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Abstract
& Key message Conventional methods for estimating the current annual increment of stand volume are based on the
uncertain assumption that height increment decreases with tree age. Conversely, size, rather than age, should be
accounted for the observed senescence-related declines in relative growth rate and, consequently, implemented in silvi-
cultural manuals. Results stem from a study on Abies alba Mill. at its southern limit of distribution.
& Context Many factors limit height increment when age and size increase in large-statured tree species. Height–diameter
allometric relationships are commonly used measures of tree growth.
& Aims In this study, we tested if tree age was the main factor affecting the reduction in height increment of silver fir trees (Abies
albaMill.), verifying also whether tree size had a significant role in ecophysiological-biomechanical limitations to tree growth.
& Methods The study was carried out in a silver fir forest located in Southern Italy, at the southernmost distribution limit for this
species. Through a stratified random sampling, 100 trees were selected. All the selected trees were then felled and the total tree
height, height increments (internode distances), diameter at breast height, and diameter increments (ring widths) were measured.
& Results The analyses of allometric models and scaling coefficients showed that the correlation between tree age and height
increment was not always significant.
& Conclusion We may conclude that tree age did not statistically explain the decrease in height increment in older trees. Instead,
the increase in tree size and related physiological processes (expressed as product between diameter at breast height and tree
height) explained the reduction in height increment in older trees and was the main factor limiting height growth trends in
marginal population of silver fir.
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1 Introduction

The observation that for most tree species mass growth rate of
individual trees increases continuously with tree size has trig-
gered new interest in the ecology of old and tall organisms

(Stephenson et al. 2014). Indeed, this outcome implies that
accumulation of carbon would continue as trees increase in
size and age rather than decrease as trees mature.
Nevertheless, evidence exists that size accounts for the ob-
served age-related declines in relative height growth and net
assimilation rates (Mencuccini et al. 2005). Discrepancies
may also derive from the mechanics of curve fitting, linear
vs. nonlinear models of tree growth (Paine et al. 2012). The
growth of trees continues for years by continuously increasing
both diameter and height, though it is unclear whether mature
trees have static linear diameter–height trajectories or curved
trajectories in relation to neighbor effects (Henry and Aarssen
1999). In addition, the allometric relationship between stem
diameter at breast height and tree height does not always rep-
resent stem-mass growth patterns (Sillett et al. 2010).

Many studies have focused on the mechanisms regulating
the maximum height that trees are able to reach (e.g., Koch
et al. 2004; Meng et al. 2006; Ryan et al. 2006; Givnish et al.
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2014; Larjavaara 2014; Socha et al. 2017; Jiang et al. 2018).
These mechanisms involve both biomechanical and physio-
logical challenges (Larjavaara 2014). Decreasing capacity to
produce photosynthates in old trees (Bond 2000; Kenzo et al.
2006), as well as mechanical constraints (Meng et al. 2006;
Feldpausch et al. 2011), have been observed. Leaves located
in the upper part of the crown of tall trees have shown a
reduction in photosynthetic efficiency (Murty et al. 1996;
Koch et al. 2004; Ryan et al. 2006; Givnish et al. 2014). The
hydrostatic component of the water potential drops from soil
to leaves may decrease gas exchange and carbon assimilation
(Woodruff et al. 2004; Koch et al. 2004; Ambrose et al. 2010),
which can be partially compensated by adjustments in leaf
area to sapwood area ratio (McDowell et al. 2002). Yet, this
hydraulic connection does not always hold true (Barnard and
Ryan 2003; Ryan et al. 2004) and a potential role of tree age
on height growth, nutrient availability, and carbonmetabolism
has been envisaged (Day et al. 2001; Mencuccini et al. 2005;
Bond et al. 2007).

Although the precise signals that limit height increment are
still a topic of debate, it is clear that maximum tree height is an
important feature in scaling of forest quantities and a major
indicator for understanding stand biomass and resource use
(Kempes et al. 2011). Allometric relationships may be used
to interpret physiological traits relevant to forest dynamics and
structure, which have been often found to be correlated with
tree size following approximate power laws (Niklas and Spatz
2004). Intrinsic properties of the vascular system and genetic
factors, as well as climate and competition factors, contribute
to the final height and shape of a tree species (Jensen and
Zwieniecki 2013). Although the overall efficiency of the water
transport system may have a primary role in determining the
maximum height of individual trees (Mencuccini 2003;
Anfodillo et al. 2006; Du et al. 2008; Magnani et al. 2002),
the efficiency of the water transport trough the xylem in rela-
tion to the tree dimension has been questioned (Becker et al.
2000a; Ryan et al. 2006; Netting 2009).

Tallest trees are often the oldest ones and, then, the lower
assimilation rates can be linked to tree age (Yoder et al. 1994;
Gower et al. 1996; Bond 2000; Day et al. 2001; Day et al.
2002; Binkley et al. 2002). However, there is no clear evi-
dence of a degeneration in the meristematic tissues over time
(Wareing and Seth 1967; Woolhouse 1972; Lanner and
Connor 2001; Onate and Mussè-Bosch 2008). Indeed, meri-
stems of branches cut from mature trees are able to normally
resume the longitudinal growth if grafted into young plants
(Mencuccini et al. 2005; Bond et al. 2007; Mencuccini et al.
2007; Petit et al. 2008). In addition, the decline in tree growth
with age can be reversible whenmature trees are released from
competition by thinning (Martínez-Vilalta et al. 2007). Again,
deviation from the optimal temperature (e.g., seasonal temper-
ature oscillation) may reduce tree height increment
(Larjavaara and Muller-Landau 2012, 2013). Allometric

scaling rules and mechanisms are fundamental not only to
explain patterns in tree growth but also to manage stand pro-
ductivity and carbon storage in forests (e.g., setting the rota-
tion age based on the decline in annual production of wood
after canopy closure).

The debate on factors causing the reduction of height in-
crement as trees age has practical consequences, being related
to tree allometry and forest mensuration. Methods usually
applied for estimating the current increase in volume of forest
stands consider tree height and stem diameter increments
(Assmann 1970; Avery and Burkhart 2002; Husch et al.
2003; van Laar and Akca 2008). Indeed, tree stems show
increments of wood as a series of overlapping cones derived
from annual radial increments and apical elongations (Sumida
et al. 2013). Temporal trends in the diametric and hypsometric
tree growth differ among tree species or forest stands (Sumida
et al. 1997). In fact, while the radial growth never stops
throughout the tree lifetime, the tree height may only reach a
maximum, typical of each tree species (Woolhouse 1972;
Ryan and Yoder 1997; Midgley 2003; Koch et al. 2004;
Niklas and Spatz 2004; Niklas 2007). However, starting from
a specific age or size, the height increment usually decelerates
and eventually culminates (Weiner and Thomas 2001; Zens
and Webb 2002; Larjavaara 2014), but stem elongation may
also stop when tree crown reaches a certain position within the
vertical canopy profile (Becker et al. 2000a).

In forest management, this simplification can be mislead-
ing and may lead to even significant errors in the evaluation of
forest stand productivity (in terms of volume or biomass),
since many methods applied in Central and Southern Europe
for estimating the current annual increment (CAI) are all based
on the assumption that height increment decreases with tree
age. Based on the simplification proposed by Schneider in
1853 (see Prodan and Holzmesslehre 1965), the estimate of
the percentage current annual increment (PCAI) is calculated
from the ratio between the K coefficient (Schneider’s coeffi-
cient) and the number of tree rings included in the outer cen-
timeter of the core sampled at the stem breast height, multi-
plied by the diameter at breast height. According to this meth-
od, tree age is the main factor influencing the relationship
between height increment (Δh) and tree height (h), but also
between radial growth (Δd) and stem diameter at breast height
(dbh). From this method originates the so-called chronological
criterion according to which the Schneider’s coefficient K is
related to tree age and equals 400 for old trees (i.e.,Δh/h = 0),
600 for mature trees (i.e.,Δh/h =Δd/dbh) and 800 for young
trees (i.e., Δh/h = 2 · Δd/dbh).

The main objectives of this study were (i) to test if tree age
is the main factor affecting the reduction in height increment
and (ii) to verify if tree size has a significant role in declining
height increment as tree matures. Resultant aims were to (iii)
provide an allometric framework for the revision of current
methods to evaluate forest stand productivity, which is
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assumed to decline with tree age and (iv) to reconsider the use
of Schneider’s coefficient K, assigning values in relation to
tree size rather than to tree age.Measurements were conducted
on silver fir (Abies alba Mill.) at its southernmost geographi-
cal limit (Calabria, Southern Italy). These marginal popula-
tions at the East-West Mediterranean Sea divide provide a
test-bed for understanding the pattern of growth in silver fir
trees and their resilience (Antonucci et al. 2018), in response
to increasing wind loading and drought stress, and related
hydraulic and mechanical restraints, as a consequence of cli-
mate change.

2 Materials and methods

2.1 Study area and field survey

The study area is located in Calabria, Southern Apennines,
Italy, on the watershed divide between Tyrrhenian and
Ionian seas, separating the wind and thermally driven circula-
tion of eastern and western Mediterranean Sea. The investi-
gated stand refers to the BArchiforo^ forest (38° 32′ 24′′ N;
16° 18′ 24″ E), a silver fir (Abies albaMill.) even-aged forest
of approximately 120 years extending approximately 800 ha
and located at an altitude of about 1150 m a.s.l. Climate is
temperate. According to the USDA soils taxonomy (USDA
1999), soils (fertile loamy) belong to the Great Group of
Dystrudepts. The site morphology is mainly flat.

Field surveys were carried out in three plots, each extend-
ing 0.2 ha, representative of the overall structure of the studied
forest stand. The diameter at breast height (dbh) of all trees
with dbh > 12.5 cmwas measured. In 2015, 100 silver fir trees
were selected through a stratified random sampling, in relation
to the frequency of the dbh classes to the 0.2 ha plot-level. The
sample size was determined examined the trees height vari-
ability, with the following formula:

n ¼ CV
Err%

∙t
� �2

ð1Þ

where n is the number of trees sample, CV is the coefficient of
variation of tree height when cut, Err% is the acceptable sam-
pling error (4%), and t (Fisher’s exact test) equals 2 (95%
confidence). According to this, the statistical sample size
was 100.

Furthermore, increment cores at breast height were collect-
ed from each sampled tree, using a Pressler borer, and all
sample trees have about the same age, ranging from 115 to
125 years.

All the selected trees were then felled and the total tree
height (h) and height increments (Δh) were measured.
Values of height increments were obtained by measuring the
stem internodes distance, starting from the tree top. Height

increment corresponds to the length of the last apical growth
at the end of the vegetative season. Considering that silver fir
is characterized by a monopodial growth, the annual height
increments were easily measurable. Table 1 summarizes the
main descriptive statistics of the measured attributes, all re-
vealing a normal distribution of data.

2.2 Analyses and data processing

Tree-ring widths were measured with a resolution of 0.01 mm
using the LINTAB measurement equipment (Frank Rinn,
Heidelberg, Germany) fitted with a Leica MS5 stereoscope
(Leica Microsystems, Germany); tree ring widths were
cross-dated following standard procedures and statistically
verified with the TSAP software package (Fritts 1976).

Subsequently, for each tree, starting from the current dbh
and height measured in the field, the dbh and height of previ-
ous years were calculated. For all sample trees, it was thus
possible to obtain the diameter and height for each previous
year of its growth.

Values of Δd and dbh, and of Δh and h, measured on
sample trees, were used for establishing the relationships be-
tween Δd and dbh, and between Δh and h. In these relation-
ships,Δdwas calculated as 2·r10/10 where r10 is the increment
of the radius occurred in the last 10 years and dbh is the
diameter at the final age; Δh was calculated as Δh = l10/10,
where l10 is the stem length corresponding to the height incre-
ment in the last 10 years and h is the height at the final age.
This procedure was used only for relationships between Δd
and dbh, and betweenΔh and h. The aim was to evaluate the
relationship between dbh or h of the sample trees in 2015 and
mean dbh or h increment in the last 10 years.

The height–diameter relationship (i.e., the hypsometric
curve) was also derived at different tree ages, on the basis of
the 100 sample trees. In general, tree height can be explained by
variables such as diameter, soil fertility, stand density, and age of
trees (Clutter et al. 1983; Parresol 1999; Pommerening 2002).
Height–diameter relationships with a combination of these var-
iables have been included in several modeling approaches of
tree growth (Curtis 1967; Bennett and Clutter 1968; Clutter
et al. 1983; Corona et al. 2002; Marziliano et al. 2013).

Considering that our experimental plots were located in the
same study area, with limited variations in soil and microcli-
mate, the site index was excluded from the equation. Yet, the
stand density (number of trees per hectare) did not vary be-
tween plots and, consequently, was also excluded from the
equation. Therefore, a model that allows for computing tree
height as a function of age and dbh was applied:

h ¼ f Age; dbhð Þ ð2Þ

where h = total tree height; Age = tree age; dbh = tree diameter
at breast height.
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The analysis was carried out by comparing different trans-
formations and combinations of the equation variables, suit-
able to express the relationship between tree height and age
and dbh. The process involved a regression analysis with a
stepwise procedure (in each step, a variable is considered for
addition to or subtraction from the set of explanatory variables
based onF tests).We evaluated fit of the final model using and
analyzing the value of root mean square error (RMSE) and the
R2 value. In addition, residual plots were used to assess ho-
mogeneity of variance and normality of residuals and the
Shapiro-Wilk test to verify the normality of error distribution.

For each sample tree, we calculated the time-trajectory re-
lationship between tree age (Age) and height increment (Δh).
For each Age-Δh relationship, we quantified the share of var-
iance for Δh explained by the variable Age with respect to
total variance through R2. Finally, considering the whole sam-
ple (100 trees), we used a linear mixed-effect model to test the
effects of Age and Size onΔh, evaluating the significance of
the estimated coefficients. In this analysis, tree size was
expressed as the product between dbh (cm) and h (m) (dbh ∙
h). Therefore, age (Age) and size (dbh ∙ h) and their interaction
term (Age ∙(dbh ∙ h)) were employed as fixed-effect explana-
tory variables in the model. The tree ID was incorporated as a
random effect to account for the nesting of correlated annual
observations within a tree. For the linear mixed-effect model
analysis, the nlme package for the R programming language
(R Core Team 2016) was used. We evaluated and compared
the following two models:

Δh ¼ β0 þ β1∙Ageþ β2∙ dbh∙hð Þ
þ tree ID as random effectð Þ ð3Þ

Δh ¼ β0 þ β1∙Ageþ β2∙ dbh∙hð Þ þ β3∙Age∙ dbh∙hð Þ
þ tree ID as random effectð Þ ð4Þ

In order to evaluate and then compare annual tree
growth increments at different ages, we also used the rel-
ative growth rate (RGR), as it provides a measure of tree
growth relative to initial size between any two intervals.
The analysis of RGR provides indication if inherent dif-
ferences in growth potential are associated to tree ages, or
if the differences in absolute growth derive from effects

associated with differences in tree size (Mencuccini et al.
2007). Mean RGR was calculated using the following
equation (Mencuccini et al. 2007):

RGR ¼ ln h2ð Þ−ln h1ð Þ
t2−t1

ð5Þ

where h2 and h1 are the measured heights at times t2 and
t1, respectively, and RGR is the relative growth rate. The
time interval for calculating RGR was 1 year.

As reported in Mencuccini et al. (2007), although RGR
systematically changed through time, decreasing as the initial
tree height increased, such a decline did not invalidate the use
of RGR in assessing tree growth performance and efficiency;
trees of the same population growing in similar environmental
conditions often show similar growth patterns, with curves
forming almost parallel lines, but with different absolute
RGR values (Pommerening and Muszta 2015).

The effect of age on RGR was assessed with covariance
analysis (ANCOVA), using the initial tree height (h) between
any two intervals as covariate, to account for the negative
effect of increasing size on RGR.

3 Results

The studied stand was characterized by a tree density of
245 individuals per hectare, without significant differ-
ences between plots, in terms of number of trees per hect-
are, and tree dbh and height. Figure 1 shows the trees
distribution among dbh classes in the stand and the sam-
ple trees distribution among diameter and height classes.
The tree distribution had the typical bell-shaped pattern,
with a quadratic mean dbh (qmd) of 59 cm; the tree height
corresponding to qmd was about 30 m, while the living
volume was 1032 m3 ha−1.

For the relationship between Δd and dbh, for all sample
trees, the quadratic function proved to be the most suitable (in
terms of higher value of R2 and in terms of lower value of
S.E.E.) (Fig. 2):

Δd ¼ 0:0838þ 0:0047∙dbhþ 0:00002 dbh2 ð6Þ
where R2 = 0.78 and S.E.E. = 0.064 cm year−1.

Table 1 Descriptive statistics of
the attributes measured on the
sampled trees

Attribute Mean Min Max SD Skewness Kurtosis

dbh (cm) 53.0 15.0 94.0 18.48 − 0.20 − 0.65
Current annual increment of dbh (cm year−1) 0.39 0.13 0.63 0.13 0.06 − 0.39
Height (m) 29.3 16.1 44.2 5.85 − 0.05 − 0.40
Current annual increment of height (cm year−1) 0.20 0.04 0.39 0.07 0.26 − 0.19

SD standard deviation
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In the examined stand, dbh increment raised as tree
dbh increased (Fig. 2). In detail, Δd ranged from 0.14
to 0.21 cm year−1 for the smallest dbh class (15–20 cm)
and from 0.56 to 0.63 cm year−1 for the largest one
(85–90–95 cm).

For the relationship between Δh and h, among various
functional approaches, the linear form proved to be the most
suitable (in terms of higher value of R2 and in terms of lower
value of S.E.E.) (Fig. 3):

Δh ¼ 0:485−0:010 h ð7Þ
with R2 = 0.60 and S.E.E. = 0.048 cm year−1.

In this case, height increment decreased as tree height in-
creased (Fig. 3). Yet, the measured Δh ranged from 0.27 to
0.39 m year−1 for the smallest height category (15–17.5 m)
and from 0.05 to 0.08 m year−1 for the largest one (42.5–
45 m).

Furthermore, considering the hypsometric curve at differ-
ent tree ages, starting from the Eq. 2, the variables were com-
bined in the following model:

ln hð Þ ¼ 3:818

þ 1:722∙
1

Age
−0:335∙

1

dbh
−975:461∙

1

dbh∙Age
ð8Þ

Fit statistics were good. Root mean square error (RMSE)
was 0.1488 and R2 was 0.54.

Figure 4a provides the height–diameter correlation (i.e., the
hypsometric curve) at different tree ages. The analysis covered
a time lapse of 100 years: from tree age of 20 to 120 years. As
expected, the hypsometric curve appeared steeper during the
first decades of their lifetime, than the other curves (tree age
from 80 to 120 years). Residual plot (deviations vs. predic-
tions) displayed a uniform distribution (Fig. 4b), allowing for
the model to be validated (homogeneity of variance and

Fig. 2 Measured and estimated
current annual increment of dbh
values (Δd) in relation to the
measured dbh. The age of trees
was approximately 120 years

Fig. 1 Tree distribution among diameter classes in the study site and tree distribution among diameter and height classes in the sample trees
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normality of residuals). Besides, the Shapiro-Wilk normality
test (W = 0.9263; p = 0.087) confirmed the absence of devia-
tion from normality.

Figure 5 shows the scatterplot and the regression lines of
the Age-Δh relationship for some sample trees, all with age of
about 120 years. In general, the linear regressions of these
relationships showed very low R2, with the slope of regression
lines almost never significant. More specifically, results re-
vealed that only 6% of regression lines were statistically sig-
nificant (p < 0.05) and with highR2 (Fig. 6). In addition, for all
sample trees, the sign of the slopes was always negative.

Table 2 shows the results of the linear mixed-effect model
for examine the possible influence of the fixed effects Age,
Size, and their interaction) on height increment (Δh). In both
models (Eqs. 3 and 4), the tree size (dbh ∙ h) was a significant
predictor (p < 0.001) and was negatively related to height in-
crement, while the tree age (p = 0.1022 in Eq. 3 and p =
0.0902 in Eq. 4) and the interaction term (p = 0.0892 in Eq.
4) were not significant predictors to Δh.

RGR for height decreased with increasing initial tree size
(Fig. 7). However, in order to verify the age effects, we exam-
ined RGR for height referred to each age class. Therefore, we
analyzed if differences in RGR across age classes (but at con-
stant size) were indicative of an age-related trend. Figure 7
shows RGR values for tree height of three age classes against
initial height and initial dbh. For each value of the initial tree
height or initial dbh, and for each age class, RGR indicates the
mean value of RGR of all trees with the same initial height
(Fig. 7a) or the same initial dbh (Fig. 7a). Being equal the
initial tree height or initial dbh, RGR for height values were
independent of tree age. This was confirmed by the
ANCOVA. Although significant differences were seen for dif-
ferent heights (F1;81 = 469.328; p = < 0.001) and for different
diameters (F1;285 = 376.867; p = < 0.001), age class did not
significantly affect yearly RGR, being the differences across
age classes not significant with initial tree height (F2;81 =
1.103; p = 0.337) and initial dbh (F2;285 = 0.174; p = 0.841).
However, RGR for tree height values diverged slightly from

Fig. 3 Measured and estimated
current annual increment of tree
height (Δh) in relation to the
measured height. The age of trees
was approximately 120 years

Fig. 4 Tree height-diameter curves observed at different mean stand agewith an interval of 20 years, from 20 to 120-year-old trees (a) and residuals from
height estimation (Eq. 7) (b)
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this rule when trees were of small size. Therefore, younger
trees had higher RGR for height values.

4 Discussion

Although limited to silver fir growing at its southernmost dis-
tribution limit, we showed that an appropriate choice of allo-
metric models and scaling coefficients allows the resolution of

uncertainties found in silvicultural manuals about the variation
in the relationship between tree height and stem diameter as
tree age and size increase. For example, Corona et al. (2009)
applied the simplification proposed by Schneider for the as-
sessment of growing stock volume, following the convention-
al technique referred to as forest inventory by compartments.
Indeed, methods used to assess CAI may exceed the chrono-
logical criterion, often adopted in the Alpine and
Mediterranean environments, being based on the negative

Fig. 5 Relationship between current annual increment of tree height (Δh) and tree age for selected trees. Data were fitted separately with linear functions.
Id number is the tree sampled, r2 is the determination coefficient of regression, F and p value indicate the significance of regression

Fig. 6 Determination coefficients
representing the relationship
between height increment and
tree age obtained for each
sampled tree. Columns colored in
blue identify trees with
statistically significant regression
lines
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correlation between height increment and tree age. Size-
mediated (and not age-dependent) functional processes were
the major drivers of height growth reductions in these silver fir
trees, which may reflect the preeminent role of hydraulic ar-
chitecture in limiting carbon uptake in tall conifers (Niklas and
Spatz 2004), although mechanical constraints are conceptual-
ly thought to rule size-dependent relationships in forest trees
(cf. Niklas 1994). Indeed, long pathway-lengths and lowmax-
imum water potentials in tall trees may preclude refilling of
xylem conduits, although wind-induced tensile and/or com-
pressive stresses may further add to gravity load in setting
maximum attainable heights (Niklas 2007).

The hypsometric curves (Fig. 4a) suggest that the incre-
ment in height of sample trees was regulated by the interaction
of two opposite factors: a rapid longitudinal development dur-
ing the earlier stage of development and the constraint im-
posed by external and internal factors (e.g., individual compe-
tition, limiting resources, hydraulic stress, ontogenetic aging)
as tree age increased. The hypsometric curve, initially steeper,
became more flattened with age, indicating a high level of

spatial competition between individual trees (Marziliano
et al. 2013). As trees aged, such a relationship was affected
by the differentiation in stem diameter rather than the variation
in tree height. As a consequence, trees grew more in diameter
than in height. Therefore, height increment and radial growth
of silver fir revealed different temporal patterns (e.g., Sumida
et al. 1997). Although a decrease in longitudinal increment
was observed, radial growth tended to be constant over time
(e.g., Hara et al. 1991). Therefore, at first approximation, it is
possible to infer that the tree age was the main factor inducing
the decrease in height increment (e.g., Bond 2000; Day et al.
2002; Binkley et al. 2002). Continued stem diameter growth,
independently of height increase or decrease, may ensure re-
pair or reconstruction of damaged areas and maintaining of
functional sapwood, thus increasing long-term survival in ag-
ing dominant trees under disturbance pressure.

Results obtained with the regression lines were in contrast
with this hypothesis. Assuming a negative correlation be-
tween tree age and height increment, the height increment
should have decreased as tree age increased. However, if tree
age was the main factor influencing the decrease in height
increment of silver fir, significant R2 values were expected.
By contrast, the analysis showed mainly low and insignificant
correlation between BAge^ and BHeight increment.^
Furthermore, we observed also that the variability in Δh was
not fully explained by tree age. Hence, tree age alone was not
able to explain the decrease of height increment in silver fir
sampled at its southernmost distribution limit. This allometric
exercise provides insights to understand adaptations of periph-
eral silver fir populations to local environment, as well as
useful predictions for forest managers that aim to maximize
wood production and direct future stand development in cen-
tral populations under long-term disturbance scenario.

It must be pointed out that the hypsometric curves and the
trajectories of dbh-h relationships among individual trees may
vary trough time, because of variation in long-term patterns of
crown-base rise. Crown length, foliage amount, and

Fig. 7 Relative growth rates (RGR) vs. initial tree height (a) and initial
tree diameter (b) across three age classes, and the power function obtained
from the relationship between RGR for height and the initial tree height, a

(RGR = 1.444 h-1.615), and initial tree diameter, b (RGR = 1.005
dbh-0.666) for all ages

Table 2 Results of the linear mixed-effect model with tree ID as ran-
dom effect for examining the possible influence of fixed effects (Age,
Size, and their interaction) on the response variable (height increment
(Δh))

Model Value DF t value p value

Equation 3

Intercept 4.3526 2739 22.5541 < 0.0001

Age − 0.0173 2739 − 1.6349 0.1022

dbh ∙ h − 0.000224 88 − 17.893 < 0.0001

Equation 4

Intercept 4.9404 2738 12.4781 < 0.0001

Age − 0.0227 2738 − 1.695 0.09019

dbh ∙ h − 0.000495 88 − 6.791 < 0.0001

Age ∙ (dbh ∙ h) 0.000003 2738 1.7000 0.0892
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physiological status may vary among individuals, resulting in
different growth priority between stem portions. Indeed, the
growth rate of the stem cross-sectional area has been found to
be low in the stem below the crown base in suppressed conifer
trees (Sumida et al. 2013), increasing along the stem upwards,
but decreasing in dominant trees. Therefore, since silver fir
trees were selected on a random basis, with the aim of
representing a range of crown classes, it is possible that
overtopped trees at a given age were included in the sampling
frame, while taking all samples from the dominant or co-
dominant crown classes, at any given age, might have limited
potential model bias (Lhotka and Loewenstein 2015). Yet, as
reported by Trouvé et al. (2015), the maximum height growth
rate can be greater in stands with relatively low tree density
than in dense forests, and the height–diameter growth rate
ratio can be greater in suppressed than dominant trees.
Sustained diameter growth of the upper-trunk of co-
dominant trees have been observed in other tall conifer trees
(e.g., Ishii et al. 2017). Competition for light most probably
affected height–diameter growth relationships in these silver
firs, depending on density and social status of trees in the
stand, as well as on available water (and other resources).
Further research evaluating potential model errors is
warranted.

The correlation between Age and Δh was correctly quan-
tified and measured using the determination coefficient (R2),
and the regression analysis showed that Age was not related to
height growth decline. Whereas, tree size had a significant
effect on Δh and, therefore, a large share of the variability of
Δh was most probably related to the size of trees. These re-
sults support the hypothesis that the reduction of height incre-
ment was mainly driven by functional tree-size constraints
(Ryan and Yoder 1997; Enquist et al. 2000), although the
limitation caused by tree age cannot be ruled out. When tree
height and size increase, the distance between roots and leaves
becomes longer, which may induce several hydraulic and me-
chanical constraints, since the hydrodynamic resistance in xy-
lem conduits grows significantly (Friend 1993; West et al.
1999; Becker et al. 2000a; Becker et al. 2000b; Enquist
2003). Yet, in tall silver fir trees, height–diameter (h-dbh)
allometries could be critically determined by wind regimes
(e.g., Thomas et al. 2015); locally elevated surface winds are
common in the mountain forest environment. Silver fir trees
were sampled in the watershed divide between two seas
(Tyrrhenian and Ionian), which separates western and eastern
thermally driven circulation patterns of the Mediterranean
Sea, with strong influence on wind regime. Physiological lim-
itations and biomechanical perturbations would preclude any
potential increase in tree size of marginal tree populations
operating at their limits, due to their effects on functional
and structural traits (Niklas 1992; Enquist 2003).

The observed growth reduction in relation to tree size was
also confirmed by the relationshipsΔh-h (Fig. 3) andΔd-dbh

(Fig. 2). Taller silver fir trees stopped growing in height, while
smaller ones, but of the same age, were still characterized by
higher height increment. In our study, despite having only few
trees over 40 m in height, we observed that these big trees
(dbh > 80 cm and height > 40 m) ceased almost completely
their height growth, independently of tree age, confirming a
major impact of tree size (see Mencuccini et al. 2005). Thus,
the chronological rule widely adopted in forest management
guidelines in the Alpine region (as well as the Italian
Peninsula), where tree age is the main driver of the relation-
ship between Δh/h and Δd/dbh, can be misleading.
Marziliano et al. (2012) have shown that the application of
this method results in significant errors in tree volume estima-
tion (up to 40%). We, therefore, recommend to assign K
values (the Schneider’s coefficient used to calculate the per-
centage current annual increment) based on tree size rather
than tree age.

RGR for tree height varied with dbh and height indepen-
dently of tree age, however, showing relatively higher values
when trees were of small size and younger. The power func-
tion obtained in the relationship between RGR for height and
dbh had exponent 2/3, following mechanical and hydraulic
constraints posed by tree size (e.g., Niklas and Spatz 2004).
The exponent increased in absolute terms for the relationship
between RGR for height and initial tree height, which points
to the need of considering flexible scaling rules across these
variables and specific environmental settings. In these silver
fir trees, RGR for height decreased more rapidly when plotted
against the initial height than the initial dbh, which implies to
consider size-dependent relationships as constrained not only
by mechanical stability but also by hydraulic capacity. As
silver fir trees grew taller, RGR for height slowed down (re-
gardless of the age class), showing that size-mediated func-
tional and structural constraints prevailed over age-related fac-
tors in ruling tree growth rates. Nevertheless, age-related fac-
tors (particularly in early tree/stand development) and envi-
ronmental disturbance (wind, drought) may still affect scaling
relationships (Ryan et al. 2004; Coomes et al. 2011).

Tree height and radial increments did not follow similar
trends. In fact, while the radial increment increased with tree
size, the height increment decreased, as reported by several
authors (e.g., Ryan and Yoder 1997; Mencuccini et al. 2005;
Petit et al. 2008). Tree stature reflects environmental factors
(air temperature, soil depth, wind speed, snow cover) and
adaptation potential of the species to limiting factors (Wang
et al. 2017). The stature of silver trees growing at the south-
ernmost distribution margin for the species was, therefore,
probably modulated by both latitude-related changes in envi-
ronmental conditions and other stand-specific factors. Tree
height–diameter scaling relationships in silver fir were flexi-
ble, varying across age classes, probably due to partitioning
patterns and ecological responses to specific environmental
conditions. Increasing leaf water stress due to path length
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resistance, as well as the tradeoffs between water transport
requirement and water column safety may constrain leaf ex-
pansion and assimilation rate, and thus height growth, even
when soil moisture is not limiting (Koch et al. 2004).

5 Conclusions

Height increment in silver fir was related to tree size indepen-
dently of tree age. Stem diameter at breast height of this large-
sized tree species increased continuously as trees got older and
bigger, while height increment decreased and eventually
stopped. Clarifying how height–diameter allometric relations
vary locally may provide more reliable tree growth estimates
to forest managers, as well as regarding the effects of climate
change on currently growing forests.

Tree age did not explain the reduction in height growth in
older silver fir trees, while tree size was considered the main
factor limiting their height increment. However, despite the
several hypotheses made for explaining the cessation of height
increment in big and tall trees with aging (e.g., hydraulic lim-
itation, mechanical perturbation, temperature constraint), fur-
ther research is needed to clarify allometric rules for single
species and to explore mechanistic links between tree physi-
ology and climate change.

The cessation of height growth in older trees of this large-
statured species was well described by the application of hyp-
sometric curve-fitting to model height–diameter allometric re-
lationship. Height–diameter allometric relationships varied
with stand age, which may translate in some inconsistencies
between stem diameter growth and tree biomass/volume in-
crement and be worth considering in future studies of stand
productivity of silver fir populations.
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