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Disentangling the effects of age and global change on Douglas fir growth
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Recent changes commonly observed in forests growth could be the result of a
combination of different climatic and non-climatic factors, such as rising atmo-
spheric  [CO2],  temperature  changes,  atmospheric N deposition and drought
stress. These effects are difficult to assess, however, due to the superimposi-
tion of age-related changes. After removing age effects through a novel ap-
proach, this study quantifies the effects on tree growth of global change, and
assesses the relationship with individual environmental drivers and their rela-
tive importance. Generalized Additive Mixed Models (GAMMs) were applied to
decouple  the  non-linear  effects  of  age  and  co-occurring  environmental
changes on basal area increments (BAI) series, as derived from tree rings in a
Pseudotsuga  menziesii stand  chronosequence  of  four  different  age  classes
(65-, 80-, 100- and 120-year-old). The model could explain about 57% of the
overall variation in BAI as a function of age and a selected set of predictors, in-
cluding water availability in the current summer and at the end of previous
growing season; together with age, winter-spring mean temperature was found
to be the most important predictor. After accounting for age-related effects, a
significant decrease in BAI was observed in Douglas fir over the last decades.
No significant impact of atmospheric [CO2] and atmospheric N deposition were
detected.

Keywords:  Pseudotsuga menziesii, Basal Area Increments, Long-term Trends,
Global Change, GAMM, Chronosequence

Introduction
Over recent decades, significant changes

in forest growth have been observed, par-
ticularly in Europe, which have been inter-
preted  as  a  result  of  the  ongoing  global
change (Zhao & Running 2011).  However,
the  main  drivers  and  functional  basis  of
this trend have not been ascertained. The
potential effect of atmospheric CO2  fertili-
sation during the Antrophocene is one of
the  most  widely  discussed  explanations,
based on the expected stimulation in pho-
tosynthetic  rates  at  plant  and  ecosystem
scale, with a positive effect on net primary
productivity and growth. Only few experi-
ments,  however,  have  gathered  suitable
evidence  to  test  this  hypothesis  (Ains-
worth & Long 2005), the majority of which
did not find a clear relationship between el-
evated CO2 and growth enhancement (Lév-
esque et al.  2014).  Other  studies have re-

ported such a positive link, although stress-
ing the importance of concomitant related
factors, for example disturbance history or
an increasing length of the vegetative pe-
riod (McMahon et al. 2010). Indeed, inter-
actions with other environmental variables
such as atmospheric N deposition (Magna-
ni et al. 2007) are expected to play a deter-
minant  role  especially  in  resource-limited
environments.  Moreover,  a  parallel  in-
crease in transpiration rates as a result of
increasing temperatures could negate this
positive  effect,  in  particular  in  drought-
prone areas (Gómez-Guerrero et al. 2013).
There is therefore a pressing need to un-
derstand which key drivers have been af-
fecting  forest  growth rates,  and  quantify
the magnitude of their effects. Even in the
absence  of  controlled  experiments,  the
analysis of long-term trends in tree growth
can help elucidate the role  of  changes in

different environmental  factors,  since the
growth  pattern  of  a  tree  is  the  result  of
surrounding conditions, as well as ontoge-
netic  processes  (Babst  et  al.  2014).  Tree-
ring widths (TRW) area direct measure of
stem increments, hence the inspection of
their  time  series  provides  a  reliable  and
datable source of data that can be used to
investigate  high  and  low-frequency  vari-
ability in forest growth trends. In order to
highlight the environmental-related signals
enclosed in tree-ring series,  however,  the
superimposed age-(or size-) related signal
must be first removed. An age-size related
decline in TRW is generally observed with
increasing age, due not only to geometrical
constraints but also to hydraulic limitations
related to tree height. In response to the
increased  hydraulic  resistance  of  longer
stems and branches and to the increased
gravitational potential opposing the ascent
of water, trees show a progressive reduc-
tion  in  stomatal  conductance  at  old  age
and  tend  to  reduce  photosynthesis  and
growth (Mencuccini et al. 2005). Basal area
increments  (BAI),  on the contrary,  gener-
ally display an increase with age, followed
by a gradual stabilization. Canonical proce-
dures applied in dendrochronological stud-
ies remove this age-related biological trend
through  the  application  of  de-trending
techniques, such as spline or negative ex-
ponential fitting (Peters et al. 2015). How-
ever,  a  consequence  of  this  correction  is
the removal of low-frequency signals asso-
ciated to tree-ring series (Cook et al. 1995).
Preserving  low-frequency  variations  is  of
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fundamental importance if the objective of
the  analysis  is  to  investigate  long-term
trends  (Esper  et  al.  2002).  In  this  study,
Generalised  Additive  Mixed  Models
(GAMMs)  were  used  as  a  tool  to  detect
and  separate  the  effect  of  different  vari-
ables, both biological (i.e.,  age- or size-re-
lated)  and  environmental,  on  tree-ring
trends in a Douglas fir (Pseudotsuga men-
ziesii (Mirb.) Franco) chronosequence. This
non-linear regression technique is a ceteris
paribus form of analysis, looking at the ef-
fects  of  a  single  factor  while  keeping  re-
maining factors constant (Rita et al. 2016).
Tree  age-size effects  can  be  then consid-
ered as a simple additive variable, making it
possible to disentangle the superimposed
effects of  other environmental  covariates
(Camarero  et  al.  2015).  Therefore,  such a
model can provide an alternative to tradi-
tional de-trending procedures, with the ad-
vantage  of  retaining  low  frequency  vari-
ability  in  the  time  series.  In  addition,
GAMMs  preserve  the  non-linearity  of  the
relationship between the response and the
explanatory variables, in contrast with the

assumption of linearity commonly made in
dendroecological studies.

The aim of the present study is therefore
to understand if  Douglas  fir  has  been af-
fected  by  the  changing  environmental
pressure in a long-term perspective,  look-
ing at which variable or combination of var-
iables has driven any observed changes in
growth rates.

Materials and methods

Study area
This study was performed in a Douglas fir

plantation located in the Vallombrosa For-
est, in the Apennine mountain range near
Florence, Italy (43° 43′ 59.6″ N, 11° 33′ 16.9″
E – Fig. 1). The region has a Mediterranean
climate  without  significant  summer
droughts; mean annual precipitation is ap-
proximately 1400 mm, of which only about
5%  occur  in  summer months  (72.48  mm).
Mean  annual  temperature  is  9.8  °C.  The
soils, derived from the  Macigno del Chianti
sandstone series, vary between Humic Dys-
trudept and Typic  Humudept (Soil  Survey

Staff  2014)  in  the  younger  and  older
stands,  respectively,  indicating similar  soil
conditions at the site. Douglas fir is a non-
indigenous  evergreen  species  which  was
imported  from  the  Pacific  Coast  of  the
United  States  during  the  last  decades  of
the  19th century;  it  was  chosen  for  the
present study because of its high economic
importance. The sampled areas are part of
the experimental permanent plot network
managed  by  CREA  Research  Centre  for
Forestry and Wood (Arezzo, Italy), and in-
clude the oldest experimental plots estab-
lished in Italy at the beginning of the 20th

century (Pavari 1916). A chronosequence of
plots  was  selected for  the  study;  a  chro-
nosequence  is  here  defined  as  a  set  of
even-aged stands growing under the same
environmental  conditions  and  differing
only for their age (Walker et al. 2010). The
chronosequence  approach  made  it  possi-
ble  to disentangle the effects of  environ-
mental changes from co-occurring changes
in age and size. By comparing rings formed
on the same calendar year (i.e., under iden-
tical environmental conditions) by trees of
different  age  along  the  chronosequence,
the approach makes it possible to highlight
the real effect of age. On the other hand,
considering rings formed at the same cam-
bial age but in different calendar years, it is
possible to isolate the true effect of vary-
ing environmental conditions.

The chronosequence comprises four  dif-
ferent  age  classes  (65,  80,  100  and  120
years), covering the longest temporal inter-
val  that  can  be  achieved  in  Italy  for  this
species.  The  mean  characteristics  of  the
four age classes are summarized in  Tab. 1.
Seven plots were sampled that were con-
sistent for management, aspect and eleva-
tion. Two plots were selected for each age
class, in order to ensure replication; how-
ever  this  was  not  possible  for  the  oldest
class,  as  only  one  stand  of  this  age  was
present in the area. In all plots, only domi-
nant trees were chosen for the analysis, in
order  to  avoid  competition  effects;  re-
peated  forest  surveys  on  the  same  plots
ensured the permanence of their dominant
status at least for the last 40 years, as con-
firmed by an analysis of the Daniels’ com-
petition index (Daniels & Burkhart 1986 –
see Fig. S1 in Supplementary material), in-
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Fig. 1 - Location of the
study site (red square).

Tab. 1 - Mean characteristics of plots in the the Vallombrosa Douglas fir chronosequence. Mean ± standard error.

Variable
Age-class

120 100 80 65

Plot (code) 1 2 3 4 5 6 7

Age (yrs) 117 ± 0.7  95 ± 0.7  94 ± 1.6  82 ± 0.4  81 ± 0.9  64 ± 0.8  62 ± 0.6

Distance to the pith (cm) 1.9 ± 0.8 2.4 ± 0.9 4.0 ± 1.3 1.7 ± 0.5 1.2 ± 0.3 2.1 ± 0.7 1.7 ± 0.6

Years to the pith (rings) 3.4 ± 1.3 3.6 ± 0.9 5.8 ± 1.4 2.6 ± 0.4 1.8 ± 0.4 2.8 ± 0.7 2.8 ± 0.9

Elevation (m a.s.l.) 900 1100 1009 1095 1280 1113 1113

Aspect N N SW NE NE SW SW

Top diameter (cm) 68.9 60.8 67.5 58.2 61.5 50.3 43.3

Top height (m) 51.3 47.2 54.4 49.9 44.3 39.9 39.8

Stand density (trees ha-1) 30 375 380 360 280 600 550
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dependently  of  the  management  regime
adopted (Fig. S2). Thinnings at the site are
mainly  from  below,  removing suppressed
or intermediate trees which compete little
with  dominant  trees.  The  use  of  survey
data  makes  it  possible  to  avoid  potential
sampling biases which occur when the cur-
rently  largest-diameter  trees  are  wrongly
considered  to  have  always  been  in  the
dominant class (Cherubini et al. 1998).

Tree-ring data
A total of  35 trees were sampled in the

spring and fall  of  2013,  five from each of
the aforementioned plots. One single core
was extracted at breast height from each
tree with a 5.1 mm Pressler borer (Haglöf,
Sweden).  The  extracted  cores  were  then
air-dried  and  polished  with  progressively
finer sandpaper (60- to 300-grit), so as to
distinguish  annual  ring  boundaries.  Ring
width  series  were  measured  on  images
taken by a long-focal high definition cam-
era (Canon, Japan) with the CooRecorder®

image analysis  software  (Cybis  Elektronik
and Data AB, Sweden) with 0.01 mm reso-
lution.  Samples  were  visually  cross-dated
against  a  reference  curve,  between  and
within the series using a correlation coeffi-
cient,  Gleichläufigkeit values and Student’s
t-test  as  indices.  The  closest  tree  ring
chronology  available  in  the  International
Tree Rings Data Base (ITRDB) was used as
a reference for pointer year detection; the
selected  dataset  (Schweingruber  FH  –
Mount Falterona – ABAL – ITAL008) refers
to  an  Abies  alba chronology  from  Mount
Falterona (23 km from Vallombrosa). As a
further check, a reference curve was devel-
oped using the Douglas fir dataset itself by
the “leave-one-out” methodology, starting
from samples with a high correlation with
the  previous  reference  curve  used.  The
quality  of  cross-dating  was  then  checked
and  cross-correlation  analysis  was  per-
formed using the CDendro® software (Cy-
bis  Elektronikand  Data  AB)  and  the  R
“dplR” package (Bunn 2008). When the ex-
tracted core did not reach the pith of the
tree,  the  length  to  the  centre  was  esti-
mated using the curvature of the last com-
plete ring, and the number of missing rings
was calculated by dividing this distance by
the  average  of  last  five-year  ring  widths
(Applequist 1958). These values were then
checked against the year of plantation es-
tablishment, according to the forest man-
agement plan. Ring widths were then con-
verted into basal area increments (BAI), as
the  latter  allows  to  compensate  for  the
age-size effect associated with the geome-
try of stems, especially at young age, while
preserving low-frequency variability  (Bion-
di  1999).  Moreover,  BAI  is  considered  a
better proxy of growth compared with ra-
dial  increments  (Bouriaud  et  al.  2005).  It
was calculated as (eqn. 1):

(1)

where  rt is the stem radius in a given year

and  rt-1  is  the  value  corresponding  to  the
previous year.

Environmental data
Daily  records  of  mean,  maximum  and

minimum  temperatures  and  precipitation
were  obtained  from  the  Regional  Hydro-
logical Service of the Tuscany Region (SIR)
and then averaged for each month.  Mea-
surements  for  the  1922-2013  period  were
derived from the closest weather station,
located  at  less  than  3  km  from  sampled
plots, and integrated with the dataset ob-
tained by  Gandolfo & Sulli  (1990) for  the
1898-1922 period.

The selection of what months to include
in  the analysis  was based on the correla-
tion  between  monthly  climatic  variables
and ring width index (RWI), de-trended by
the  negative  exponential  curve  method,
using  the  bootstrapped  static  correlation
function available in the R “Treeclim” pack-
age (Zang & Biondi 2015 – Fig. S3 in Supple-
mentary  material).  Subsequently,  individ-
ual significant variables were pooled if con-
tiguous (e.g.,  mean temperature  of  Janu-
ary,  February  and  March,  hereafter  re-
ferred to as JFM temperature).

Mean annual  data of  air  CO2 concentra-
tion were obtained from the NOAA Earth
System Research Laboratory,  as recorded
at  the  Mauna  Loa  observatory  in  Hawaii
from 1959 to present day, and from McCar-
roll & Loader (2004) for the 1898-1958 pe-
riod.  Average  annual  values  of  N  oxide
(NOy) and ammonium (NHx) atmospheric
deposition (both dry and wet deposition)
for the period from 1898 to 2013 were ex-
tracted  from  the  NCAR  global  data  set
managed by IGAC-SPARC CCMI (Chemistry-
Climate  Model  Initiative;  available  for
download  at  http://blogs.reading.ac.uk/cc
mi/ – Hegglin et al., in preparation). These
N deposition data were generated with the
NCAR  atmospheric  transport  model  (Na-
tional  Center  for  Atmospheric  Research),
which provides gridded (resolution of 2.0°
× 2.25°, longitude × latitude) temporal simu-
lations of the chemical composition of the
atmosphere.  The  resulting  environmental
dataset covers the entire time span investi-
gated (1898 to 2013). In order to evaluate
the potential effects of drought stress, the
Standardized Precipitation Evapotranspira-
tion  Index  (SPEI  – Vicente-Serrano  et  al.
2010)  was  also  included  in  the  analysis.
SPEI considers the sensitivity to changes in
evapo-transpiration demand and precipita-
tion (P-PET)  at  different  timescales,  com-
puting the cumulative influence of n previ-
ous months on the water deficit/surplus of
the month of  interest;  P-PET was derived
from the Thornthwaite’s equation (Thorn-
thwaite 1948). The best SPEI timescale was
selected based on the correlation between
tree-ring width index series (RWI), and the
SPEI values computed for each month with
a timescale in the range 1-24 (Vicente-Ser-
rano et al. 2014).

Data analysis
As tree growth exhibits strong non-linear

patterns caused by both biological (i.e., hy-
draulic  limitations,  ontogenetic  effects)
and environmental drivers (i.e., changes in
CO2, temperature, precipitation, etc.), gen-
eralized additive models  (Hastie  & Tibshi-
rani  1990)  were  applied  to  identify  the
shape of the relationship between BAI and
predictor variables. GAMMs are non-linear
regression models  that  express  non-para-
metrically  the  dependent  variable  as  the
sum of  smooth functions  of  independent
variables. Such a model relaxes any a priori
assumptions of the functional relationship
between  response  and  predictors,  so  re-
sulting in a more flexible range of applica-
tion. In general, a GAMM can be expressed
as:

(2)

where  yi is a response variable,  β is an un-
known vector of fixed effects, Xi is a row of
a fixed effects model matrix;  s1,  …, sn  are
smooth  functions  of  covariates  xi;  Zi is  a
row of a random effects model matrix, bi is
the unknown vector of random effects, υi is
an error term with an auto-regressive AR(1)
correlation  structure  and  εi  are  residuals
with normal distribution and constant vari-
ance  (Wood  2006).  In  our  study,  the
GAMM was applied to log-transformed BAI
data, so as to correct for heteroscedastic-
ity  in  ring-width  data.  A  cubic  penalized
spline was used as smooth function. This is
the result of the simultaneous fitting of ba-
sis functions (i.e., natural cubic spline) pe-
nalized  to  achieve  the  optimal  degree  of
smoothness, so avoiding data over-fitting.
The amount of penalizations was automati-
cally computed by the maximum likelihood
estimation (ML  – Wood 2006).  The selec-
tion of covariates was performed by a step-
wise backward process. Candidates for re-
moval were identified based on their lower
approximate  p-values  and  the  model  re-
sulting after  the subtraction of  such vari-
ables was compared with the previous one
based  on  Bayesan  information  criterion
(BIC).  This  index was used instead of  the
Akaike information criterion (AIC) because
it is less conservative and more useful  to
assess  the  simpler  model  in  confirmatory
analysis;  in  model  selection,  the  BIC  pro-
vides  a  better  opportunity  to understand
which pool of variables generated the real
data  (Aho  et  al.  2014).  All  of  the  GAMM
analyses were performed with the “mgcv”
package (Wood 2006) of  the R statistical
suite (R Core Team 2017). In order to deal
with  temporal  autocorrelation,  a  simple
first  order  AR(1)  autoregressive  structure
for errors was introduced, even if this kind
of  pre-whitening  process  can  potentially
remove some of the underlying long-term
growth trend when applied on tree ring se-
ries (Yue et al.  2011).  The concurvity level
(i.e.,  the  generalization  of  co-linearity  in
non-linear models) was also checked to as-
sess  a  potential  correlation  among  vari-
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ables (FIg. S4). Finally, model results were
tested to ensure that  the assumptions of
normal distribution of observations and ab-
sence  of  heteroscedasticity  and  indepen-
dence of residuals were respected (Fig. S5
in Supplementary Material).

Results

Wood increments
The  general  statistics  of  the  tree-ring

chronologies are summarized in  Tab. 2. All
of the trees used in this study were satis-
factorily cross-dated and no missing rings
were detected. The quality of the dataset
is  also  confirmed  by  other  indices.  The
mean  series  inter-correlation  (CC)  which
represents  the  strength  of  the  common
signal  shared  by  all  series  is  about  0.5,
while the expressed population signal (EPS
– Wigley et al. 1984) is above the conven-
tional threshold of 0.85 used to define the
acceptability  of  a  chronology.  This  index
confirms the goodness of cross-dating and
the possibility  to use this  dataset for fur-
ther analysis.  Furthermore,  mean sensitiv-
ity (MS), which is an index of year-to-year
variability related to climate and/or distur-
bances, was also checked; a value ranking
about 0.2 shows an adequate sensitive se-
ries, normally useful for climatic correlation
analysis.

The  basal  area  increments  of  trees  be-
longing to the different age classes are pre-
sented  in  Fig.  2a  and  Fig.  2b,  plotted
against calendar year and cambial age, re-
spectively.  Taking  a  synchronic  perspec-
tive, BAI shows a distinct increase over the
last  century,  with  values  for  some  trees
reaching  above  10,000  mm2 yr-1.  In  the
1950-2010  period  covered  by  all  four  age
classes,  younger  trees  seem  to  present
slower growth rates than older individuals.
Such  an  age-related  pattern  is  confirmed
by the diachronic analysis of Fig. 2b, which
suggests  a  continuous  increase  in  basal
area increments until  an age of 90 years;
the sharp drop at the far end of the 100-
and 120-year age classes is an artifact, due

to the declining number of trees reaching
the oldest age in each class. The diachronic
perspective  also  reveals,  however,  that
global change also contributes to the ob-
served time dynamics, as young trees are
currently growing less than similarly aged
trees 40 to 60 years ago.

Model output
In  order  to  assess  possible  changes  of

growth  rates  over  time,  independent  of
the  co-occurring  effects  of  ontogenetic
factors,  tree  basal  area  increments  (BAI)
were modeled as (eqn. 3):

(3)

where s(Age) is the cambial age effect and
s(Time) represents all of the environmental
effects  cumulated  into  a  single  global
change  variable,  varying  over  time.  The
age-related effect (Fig. 3a) displays the ex-
pected  shape,  with  a  steep  increase  at
early age in the first part of the curve, fol-
lowed by a  less pronounced growth,  and
an apparent flattening at an age of 90. Af-
ter the subtraction of the age-related sig-
nal, the trend in the BAI component associ-
ated with global change (Fig. 3b) shows an
initial  increase,  two  culminations  around
the ’30s and the ’80s of the last century, a
lower  growth  in  between  and  a  subse-

quent  decrease  until  the  first  decade  of
this century, which is significant at the 95%
level.

As a second step, in order to partition to
individual  drivers  the  effect  so  far  attrib-
uted  to  global  change,  seasonal  climatic
(temperature  and  SPEI)  and  geochemical
variables (atmospheric [CO2] and N deposi-
tion) were added to the model instead of
time per se.

In a  preliminary  analysis,  the SPEI index
most correlated with RWI was found to be
centered  on  August  with  a  two-months
timescale  (hence  referred  to  as  SPEIJA),
with a Pearson’s correlation coefficient of
0.46 (Fig. 4); this suggests a short-time re-
sponse  to  drought,  which  is  typical  of  a
highly productive coniferous forest in such
a  mesic  environment.  A  two-months
timescale was therefore assumed for SPEI
in all subsequent analyses.

After a procedure of backward stepwise
variable  selection  (Tab.  3),  the  resulting
model was specified as follow (eqn. 4):

(4)

where Age is the age-size effect associated
with variations in cambial age, SPEIJA

t and
SPEISA

t-1 represent  the  SPEI  (indicative  of
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Tab. 2 -  Descriptive statistics for tree-ring width (TRW) and ring width index (RWI)
chronologies of the different age-classes. (MW): mean ring width (mm); (SD): stan-
dard deviation (mm); (MS): mean sensitivity; (AR1): first order autocorrelation; (ESP):
expressed population signal; (CC): series inter-correlation (with std. dev. in brackets).

Age-class
TRW RWI

MW SD MS AR1 EPS CC

65 3.54 1.66 0.1488 0.8506 - -

80 3.41 2.01 0.1871 0.855 - -

100 3.60 1.77 0.198 0.7519 - -

120 3.32 1.25 0.2004 0.7088 - -

Total 3.49 1.73 0.1811 0.8034 0.855 0.50
(0.08)

Fig. 2 - Dynamics of
basal area incre-

ments (BAI) in differ-
ent age-classes. BAI

time series for single
tree chronologies

(dashed lines) and
after grouping by

age-class and fitting
with a cubic spline
(continuous lines)

are presented (A) in a
synchronic (i.e.,

against calendar
year) and (B) in a

diachronic perspec-
tive (i.e., against cam-

bial age).
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Tab. 3 - Differences in the Bayesan information criterion (ΔBIC) of alternative log(BAI) GAMM models. The selected model with the
lowest BIC is marked with an asterisk (*). ΔBIC was calculated as the difference between the BIC of each model and that of the
selected model. (Age): cambial age; (CO2): atmospheric [CO2]; (Ndep): atmospheric N deposition; (SPEI): Standardized Precipitation
Evapotranspiration Index (SPEI) in July and August of the current year; (SPEI t-1): SPEI in August and September of the previous year;
(T): mean temperature of January-March period of the current year. All models are subsets of the full model (m0).

Model fixed effects Model BIC ΔBIC

Age +CO2 +Ndep +SPEI +SPEIt-1 +T m0 -40.6947 20.6109

CO2 +Ndep +SPEI +SPEIt-1 +T m1 164.3962 225.7018

Age +Ndep +SPEI +SPEIt-1 +T m2 -46.7642 14.5414

Age +CO2 +SPEI +SPEIt-1 +T m3 -24.8838 36.4219

Age +CO2 +Ndep +SPEIt-1 +T m4 49.7032 111.0088

Age +CO2 +Ndep +SPEI +T m5 -17.9830 43.3226

Age +CO2 +Ndep +SPEI +SPEIt-1 m6 144.5604 205.8660

Ndep +SPEI +SPEIt-1 +T m7 202.7464 264.0520

Age +SPEI +SPEIt-1 +T m8 * -61.3056 -

Age +Ndep +SPEIt-1 +T m9 43.6166 104.9222

Age +Ndep +SPEI +T m10 -40.8651 20.4405

Age +Ndep +SPEI +SPEIt-1 m11 117.4654 178.7710

SPEI +SPEIt-1 +T m12 339.8094 401.1150

Age +SPEIt-1 +T m13 32.7605 94.0661

Fig. 3 - GAMM analysis
of the independent
effects of age and time
on basal area incre-
ments (BAI – see eqn.
3). (a) Trend of
log(BAI) as a function
of age alone after cor-
recting for time-
related effects. On the 
x-axis is cambial age
(years), on y-axis is 
s(Age), the component
of log(BAI) explained
by age, dimensionless
and centered around
0. (b) Trend of log(BAI)
as a function of time
alone, after correcting for age-related effects. On x-axis is calendar year, on y-axis is s(Time), the component of log(BAI) explained 
by time per se, dimensionless and centered around 0. Points represent partial residuals from the fitted function and the shaded 
areas indicate the 95% prediction interval of fitted adaptive splines. The GAMM model of eqn. 3 was applied to log-transformed BAI 
data, so as to correct for heteroscedasticity.

Fig. 4 - Heatmap of SPEI correlation with ring-width index (RWI)
series. Correlation (Pearson’s coefficient) between de-trended

tree-ring index (RWI) and the Standardized Precipitation Evapo-
transpiration Index (SPEI) computed for different months (on
the y-axis) and temporal scales ranging from 1- to 24 months.
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water  availability  and  drought  stress)  of
the current summer (July and August) and
of the end of the previous growing season
(August and September), respectively, and
TJFM

t is  the mean temperature of  January,
February and March of the current year. In
addition to age,  the latter  appears  to be
the  most  important  environmental  factor
explaining  the  long-term  growth  trend in
the  Douglas  fir  chronosequence  (F-test  =
35.25), followed by the SPEI index for the
ongoing season (F-test =  20.607) and the
SPEI  index representing water  availability
at the end of previous growing season (F-
test = 11.255). All variables exhibit a signifi-
cant p-value at 0.001 level (Tab. 4), with a
global adjusted R2  for the whole model of
0.564.

Discussion
The primary purpose of this study was to

assess if any changes in growth rates have

occurred over the last century in Douglas
fir  stands  growing  in  the  northern  Apen-
nines, after correcting for age-related pat-
terns.  The  analysis  of  age-adjusted  long-
term trends indeed demonstrates a signifi-
cant  decrease  in  the  productivity  of  this
species  from its  peak value in  the 1980s.
These  findings  appear  to  be  consistent
with  several  other  studies  that  looked at
forest  growth  changes  in  central  Apen-
nines (Piovesan et al. 2008), in the Mediter-
ranean region by and large (Linares et al.
2010) and in other European areas (Vitas &
Zeimavičius 2006). The increase in summer
drought resulting from increasing tempera-
tures in recent years was generally found
to have had a negative effect on growth, in
association with co-varying factors, such as
stand  dynamics,  competition  and  pests.
These could exacerbate the role of the im-
balance in water availability and overcome
the  potentially  positive  effects  of  the  in-

crease in the length of the growing season
induced by higher temperatures and of the
rise in atmospheric [CO2], as well as of at-
mospheric N deposition. The general trend
recorded in this study can be partially ex-
plained by examining the shape of the rela-
tionship  between  significant  environmen-
tal factors and BAI. The effect of age dis-
plays, after an initial abrupt increase, a suc-
cessive phase of  rather  constant  rise  and
an apparent stabilization of growth at ad-
vanced  age,  largely  consistent  with  what
already observed in the preliminary analy-
sis.  The  quasi-linear  positive  relationship
between  growth  and  mean  winter-spring
temperature (Fig. 5d) probably reflects the
beneficial  effect  that  high  temperatures
have at  mountain sites,  by reducing frost
damage, snow accumulation and maintain-
ing  significant  carbon  assimilation  during
the  dormant  season,  even  at  minimum
photosynthetic rates (Emmingham & War-
ing 1977), as well as inducing a longer vege-
tative  season.  Summer  water  availability
(Fig. 5b), which is related to both precipita-
tion and transpiration demand, is the third
most important  variable affecting the be-
havior of this species in the long-term, con-
ditioning  its  growth  performance  (Beed-
low et al.  2013) and distribution (Rehfeldt
et  al.  2014).  Air  dryness,  which  is  also
known  to  affect  Douglas  fir,  was  not  in-
cluded as a potential driver in the present
study due to a lack of suitable information.
Water availability  at the end of  the previ-
ous growing season (August-September  –
Fig. 5c) was also expected to have a posi-
tive  effect  on  growth,  since  early-wood
width is related to the amount of carbon
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Tab.  4 -  Generalized  additive  mixed  model  (GAMM)  results  for  the  relationship
between the logarithm of basal area increments (BAI) and climatic and biological fac -
tors in Pseudotsuga menziesii, as presented in eqn. 4. (edf): effective degrees of free-
dom; (F): F-test for variance explained; (P): p-values; (R2-adj): adjusted regression coef-
ficient of the model.

Factor edf F P R2-adj

Age 8.479 57.273 < 2e-16 -

SPEIJA
t 5.53 20.607 < 2e-16 -

SPEIAS
t-1 7.473 11.255 2.58e-16 -

TJFM
t 5.859 35.25 < 2e-16 -

s(series) 25.682 3.165 9.02e-15 -

Whole model - - - 0.564
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Fig. 5 - GAMM analysis of the independent effects of individual drivers on basal area increments (BAI – see eqn. 4). Generalized addi-
tive model (GAMM) results show the component of log(BAI) (dimensionless and centered around 0) explained by individual envi-
ronmental and biological factors remaining after the backward model selection procedure: (a) cambial age; Standardized Precipita-
tion Evapotranspiration Index computed over (b) July and August of the current year (SPEI JA) and (c) August and September of the
previous year (SPEIAS

t-1); and (d) mean temperature over January, February and March (TempJFM). Points represent partial residuals
from the fitted function and the shaded areas indicate the 95% prediction interval. The GAMM model was applied to log-trans -
formed BAI data, so as to correct for heteroscedasticity.
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storage reserves built-up in the preceding
year, which are subject to remobilisation in
the first phase of vegetative growth (Lee
et al. 2016). The shape of the relationship in
Fig. 5c, however, suggests no negative ef-
fects of  late-summer water deficit but on
the contrary a slightly significant detrimen-
tal  effect  of  water  surplus.  This  behavior
could be associated with the reduction of
solar radiance, due to intense precipitation
which can lead to an earlier end of the veg-
etative period.

The lack of evidence of a fertilization ef-
fect of  CO2  is  in agreement with previous
studies  (Lévesque  et  al.  2014)  and  could
lead  to  different  conclusions,  depending
on the processes involved. From a biologi-
cal  perspective,  for  example,  both  long-
term  photosynthetic  acclimation  (Medlyn
et al. 1999) and a shift in allocation of as-
similated C to faster-turnover pools such as
fine roots or canopy foliage (Korner 2005)
are  possible  explanations;  taking  a  more
biogeochemical perspective, this lack of re-
sponse  could  also  be  attributed  to  the
emergence of nutrient limitations, as nutri-
ent  availability  cannot  keep  up  with  in-
creasing C assimilation (Oren et al. 2001).

It  is  important  to  recognize,  however,
that  our  results  could  be  affected  by  a
number  of  potential  artifacts.  First  of  all,
the lack of a CO2 fertilization effect could
be due to the addition of the AR(1) struc-
ture for autocorrelation, since atmospheric
[CO2] is very similar from year to year and
its incremental effects could be falsely at-
tributed to previous year’s growth.

Our  assumption  of  no  competition  ef-
fects  could  also  have  biased  the  results.
The growth of shade intolerant trees is sig-
nificantly affected by stand density,  espe-
cially  in  even-aged  stands.  Although  the
sampled trees have long maintained their
dominant status (see Supplementary mate-
rial)  and  should  be  therefore  considered
exempt  from  severe  competition  and
growth  suppression,  we  cannot  exclude
the presence of a positive influence of thin-
ning  (i.e.,  release  effect  – Fernàndez-de-
Una et al. 2016), which is recognized to en-
hance  tree  growth  also  at  advanced  age
(Martìnez-Vilalta et al. 2006).

The impact of drought events could also
have been insufficiently represented by the
rather crude approach applied in the study.
Finally, it should be mentioned that, when
non-stationary  forcing  factors  (i.e.,  atmo-
spheric [CO2] and N deposition) co-vary, it
is difficult to disentangle their individual ef-
fects  on  long-term  tree  growth,  and  this
complication increases with the complexity
of the model (Carrer & Urbinati 2006).

Conclusions
The combination of the chronosequence

approach with Generalized Additive Mixed
Models  appears  to have real  potential  to
disentangle  the  superimposed  non-linear
biological  and  environmental  effects  af-
fecting  tree  growth.  By  avoiding  any  de-
trending with an  a priori model structure,

the  technique  results  in  long-term  trend
preservation, which is fundamental to bet-
ter understand past environmental effects
and  to  predict  the  future  behavior  of
forests in a changing world.

Given the importance of Douglas fir as a
timber  species,  the  ongoing  decrease  in
growth  performance  illustrated  by  this
study  for  the  northern  Apennines  could
have relevant implications from a manage-
ment perspective.  For  this  reason,  under-
standing  which  factors  have  been  deter-
mining such a  trend is  particularly  impor-
tant.  Our  model,  despite  the  rather  low
amount of variance explained and the sim-
plicity of the model structure, considering
only a limited number of variables, allows
us to draw some conclusions.  The impact
of summer water availability, which is pro-
jected to decrease in the Mediterranean re-
gion (IPCC 2014), could be responsible to a
considerable  extent  for  the  observed  de-
crease in growth rates in recent decades,
due to the increase in magnitude and fre-
quency of drought events. The positive ef-
fect  ascribable  to  the  extension  of  the
growing  season,  as  a  result  of  increasing
winter-spring temperatures,  which should
have promoted stem growth in  the past,
may no longer be able to counterbalance
this  summer  drought  stress  effect.  Espe-
cially in the absence of a positive effect of
fertilization  by  rising  atmospheric  [CO2]
and N deposition, the observed trend can
be expected to be exacerbated in the fu-
ture.
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