <0.001 , R? =0.79, P <0.001 , R? =0.67, P <0.001 ,
(D 4
< L7
300 1F L -
/
’ o]
’ o
200 1F -
100+ 1r .
0O
0 4 ] ] ] ] 1 ! ! ] 1 ! ! ]
0 100 200 300 400 O 100 200 300 400 O 100 200 300 400
AGB permanent (Mg-ha™)
O P halepensis © P nigra P. pinaster © P sylvestris

Fig. 4. Comparison between total above ground biomass (AGB) derived from permanent plots (x-axis) and from dendroecological plots (y axis) for different
inventory-to-sampling intervals. Panels compare for different periods of time between tree-ring sampling year (2016, 2019 or 2020) and inventory year for both
information sources. To make plot size comparable, AGB from inventories of permanent plots represent the mean from 1000 randomizations of all trees present at the
time considered for an equal number of trees as those sampled for dendroecological plots and tree rings. Dashed line shows the identity relationship. Thick black lines
present the linear relationships between both AGB estimates for all species within each period. Coefficients of determination (R?) and p-values shown for each period.

tolerant species) such as those of P. sylvestris (Fig. 5). In general, dif-
ferences in AGB between methodologies at the species level were < 7%-
8% (ranging between —20% and 30%) for inventory-to-sampling in-
tervals lower or equal than 30 years (Fig. 5). For these intervals below 30
years both estimates considering all species were within 30 Mg-ha! and
not significantly different (Table 3). Despite the good general agreement
in shorter inventory-to-sampling intervals, dendroecological plots may
underestimate inventory based AGB by close to 100% for inventory-to-
sampling intervals longer than 40 years (Fig. 5).

Differences between biomass increments (AGBi) estimates based on
dendroecological plots and permanent plots showed moderate agree-
ments and smaller than those for AGB, for different inventory-to-
sampling intervals between 10 and 40 years with positive correlations
(R? =0.13-0.33, all P < 0.028), particularly for the period 20-30 years
intervals (Fig. 6) which showed the lowest RMSE. The 10-20 years in-
tervals showed the lowest correlations (R?> = 0.13), in part due to some
exceptionally high estimated AGBi from permanent P. sylvestris plots.
Excluding this species from the analyses showed R* between 0.33 and

0.72 (p < 0.001, results not shown). In general, dendroecological-based
AGBi estimates were similar to those from permanent plots for AGBi
< 5Mg-ha~l.year~! but underestimated them (negative bias) for high
growth rates from permanent plots (Fig. 6; Table 3). AGBi differences
ranged between —100% and 100%, with some larger differences for
individual plots and inventory periods. Both RMSE and bias for AGBi
increased with inventory-to-sampling intervals (Table 3). Considering
the entire period of data available, dendroecologically-derived AGBi
underestimated permanent plot AGBi for all inventory-to-sampling in-
tervals except < 20 years although differences were only significant for
intervals > 30 years (Table 3). For shorter periods, the differences were
within 0.3 Mg-ha™!.year™!. There were also some differences between
species in AGBi estimates between the two data types. Less productive
plots (i.e. lower permanent plot AGBi) showed better agreement in AGBi
from both data sources (Figure S6). In general, the two species with
slower growth rates and more drought-tolerance P. halepensis and
P. pinaster showed better agreement and lower bias in contrast with the
higher variability in P. sylvestris and P. nigra.
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Comparison between dendroecological and permanent plot aboveground biomass (AGB) and aboveground biomass increments (AGBi). Results of the Mann-Whitney-
Wilcoxon test (Location, N1, N2 and p) and root mean square error (RMSE) and bias. Location parameters represents shift with respect to permanent plots used as
reference group. Positive location indicates overestimation by dendroecological plots and negative values an underestimation. N1 and N2, represent sample sizes for
tree-rings and permanent plots respectively. Significant differences are highlighted in bold.

Variable Inventory-to-sampling interval (years) Location N1 N2 p RMSE Bias
(95% CI)
AGB <10 14.67 22 22 0.211 66.7 24.3
(-17.07, 45.46)
10-20 -4.31, 43 43 0.790 40.8 -2.89
(-41.00, 31.45)
20-30 -29.14 29 29 0.272 47.3 -25.2
(-80.33-21.99)
30-40 -34.1 67 67 0.013 50.9 -33.6
(-64.32, —7.82)
40-50 -24.22 76 76 0.025 42.5 -26.0
(-47.48, —3.22)
> 50 -45.01 58 58 < 0.001 59.6 -44.2
(-70.22, —20.90)
All -26.78 295 295 < 0.001 50.5 -24.1
(-39.88, —13.79)
AGBi <10 0.15 22 22 0.825 3.46 -1.10
(-1.40, 1.00)
10-20 0.15 43 43 0.612 3.02 -0.28
(-0.51, 0.77)
20-30 -0.32 29 29 0.497 1.63 -0.29
(-1.23, 0.50)
30-40 -1.07 67 67 0.002 3.64 -1.82
(-1.83, -0.34)
40-50 -1.33 75 75 < 0.001 3.81 -2.09
(-1.96, —0.77)
> 50 -2.93 19 19 < 0.001 4.89 -3.76
(-5.34, —1.49)
All -0.83 255 255 < 0.001 3.52 -1.55
(-1.18, —0.50)

3.3. Effects of disturbances and management on biomass estimation bias

A detailed comparison for all plots revealed varying levels of
agreement between both estimates of AGBi, with some plots showing
close correspondence and others notable discrepancies (Figure S7). In
general, tree ring estimates of AGBi represented permanent plots esti-
mates better in the absence of disturbances. Larger differences between
both types of data were generally caused by large underestimations by
tree rings (see for example P. sylvestris plots in Figure S7). In general,
plots with large reductions in basal area showed larger differences in
both AGB and AGBi (Fig. 8). Basal area reductions in inventory-to-
sampling intervals between 10 and 30 years (i.e. recent disturbances
or management operations) had the larger effect on the relative differ-
ences between estimations from dendroecological plots and permanent
plots. In contrast, changes in basal area occurring either very recently
(<10 years before dendroecological sampling) or long time before
sampling (inventory-to-sampling intervals >30 years), showed lower
effect on the differences between estimates.

4. Discussion

Understanding the role of forests in the global carbon cycle requires
assessing how forests fix and store carbon and how environmental
changes or management affect those processes. Combining permanent
plots and dendroecological data have a great potential to better under-
stand the role of forest management and its interactions with climate on
terrestrial carbon sequestration. In this study, we combined both ap-
proaches on collocated plots to evaluate how each method captures
stand-level carbon stocks (AGB) and productivity (AGBi as a proxy for
ANPP). Despite certain discrepancies and temporal limitations,
dendroecologically-based reconstructions captured major trends in both
analyzed variables. Our results support their use for understanding
carbon dynamics in managed forest ecosystems and provide recom-
mendations on reliable temporal scales and limitations such as the need

to carefully account for disturbance and management history.

4.1. Complementarity in biomass estimates between dendroecological
plots and permanent plots

Combining forest permanent plots with retrospective tree-ring-based
analyses offer invaluable opportunities to understand carbon fixation at
different time scales. Permanent plots provide long-term observations of
forest growth and productivity as well as regeneration and mortality
through time at temporal scales commonly of 5 or 10 years (Clark et al.,
2001; Curtis and Marshall, 2005). In contrast, most dendroecological
approaches, which provide finer and longer temporal scales, are limited
in their ability to analyze stand level growth because the fading record
bias (‘ghost-tree’ effect) creates an artificial apparent growth decrease
back in time caused by using only the growth of live trees at the time of
sampling (Alexander et al., 2018; Bowman et al., 2013; Brienen et al.,
2017; Foster et al., 2014). Combining permanent plots and tree ring data
have a great potential to better understand the role of forest manage-
ment and its interactions with climate on terrestrial carbon sequestra-
tion. Our comparisons of permanent research plots and collocated
dendroecological plots on the same forest stands allowed to assess the
reliability of tree-ring based reconstructions of ANPP in managed for-
ests. Similar sizes of dendroecological and permanent plots (600-2500
m? in both approaches) reduced the potential selection bias of having
just one dendroecological plot compared to a large inventory plot.
Dendroecological-based reconstructions of stand-level AGB and AGBi
provide a robust basis for analyzing the influence of climate and other
environmental drivers compared to estimates derived from individual
trees or standardized tree-ring indices (Nehrbass-Ahles et al., 2014) to
be used, for example, in combination with process-based vegetation
models  (Gea-lzquierdo  and  Sanchez-Gonzalez, 2022) or
eddy-covariance based studies (Babst et al., 2014a; Ohtsuka et al.,
2009). Stand-level reconstructions quantify growth in absolute units per
unit area which are direct integrative proxies of carbon fixation such as
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ANPP, but require either sampling of all trees or a randomized selection
of trees within certain area (plot). Nevertheless, for larger forest stands,
establishing sets of clustered dendroecological plots per stand may
reduce the uncertainty with respect to estimations from single plots
(Babst et al., 2014a; Dye et al., 2016; Foster et al., 2014; Martin-Benito
et al., 2022) due to single plot idiosyncrasies and spatial heterogeneity
of biomass in a forest landscape (Alexander et al., 2018).

4.2. Biases on biomass and biomass increment estimates from
dendroecological plots

In general, the dendroecological approach underestimated AGB and
more significantly AGBi compared to permanent plots, similar to pre-
vious studies of different types of forests, even in the absence of man-
agement interventions (Dye et al., 2016). We attribute the higher
similarity between AGB estimates of both approaches to the fact that the
studied stands were even-aged and their development resembles that of
forest regrowth after harvest which limits the long-term effects of the
fading-record bias. Estimating biomass increments is usually more
challenging because it involves differencing consecutive AGB estimates
which results in compounding underlying uncertainties. AGB estima-
tions based on permanent plots are generally less biased by long mea-
surement intervals than AGBi because measurement errors or errors in
the corrections for mortality or recruitment compound over time (Clark

etal., 2001). Analyses of forest productivity from permanent plot data is
also prone to bias particularly when long measurement intervals are
used (up to 12 years in our study) and there is significant mortality of
large trees (Clark et al., 2001). Because AGBi was estimated based on
living trees at the stand level only (i.e. not tracking individual trees)
within-interval growth of trees that died between inventories is un-
known, which may have resulted in underestimations of AGBi in our
permanent plots (Clark et al., 2001). However, that bias was probably
minor because most extracted trees were small and it would go in the
same direction (underestimation) as the potential bias in dendroeco-
logical AGBi produced by the ghost-tree effect (i.e. trees that died before
they could be sampled) which may have increased the similarity of re-
sults between both methodological approaches. Despite the differences
observed in absolute AGBi magnitudes, the high correlations between
estimates from both approaches evidence the high similarity in their
variability both for AGB and AGBIi. Our results thus further support that,
in most cases, tree-rings can reliably be used to explore ANPP variability
when they are integrated at the plot level and converted to biomass units
(Alexander et al., 2018; Babst et al., 2014a; Gea-lIzquierdo and
Sanchez-Gonzalez, 2022; Martin-Benito et al., 2021; McKenzie et al.,
2021; Pérez-Luque et al., 2026) to, for example, analyze effects of
climate on forest productivity.

Dendroecological studies are also subject to several types of biases
(Brienen et al., 2012), although some can be reduced with appropriate
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sampling protocols (Nehrbass-Ahles et al., 2014). By sampling trees
across all diameter classes, including smaller diameters than commonly
used in dendrochronological studies, our sampling avoided the “big-tree
selection bias” (Brienen et al., 2012), which arises from sampling only
large diameter trees which would preferentially select fast growing trees
of the younger cohorts. Some biases common to dendroecological
studies may be lower in managed forests than in forests subjected to
natural disturbances. The “slow-grower survivor bias”, caused by
different growth rates among individual trees with slower growth in

older trees that are more likely to reach higher longevities (Bowman
et al., 2013; Brienen et al., 2010), is probably lower in managed forests
because tree growth tends to be more similar among individuals and
fewer trees are suppressed or slow growing. In fact, dendroecological
sampling in managed forests likely results in the opposite bias because
slow-growing trees (small trees in even-aged stands) are more likely to
be removed by intermediate treatments such as thinning from below
during the development of the stand (Del Rio et al., 2017), as observed in
our permanent plots (Figure S3). This “fast-grower survivor bias” may



D. Martin-Benito and G. Gea-Izquierdo Forest Ecology and Management 610 (2026) 123652

P, halepensis P, nigra
150 ] A o _
N=48 8 N=70
100 A
100 .

=

)

c

g -100f .

o}

o

in] -200 - 4

O]

<<

o -300¢ ! ! ° ! L

5 0 10 20 30 40 50

C

3 P, pinaster P, sylvestris

1) o o

Q 3001 N=52 | 1000F N=85 -

X o

Sé’ 200 1 sooft .

°
g o
=

100 1 e
O—W

0
(=]
0 3 —gﬁ ~
| "
o i é 8 © -500 1
¥ o)
& 1 1 1 %I £| i 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50

Inventory-to-sampling interval (years)

Fig. 7. Difference between above ground biomass increments (AGBi) derived from permanent plots and from dendroecological plots (in %). Thick color lines present
species means whereas grey shaded areas representing mean =+ standard deviation. AGB increments from inventories represents the mean from 1000 randomizations
of all trees present at the time considered for an equal number of trees as those sampled for tree rings. Note different scales in each panel for clarity.

>
w

160 - 1200

140 © R? = 0.34, p < 0.001
120

1000 1 R?=0.1, p=0.035

8001 R?=0.36, p < 0.001

1001
600

400 -

200

-200

-400 1 R? =0.05, p < 0.001

-600

Difference % (AGB dendro-AGB permanent)
Difference % (AGBi dendro-AGBi permanent)

804 © -800{ ©

0 25 50 75 100 0 25 50 75 100
BA removed (%) BA removed (%)

© <10years © 20-30years © 40-50years
Inventory-to-sampling interval
© 10-20years @ 30-40years © >50years

Fig. 8. Effect of reductions of basal area (BA) on the differences in (A) AGB and (B) AGBi using permanent plots and dendroecological plots during the study period.
BA removed (%) represents the relative difference in basal area in each plot between two consecutive inventories. Only significant linear regression lines (p < 0.05)
are shown. Black lines represent correlation for all plots and inventory-to-sampling intervals. Color lines represent correlations for different inventory-to-sampling
intervals classes: A) 10-20 years for AGB; B) 10-20 years and 20-30 years for AGBi.

10



D. Martin-Benito and G. Gea-Izquierdo

have contributed to reduce the differences in AGB and AGBi between
approaches in our study. They may have also partly compensated for the
fading record because dead “ghost trees” were most likely suppressed,
slow growing trees and their contribution to AGB and AGBi would have
been low (Lutz et al., 2018; Stephenson et al., 2014).

4.3. Effects of forest management and disturbances on biomass
reconstructions

Although, most forests worldwide experience some type of man-
agement, many studies comparing permanent and dendroecological
plots to reconstruct stand-level biomass as a proxy for ANPP focused on
unmanaged forests (but see Gea-Izquierdo and Sanchez-Gonzalez, 2022;
Klesse et al., 2016) where dynamics are dominated by natural distur-
bances (Dye et al., 2016). In managed forests, logging operations with
varying frequency and intensity present an increased challenge for the
dendroecological reconstruction of forest productivity (Babst et al.,
2014a). Despite these potential difficulties, our results showed that AGB
and AGBi estimates from permanent and dendroecological plots in
managed pine forests were rather similar for up to 30 years (Table 3).
However, despite the high correlation between AGB estimated using
both approaches (R%>0.79 for up to 50 years) (Fig. 4), there was an
important increase in bias beyond 30 or 40 years (Fig. 5). Our estimates
of the temporal representativeness of the use of tree ring-based plots are
comparable to those observed in other monospecific pine forests (Klesse
et al., 2016), but lower than diverse and more complex temperate mixed
forests subject to natural disturbances (Dye et al., 2016).

Unaccounted mortality is one of the largest sources of uncertainty of
total biomass estimates using dendroecological approaches (Alexander
et al., 2018; Foster et al., 2014; Gea-Izquierdo and Sanchez-Gonzalez,
2022). Thinning interventions or extreme mortality events several de-
cades before dendroecological sampling can reduce the ability of tree
rings to capture changes in AGB or ANPP (Alexander et al., 2018; Babst
et al., 2014a). Among our study plots, those which experienced lower
changes in stem density or AGB losses (Fig. 2), such as those of
P. halepensis or P. nigra (Fig. 2), showed better agreements than those
where stem density was more strongly reduced during the period
analyzed such as P. sylvestris plots (Fig. 2 and Figure S4). Larger changes
in basal area in the two or three decades before dendroecological sam-
pling (i.e. inventory-to-sampling intervals <30 years) in our managed
forests resulted in larger differences between estimations of AGB or
AGBi probably as a result of increased fading record bias. This may
partly explain the larger differences observed in our study compared to
previous studies of forests subject to natural disturbances (Dye et al.,
2016) where stand level AGB and AGB may remain more stable and
more similar for longer periods of time. Selecting sites without signs of
recent disturbances or management may significantly reduce the
mismatch between estimate using both approaches (Graumlich et al.,
1989). Even in the absence of visible signs of recent tree mortality,
carefully assessing potential disturbance from tree rings during the
period of interest may be advisable for analyzing AGB dynamics. AGB
and AGBI from sites where tree-ring series show large, abrupt growth
increases that may indicate growth releases of surviving trees after
mortality events (natural or human-induced) (Lorimer, 1985) may
induce larger biases and not reliably represent past forest productivity.

4.4. Reliability in dendroecological biomass estimates improves with
decreasing forest productivity

Disagreements between biomass increments using the two different
methodologies were larger for the most productive sites and the least
drought-tolerant species (Fig. 6) as previously reported for forests under
natural disturbance regimes (Dye et al., 2016). The larger un-
derestimations by dendroecological plots compared to permanent plots
were observed at productive sites or during periods of faster growth
(Fig. 6). ANPP of productive sites may be harder to capture in
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dendroecological plots than in permanent plots because management
interventions, such as thinning, may increase individual tree growth at
productive sites more than at less productive sites, but also reduce
stand-level biomass more (Del Rio et al., 2017; Pretzsch, 2020) partic-
ularly if larger trees are harvested. Because forest management aims to
increase stand growth and concentrate it on fewer, larger trees by
removing small, slow growing or less healthy trees and because large
trees represent a disproportionate share of biomass and growth
compared to their number (Lutz et al., 2018; Stephenson et al., 2014),
the loss of any of these larger trees in managed forests may have large
consequences in terms of biomass and biomass accumulation. Such loss
of biomass may not be accurately captured by tree rings several decades
afterwards or may do so with certain delays (Figure S7), increasing the
fading record bias if the trees were lost in the recent decades. Addi-
tionally, interventions in managed forests such as thinning and har-
vesting may be more frequent and more intense in more productive sites.
Thus, the structure and biomass at the less productive sites may remain
more stable over time reducing the differences between both approaches
to estimate AGB and AGBi. They are also more frequent than natural
disturbances and introduce non-natural changes in structure. These
changes further complicate the estimations of AGB and AGBi in per-
manent plots when these interventions occur within long remeasure-
ment periods or soon after one of the remeasurement events (Clark et al.,
2001). In unmanaged sites, tree-ring based biomass and productivity
estimations may also be more accurate at low productivity sites because
they may experience lower mortality, either natural or by management
(Bigler and Veblen, 2009). Thus, in unmanaged forests, where distur-
bance history is mostly endogenous and gradual, estimates of AGB and
AGBi from both dendroecological and inventory plots may better reflect
true biomass changes and for longer periods of time.

5. Conclusions

Our study showed that dendroecological approaches can accurately
reproduce patterns in absolute aboveground biomass (AGB) and vari-
ability patterns of aboveground biomass increments (AGBi) over periods
of up to three decades in managed forests, particularly in the absence of
major disturbances. Thus, our results support the use of dendroecolog-
ically derived AGB and AGBi to capture interannual and decadal dy-
namics of forest productivity even in stands where management
interventions may potentially bias long-term reconstructions. Our re-
sults suggest potential biases that may arise when using dendroeco-
logical estimates, including an overall underestimation of biomass
growth. However, we show that these biases are lower in slow growing,
single-species forests with low productivity, particularly in stands not
affected by recent disturbances or management operations at least for
20-30 years prior to sampling. Even in the absence of external signs of
recent tree mortality, caution should be practiced when analyzing AGB
dynamics for sites where tree ring series show large, sudden growth
increases suggesting growth releases of surviving trees after some nat-
ural or human-induced mortality event. Integrating permanent in-
ventory plots with tree-ring data improves our ability to monitor carbon
dynamics in forests by combining the annual resolution and climate
sensitivity of dendroecological approaches with the robust and long-
term information derived from repeated inventories. The use of den-
droecological plots may contribute to reduce some of the temporal
limitations of permanent research plots and their labor intensity and
enable generating more reliable stand-level reconstructions including
inter-annual variability in carbon dynamics under climate change. Our
study shows potential to enlarge the limited spatial distribution of in-
ventory plots with dendroecological plots to assess biomass dynamics in
forests.
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