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ABSTRACT

The Mediterranean-type Ecosystems of Central
Chile is one of the most threatened regions in
South America by global change, particularly evi-
denced by the historical megadrought that has oc-
curred in central Chile since 2010. The
sclerophyllous forest stands out, whose history and
relationship with drought conditions has been little
studied. Cryptocarya alba and Beilschmiedia miersii
(Lauraceae), two large endemic trees, represent an
opportunity to analyze the incidence of intense
droughts in the growth of sclerophyllous forests by
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analyzing their tree rings. Here, we considered
> 400 trees from nineteen populations of C. alba
and B. miersii growing across a latitudinal gradient
(32°-35° S). To study the influence of local and
large-scale climatic variability on tree growth, we
first grouped the sites by species and explored the
relationships between tree-growth patterns of C.
alba and B. miersii with temperature, precipitation,
and climate water deficit (CWD). Second, we per-
formed Principal Component Analysis to detect
common modes of variability and to explore rela-
tionships between growth patterns and their rela-
tionship to Palmer Drought Severity Index (PDSI),
ENSO and SAM indices. We detected a breaking
point as of 2002 at regional level, where a persis-
tent and pronounced decrease in tree growth oc-
curred, mainly influenced by the increase in CWD
and the decrease in winter-spring rainfall. In
addition, a positive (negative) relationship was
showed between PC1 growth-PDSI and PCl
growth-ENSO (growth-SAM), that is, growth in-
creases (decreases) in the same direction as PDSI
and ENSO (SAM). Despite the fact that sclero-
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phyllous populations are highly resistant to
drought events, we suggest that the sclerophyllous
populations studied here experienced a generalized
growth decline, and possibly the natural dynamics
of their forests have been altered, mainly due to the
accumulating effects of the unprecedented drought
since 2010.

GRAPHICAL ABSTRACT

Key words: Beilschmiedia miersii; Chilean forests.;
Cryptocarya alba; dendroecology.; global change.;
increased drought condition.; mediterranean for-
ests.; tree rings.

HiGHLIGHTS

e Tree growth patterns of two sclerophyllous trees
species of Chile were studied.

e We detected a growth decline since 2002 at
regional level

e This growth decline was increased by sustained
drought over the last decade.

INTRODUCTION

Climate change has occasioned an increase in the
intensity and severity of climate extreme events in
many regions (Allen and others 2015). This wide-
spread global phenomenon of warming and
drought has caused an impact on forest ecosystem
natural dynamics in different biomes, increasing
foliar senescence, forest decline, mortality events of
tree species, and massive forest diebacks (Allen and
others 2010; Greenwood and others 2017). Most of
those recent studies have been based on tree-ring
analysis (i.e., dendrochronology), which is the

main method to study annual sensitivity of tree
growth to climate variability at different spatial
scales (Schweingruber 1996). Therefore, expanding
the dendrochronological network in poorly ex-
plored forest types and species is a current chal-
lenge for many ecosystems worldwide. Such
urgency is further enhanced where climate change
interacts with habitat loss in ecosystems with high
biodiversity and endemism such occur in the
Mediterranean-type Ecosystems of Central Chile
(MECC).

Droughts in the Mediterranean basin have
intensified toward the end of the twentieth century
compared to their natural variability over the last
900 years (Cook and others 2016), which has
caused an alteration in the mnatural growth
dynamics of many Mediterranean tree species in
Europe and North America (for example, Negron
and others 2009; Gea-Izquierdo and Cafiellas 2014;
Sanchez-Salguero and others 2015; Serra-Malu-
quer and others 2019). It is predicted that by the
year 2100 the Mediterranean regions will experi-
ence a change in their biological diversity due to
global change (Sala and others 2000; Seager and
others 2019). Such predictions and the global rel-
evance of Mediterranean forests demand a better
understanding of the alterations of forest dynamics
triggered by climate change, particularly in areas of
the world that have been little investigated, such as
the forests of MECC.

The MECC (30°-38° S) contains the only
Mediterranean forests of South America, which are
located both at the Coastal and Andes mountains in
central Chile (Donoso 1982; Armesto and others
1995). These forests contain a high diversity of
endemic plants, so they have been declared a bio-
diversity hotspot (Arroyo and others 2006). His-
torically they have been greatly impacted by
anthropogenic activities, which has caused a con-
siderable decrease in their natural vegetation cover,
mainly due to their substitution by agricultural and
forestry crops, urban expansion, overgrazing,
unsustainable logging, forest fires and now, due to
climate change (Schulz and others 2010; Miranda
and others 2016). This biome includes sclerophyl-
lous forests (evergreen trees) in valleys and hill-
sides, and mountain tree species such as Nothofagus
macrocarpa and Austrocedrus chilensis forests. Mats-
kovsky and others (2021) have shown a general-
ized forest decline in these forests in recent decades
and they have predicted that their growth will be
highly threatened in the near future, which can be
extended to other tree species in MECC. However,
it is still unknown how the sclerophyllous forest
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responds to current climate change at lower alti-
tudes (< 1,200 m a.s.l.).

Sclerophyllous tree species in the MECC are
characterized by developing xeromorphic and
evergreen leaves, which allow them to resist the
dry season during spring-summer (from 5 to
7 months according to Donoso 1982). These scle-
rophyllous forests develops in an intricate topo-
graphic matrix of streams and exposures. The
forests located on slopes of southern exposure and
near rivers present more humid conditions than
forests developed on slopes of northern exposure.
Therefore, more favorable conditions for growth
are found in the first case compared to the second.
It is also usual to find older and larger trees on
southern slopes, as occurs with the species Crypto-
carya alba (Molina) Looser (Peumo) and Beilsch-
miedia miersii (Gay) Kosterm (Belloto del Norte).
Here, we explored the tree growth response to cli-
mate change in a latitudinal gradient across the
MECC, using C. alba and B. miersii as indicator
species of the effect of severe droughts in these
ecosystems. Since 2010, central Chile has been af-
fected by an uninterrupted sequence of dry years
provoking annual rainfall deficits (25-45%) at re-
gional level. Compared to the instrumental histor-
ical period during the last century, this hydric
phenomenon has been recognized as a mega-
drought (Garreaud and others 2017, 2020). The
global climate models predict for MECC that the
observed drying/warming trends will continue by
the year 2100 (Bozkurt and others 2018; Fernandez
and others 2021), a fact that would negatively af-
fect the tree growth of mountain trees (Matskovsky
and others 2021). In addition, one-third of the
Mediterranean forest have experienced a signifi-
cant NDVI decrease between 2010 and 2017, indi-
cating the incidence of drought on forest
productivity (Miranda and others 2020). Based on
these antecedents, we expected that the most
populations with C. alba and B. miersii present a
growth decline, with low variability in response to
drought among sites. Both tree species belongs to
the Lauraceae family, which stands out for having a
high dendrochronological potential (Reis-Avila and
Oliveira 2017), although they have not been
studied in MECC to date. The following objectives
have been proposed in this contribution: (i) to de-
velop a new tree-ring network of mesic sclero-
phyllous forest represented by 19 populations of C.
alba and B. miersii; (ii) to analyze their growth
sensitivity to local climate variability; (iii) to ana-
lyze the long-term tree-growth trends and their
link with recent drought events; and (iv) to explore
potential relationships between tree growth and

climate variability at regional and large geographic
scales.

MATERIALS AND METHODS
Study Area and Tree Species Populations

We sampled increment cores of 19 sclerophyllous
tree populations from 15 sites (Figure la, Table 1)
along an approximately 400 km of a latitudinal
gradient in MECC, and they represented by the
species Cryptocarya alba and Beilschmiedia miersii
(Lauraceae family). The annual climate conditions
of the studied area varied from 14.1°C to 16.0 °C in
mean temperature, from 256 to 792 mm in annual
precipitation, and from 154 to 256 mm during the
summer months with water deficit (CWD) (Ta-
ble 1). However, these mean values may varied
site-by-site depending on latitude (32.16°-35.53°
S) and altitude (100-1150 m a.s.l). From each
population, wood samples from 13 to 60 adult trees
(DBH > 25 cm, except for TIN and PSJ with
DBH > 15 cm) were sampled by non-destructive
methods (increment borer), totalizing > 400 trees
(Table 1, S1).

Both studied species are endemic, evergreen and
dominant in their own communities. C. al/ba con-
form shrubland communities of MECC, growing in
both mountain ranges up to 1500 m.a.s.l. Trees
may reach up to 20 m in height and 80-100 m in
DBH, with straight or slightly twisted trunk, bran-
ched, and with ascending branches (Rodriguez Rios
and others 1983). B. miersii is an endemic and
dominant tree of relict communities, which can
reach 30 m tall and a DBH above 100 cm (Ro-
driguez Rios and others 1983).

The region in which our species under study are
distributed corresponds to the Mediterranean-type
forests of central Chile, both at the Coastal and
Andes mountains. Shrubland and thorn steppes
cover most of the lower hillslopes and piedmont,
which are dominated by open forests of evergreen
and sclerophyllous tree species, mainly on south-
ern orientation slopes (0—-1200 m.a.s.l). Soils of the
Andes mountain are originated from volcanic or
granitic rocks and from glacial sediments (Villagran
1995). Along the Coastal range, soils are formed
from granitic rocks and are poorly developed,
usually from residuals on rocky outcrops (Donoso
1982; Gajardo 1994). This region is characterized
by a typical Mediterranean climate, with rainy and
cold winters (June to August), and dry and hot
summers (December to March). The total annual
precipitation has a year-to-year variation in re-
sponse to climatic oscillation such as El Nifo
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Figure 1. a Mediterranean Ecoregion of Chile and location of studied populations. b SPEI chronology (May to November)
for central Chile (32°-35° S, 70.5°-71.5° W) calculated at one-month scale (dashed blue line) for the period 1901-2017. ¢
Slope of SPEI values for period 2002-2017 by sites. Circle, triangle and square represent the populations of C. alba, B.

miersii and both species by site, respectively.

Southern Oscillation (ENSO) and Southern Annu-
lar Mode (SAM), that is, more precipitation in El
Nifio years and less precipitation in positive SAM
phase (Garreaud and others 2009).

Tree-Ring Chronologies
and Dendroclimatic Analyzes

Each wood sample was processed using the stan-
dard dendrochronological methods (Stokes 1996),
that is, cores were air dried in the laboratory, glued
on wooden supports, sanded with progressively fi-
ner sandpaper (80-800 grit) until clearly delineated
annual tree-ring boundaries and hence, tree rings
were marked under a stereomicroscope for com-
parison and visual cross-dating with other trees.
Ring-width measurements were performed using a
Velmex measuring system to a resolution of
0.001 mm. The cross-dating quality was checked
with the COFECHA software (Grissino-Mayer
2001), and then, each growth series was stan-

dardized to remove the biological age trend or any
non-related climatic growth variation by using the
ARSTAN software, and hence, we correlated the
radial growth with climate variability (Holmes and
others 1986). We standardized the individual tree-
ring series using either negative exponential,
Hugershof or linear fitting detrending functions,
depending on the best visual correspondence of fit
(Cook and others 1990). We characterized site
chronologies using ring widths average and stan-
dard error, mean sensitivity (MS), series intercor-
relation (SI), Running Bar (RBar), and expressed
population signal (EPS) (Fritts 1976). MS repre-
sents the mean percentage change of year-to-year
growth variability. SI is the mean value of all pos-
sible correlations between individual series. RBar
describes the mean correlation coefficient for all
possible pairings of ring-width series over a com-
mon time. AR1 is a measure of the association
between tree-ring growths in two consecutive
years (Holmes and others 1986). EPS measures the
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Table 1. Climatic and Geographical Characteristics (Latitude, Longitude, Altitude) of the Study Sites.

Site Lat Lon Alt. (m.a.s.l) Pp (mm) T (°C) CWD
Cerro Santa Ines® — 32.16 — 71.48 150 269.3 15.0 265.6
Maiten Largoa'b — 32.26 — 71.25 176 256 15.0 272.8
Cerro Chache?® — 32.55 — 71.09 643 334.5 16.0 220.3
Aguas Claras® - 32.59 — 7141 100 279.5 15.3 251.9
Quillota® — 32.88 — 71.35 161 396.6 15.3 245.3
La Campana™” — 32.96 —71.16 630 381.0 15.3 243.2
Manquehue® — 33.35 — 70.57 1084 304.5 14.6 187.2
Aguas de Ramo6n? — 3343 — 70.48 1152 304.5 14.6 194.5
Quebrada de Macul® —33.48 — 70.50 1134 505.9 14.4 187.4
Torcazas de Pirque® - 33.71 — 70.48 1126 549.2 14.1 178.5
Rio Clarillo® —33.73 — 70.45 1000 443.9 14.5 170.2
Pirque® — 33.76 — 70.57 846 443.9 14.5 175.9
Altos de Cantillana®® — 33.87 — 70.93 414 515.7 14.5 173.1
Loncha?® — 34.14 — 70.95 854 481.1 14.8 158.0
Tinguiririca® — 34.72 — 70.81 678 535.7 14.2 181.0
San Javier® — 35.53 —71.91 140 792.0 14.7 175.7

Values for annual total precipitation, mean total temperature and climatic water deficit are for the period from 1958 to 2017, using gridded climate data of TerraClimate

(Abatzoglou and others 2018).
Cryptocarya alba, ®Beilschmiedia miersii.

strength of the common signal in a chronology
over time and verifies the hypothetically perfect
chronology, with a theoretical threshold of at least
0.85 (Wigley and others 1984).

To analyze the influence of local climate vari-
ability on tree growth, we used monthly precipi-
tation, climatic water deficit CWD, maximum and
minimum temperature data from 1958 to 2017
(Abatzoglou and others 2018). The datasets were
extracted from the TerraClimate (~ 4 km spatial
resolution) by Google Earth Engine (GEE) Cloud
platform. CWD represents the evaporative demand
that is not satisfied with available water and,
therefore, is an indicator of potential effects of
drought stress on trees (Young and others 2017).
This index is calculated by the difference between
potential evapotranspiration and actual evapo-
transpiration, and integrates climate, energy load-
ing, drainage, and changes in soil moisture in a
single variable. The RESPO.AVG.CLIMATE routine
in R free software were implemented to detect ro-
bust estimates of the Pearson correlation coeffi-
cients in several monthly combinations between
ring-width chronologies and climatic data (R core
Team 2019; Gonzélez-Reyes 2020).

Influence of Regional Climate on Tree
Growth

We explored the climatic and growth trends at re-
gional level based on piecewise linear models be-
tween monthly scale Standardized Precipitation-

evapotranspiration Index (SPEI) and tree growth
variables (response variables) and the respective
calendar years (explanatory variable), using seg-
mented R package (Muggeo 2008). The SPEI is a
multiscale drought index that incorporates precip-
itation and potential evapotranspiration data; neg-
ative (positive) values indicate dry (humid)
conditions (Vicente-Serrano and others 2010). The
data was extracted from the KNMI global climate
explorer (https://climexp.knmi.nl/), according to
the geographical coordinate of each site (Figure 1),
with a spatial resolution of 0.5° from the Climate
Research Unit of the University of East Anglia
version 4.03. We cut the times series considering a
common growth period between 1950 and 2017
and evaluated the change in trends before and after
breakpoint from the linear regression coefficient
(i.e., slope). The growth variables are ring width
and Basal Area Increment (BAI), which depends
less on the size of the tree and they are a more
representative variable of the growth trends (Ca-
marero and others 2015). Finally, the significance
was evaluated using the Kruskall-Wallis test,
indicating whether growth increased or decreased
after the detected breakpoint (Hollander and Wolfe
1973).

To understand how climatic variables influence
the species tree growth after the detected break-
point by trees species, we modeled the ring widths
and BAI (response variable) in function of climatic
seasons (autumn, winter, spring and summer)
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represented by precipitation (PP), climate water
deficit (CWD) and minimum and maximum tem-
perature (Tynin and Tmax). We standardized each
climate variable on a site-by-site basis by averaging
the monthly standard deviations, and we created
monthly records of precipitation, CWD, and tem-
perature outputs departures at regional level.

The average seasonal anomalies for the autumn,
winter, spring and summer were March—April-
May, June-July-August, September—October—
November, and December-January-February,
respectively. Additionally, for slope model we in-
cluded categorical variable ““Period”” with two le-
vels, pre- and post-breakpoint. We carried out the
logarithmic transformation of growth variables
because it presented an asymmetric distribution. In
addition, we included as a random factor the trees
nested in the sites and the calendar years for
growth model, and sites for slope model, with
purpose to account for variation in growth due to
abiotic characteristics and avoid autocorrelation
between series. It should be noted that for growth
model annual values were used for the period after
breakpoint, while for the second model (slope)
regression coefficients before and after breakpoint
were used as variables. All models were fitted in R
3.6.1 (R core Team 2019) using the Imer function
of the Ime4 package following a model building
approach (Pinheiro and others 2017). Statistical
inference was performed with likelihood ratio tests
and the assumptions of the model were verified
with classical graphical diagnostics.

Influence of the Global Climate
Variability on Tree Growth

To study the influence of large-scale climate vari-
ability over tree-growth, we first perform principal
component analysis (PCA) to detect common
modes of ring-width variability = between
chronologies. The PCA was runner in R using the
psych and GPArotation packages (Bernaards and
Jennrich 2005; Revelle 2021). We selected the
most relevant patterns spanning 1950-2015. We
evaluated relationships via Pearson correlations
between detected tree-growth patterns and ENSO
and SAM activity. Autoregressive (AR) modeling
was used to pre-whitened each time series to re-
move the effect of first-order autocorrelation
AR(1). As an indicator of ENSO, the SST-Nifio-3.4
index based on Sea Surface Temperature (SST)
variations over the east-central tropical Pacific at 5°
N-5° §,170°-120° W was implemented (Trenberth
1997). On the case of SAM, that consists of a bar-
otropic meridional pressure dipole between latitude

circles centered at 45° and 60° S and represents the
first mode of extra-tropical climate variability in a
wide range of time scales in the Southern Hemi-
sphere (Thompson and Wallace 2000; Marshall
2003), we used the SAM-NOAA index. We also
explore possible relationships between tree-growth
patterns and extratropical regions across the Pacific
Ocean, and summarized by the SST Tripole Index
(TPI, Henley and others 2015). The TPI is based on
the difference between SST’s over the central
equatorial Pacific and the average of the SST in the
Northwest and Southwest Pacificc We used the
unfiltered monthly TPI index based on the ERSST
V4 data set (Huang and others 2015). Like corre-
lations with local climate, we used the RE-
SPO.AVG.CLIMATE routine in R software (R core
Team 2019; Gonzalez-Reyes 2020).

To understand spatial and temporal drought
patterns, independent of our chronologies, we ex-
plored relationships between tree-ring growth
patterns of C. alba and B. miersii and the recent
South American Drought Atlas SADA (Morales and
others 2020). We measured the relationship degree
using the Pearson correlation coefficient between
our drought patterns and each longitude and lati-
tude grid of SADA, considering the 1950-2000
period. The SADA is based on self-calibrated
reconstruction grid by grid integrating tree rings
and the Palmer Drought Severity Index PDSI, and
is an indicator of dry and wet condition in a specific
location or grid. The product presents a spatial
resolution of 0.5° x 0.5° longitude and latitude,
spanning the 1400-2000 period. All information
about SADA, including tree-ring chronologies and
PDSI gridded products are freely available in http://
www.cr2.cl/datos-dendro-sada/ (CR2 2020).

REsuLTs
Characteristics of Tree-Ring Chronologies

We cross-dated 655 ring-width series extracted
from 430 trees of C. alba and B. miersii, covering
ages ranging between 32 and 354 years (Table S1).
We sampled trees with a mean DBH of 33 cm,
being B. miersii trees (43.2 £ 3.4 cm) higher than C.
alba trees (28.8 = 1.6 cm). The annual growth
(average tree-ring width) is similar in both species,
with 1.58 £+ 1.03 for C. alba and 1.77 £ 1.11 for B.
mersii, being the lowest and highest values found in
CSI and PRL (both C. alba populations), respec-
tively (Table 2). All sites had high mean sensitivity
and intercorrelation values between series
(> 0.362 and > 0.488, p < 0.01, respectively).
RBar varied between 0.192 (CSI) and 0.704 (PML),
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Table 2. Characteristics of the Trees Studied From 19 Populations

Site Species Code DBH + SE RW =+ SE Time span Age
Cerro Santa Ines C. alba CSI 23.12 + 0.89 0.67 £ 0.09 1900-2017 32-258
Maiten Largo C. alba PML 30.43 £ 1.59 1.94 £+ 0.37 1945-2017 44-128
Maiten Largo B. miersii BML 72.34 + 4.75 1.80 + 0.33 1927-2017 60-220
Cerro Chache C. alba CHA * 1.02 £ 0.18 1960-2017 42-233
Aguas Claras B. miersii AGU * 1.26 £ 0.11 1840-2017 65-348
Quillota B. miersii QUI 24.47 £ 1.20 2.25 £ 0.24 1968-2017 34-91
Cerro La Campana B. miersii BLC 31.25 £ 2.19 1.47 £ 0.26 1943-2017 53-105
Cerro La Campana C. alba PLC 29.89 £ 1.43 1.39 £ 0.26 1933-2017 61-127
Manquehue C. alba MAN * 1.93 £ 0.19 1945-2015 45-84
Aguas de Ramoén C. alba ADR 25.86 + 1.49 1.34 + 0.20 1869-2017 88-174
Quebrada de Macul C. alba QDM 16.51 & 1.33 1.41 £+ 0.18 1950-2017 41-97
Torzada de Pirque C. alba SLT 21.32 £ 1.18 1.42 £ 0.21 1950-2017 41-97
Rio Clarillo C. alba PRC 36.01 £ 1.01 1.92 + 0.31 1904-2017 48-155
Pirque C. alba PIR 44.25 £ 2.47 1.53 £ 0.20 1928-2017 52-138
Altos de Cantillana B. miersii BAC 4492 £ 534 2.06 £ 0.28 1943-2017 53-110
Altos de Cantillana C. alba PAC 51.71 £ 5.98 2.16 £ 0.39 1928-2017 61-105
Loncha C. alba PRL 31.46 + 1.24 2.69 £ 0.33 1930-2017 33-88
Tinguririca C. alba TIN 15.05 £ 0.38 1.59 £ 0.22 1983-2017 33-77
San Javier C. alba PSJ 20.03 £+ 0.72 1.22 + 0.15 1950-2017 42-97

Average of diameter at tree diameter at breast height (DBH) and tree-ring width (RW) % and standard error (SE), minimum and maximum trees age found in the cores, and

time span chronology (EPS > 0.85).
“Trees without DBH information.

and EPS was greater than 0.809 in all populations.
AGU and ADR were the populations that provided
the longest chronologies of B. mersii and C. alba,
respectively, with an EPS above 0.85 from 1840 to
2017 and from 1869 to 2017, respectively; while
those populations with shorter time span for both
species were BLC and TIN, with a record period
(EPS > 0.85) of 1943-2017 and 1983-2017,
respectively (Table S1).

Climate Sensitivity of Tree-Ring
Chronologies

Figure 2 show the tree-ring width-climate rela-
tionship of 19 populations, which revealed that
there is a similar response at the regional level
between the different sites along the 400 km of the
latitudinal gradient. CWD in autumn-winter
(May-August) and early spring (September—Octo-
ber) presents a strong negative correlation in all the
sites, except for PLC and PLR that presented a
positive relationship during spring (October—
December) (Figure 2a). On the contrary, a clear
positive influence of precipitation is observed dur-
ing winter (dormant season) and until late spring-
early summer (December—January) of the current
growing season for most sites along the latitudinal
gradient (Figure 2b). The same negative relation-
ship occurs when comparing CWD with the maxi-

mum temperature for the entire growing season,
from September to May, and more strongly during
spring (Figure 2¢). Regarding minimum tempera-
tures, there is a positive relationship during the
dormant season (winter), and in some sites this
relationship becomes negative during the spring-
early summer season (Figure 2d).

Tree-Growth Trends

Although a historical meteorological mega-drought
has been recognized since 2010, based on a piece-
wise linear model between SPEI (response vari-
ables) and the respective calendar vyears
(explanatory variable), we have detected that since
2002 there has been a breakpoint in the SPEI series
in MECC (Figure 1b). All the studied sites have a
negative SPEI trend, showing that the increase in
drought conditions since 2002 is observed at the
regional level.

In accordance with SPEI trends, we observed a
breaking point in the same year in both the ring
width and BAI regional tree-ring chronology using
both tree species (Figure 3a, b). The regional
chronology showed a negative growth trend since
2002, reaching similar values to that observed at
the beginning of the second half of the twentieth
century (BAI ~ 500 mm?, Figure 3a, b). The coef-
ficients of the linear regression between the BAI
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and the calendar years before and after the break-
point, ratify these trends by reversing the sign of
the slope, decreasing by up to three times its value
and with statistically significant differences (p-va-
lue < 0.001; Figure 3¢, d). When analyzing site to
site, we found that all tree-ring chronologies had
negative growth trends for the period 2002-2017
(Figure 2e). However, there are some tree-ring
chronologies that did not showed such a drastic
change in growth in their trends, such as CSI, CHA
and ADR chronologies (Figure 3c). Otherwise, PRL
and PML (C. alba), and BML (B. miersii) presented
the lowest slope values, showing that they were
one of the most affected sites post-breakpoint
(Table S2).

Explanation of Growth Trends by Local
Climate

The seasonal climate, mainly during winter and
spring, proved to influence growth decline after the
2002 critical point for both species. Most of the total
variation for the growth models was explained by
random effects, with high values of conditional R*
(0.64 for C. alba and 0.82 for B. miersii) and lower
values of marginal R? (0.06 for C. alba and 0.21 for
B. miersii), being Peumo’s model the least valuable.
Although the slope model is mainly explained by
fixed factors, with at least 31% of variation influ-
enced by climatic parameters (Table 3). The tree-
growth reduction for both species is influenced
mainly by CWD and precipitation of winter-spring.
In this sense, we observed a CWD significative in-
crease and precipitation significative decrease in
winter for MECC since 2002 (Figure S3). It should
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be noted that there is a direct relationship between
the tree-growth slope and the winter T, in B.
miersii populations, a variable that trend to decrease
during the recent decade.

Climate-Growth Relationship at Regional
Scale

The PCA has revealed a high variance concentra-
tion retained between the first three principal
components (PC1, PC2, and PC3). The PCl ex-
plained the 40.4% of total variance, while PC2 and
PC3 have retained the 9% and 7.6%, respectively
(Figure S3). Tree-ring sites such as ADR, PRC and
BLC have recorded high loadings values on the first
principal mode (0.74, 0.76 and 0.65, respectively).
To the PC2, the MAN tree-ring site has led the
component with a value of 0.94, while the PC3 has
led by QDM site (0.97).

Significant relationships were obtained between
obtained principal component time-series and
large-scale climate forcing from the high latitudes
and several regions along the Pacific Ocean,
including the tropical region. A positive and sig-
nificant relationship was recorded between the
SST-Nifio3.4 index from June to October and the
PC1 time series during 1950-2015 (r = 0.37;
p < 0.01; critical » = £ 0.31; Figure 4a). Non-sig-
nificant relationships were obtained between the

PC2, PC3 and SST-Nino 3.4 index as a proxy of
ENSO activity. High-latitude climatic forcings as
SAM also recorded significant relationships with all
PCs time series. The PC1 has registered a significant
but negative relationship with the SAM activity of
the previous May to previous June (r=— 0.31;
p < 0.01; critical r = &£ 0.31; Figure 4b). Similar
significant results were obtained using the time
series after to remove the first order autocorrela-
tion, where Pearson correlation values were equal
to — 0.3 (p < 0.05). A similar negative relationship
was obtained between PC2 and SAM of the previ-
ous May to the previous June (as the PC1), with a
Pearson correlation value of r = — 0.33 (Figure 4c).
The PC3 has recorded a significant and negative
relationship with SAM activity from previous
October to current October (r = — 0.33; p < 0.01).
However, after removing the ARI1 into the time
series, Pearson correlation values were higher
(r=—0.46; p > 0.01) with respect to the previous
obtained value (Figure 4d).

We identified significant relationships between
the PC1, PC2 and the SST tripole Index (TPI).
Pearson correlation values showed high and posi-
tive values between TPI from August to October
and the PC1 (Figure 4e; r = 0.35, p < 0.01) with
respect to the PC2 during the previous June to
previous July (Figure 4f; r = 0.27, p < 0.05).
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Table 3. Parameter Estimates for the Best Linear Mixed-effect Model (LME) Fitted to Growth Data
(log(RWL + 1)) Post-breakpoint and Slope Data (Slope) Pre- and Post- Breakpoint

Variable Sps Estimate Std. error t value Pr(> Chisq) R*m R*c
Growth Peumo

(Intercept) 5.E-01 8.E-02 5.880 < 0.001 0.059 0.683

CWD_jja — 4.E-04 9.E-05 —4.921 < 0.001

PP_jja 3.E-04 8.E-05 4.035 < 0.001

CWD_son 8.E-05 3.E-05 2.641 0.008

Tonax_SOTL 9.E-04 6.E-04 1.543 0.123

Belloto

(Intercept) — 1.E + 00 4.E-01 — 3.798 < 0.001 0.206 0.824

CWD_mam 4.E-04 1.E-04 4.493 < 0.001

PP_mam 1.E-03 3.E-04 4.058 < 0.001

CWD_jja — 6.E-04 1.E-04 — 5.389 < 0.001

CWD_son — 3.E-04 8.E-05 — 3.689 < 0.001

PP_son 4.E-03 8.E-04 4.634 < 0.001

Tmax_dJF 7.E-02 1.E-02 5.501 < 0.001
Variable Sps Estimate Std. error t value Pr(> Chisq) R’m R*c
Slope Peumo

(Intercept) 0.002 0.006 0.431 0.666 0.382 0.443

CWD_mam — 0.003 0.001 — 3.759 < 0.001

CWD_son 0.006 0.001 8.629 < 0.001

Periodpost — 0.097 0.006 — 15.878 < 0.001

Belloto

(Intercept) — 0.420 0.062 — 6.768 < 0.001 0.307 0.332

Tmin_jja 29.324 4.165 7.041 < 0.001

Timax_SON 19.108 2.895 6.601 < 0.001

Periodpost - 0.713 0.093 — 7.643 < 0.001

Both, As a function of seasonal climate represented by precipitation (PP), climate water deficit (CWD), maximum temperature (T,;,) and minimum temperature (T,,;,); and

additionally, the categorical variable *‘Period’” for the model of the slopes.

DiscussioN

The analysis of the forest growth responses to glo-
bal change using different temporal and spatial
scales is essential to understand the adaptation
capacity of tree species to forecasted climate con-
ditions (Tardif and others 2003; Sanchez-Salguero
and others 2017; Matskovsky and others 2021).
Here, we present the first record on the dendro-
climatic response of two endemic sclerophyllous
trees from MECC, C. alba and B. miersii. Our results
showed negative growth trends since the beginning
of the twenty-first century (Figure 3), which is
explained by climate influence on radial growth
(Figure 2, Table 3). We demonstrate that tree-ring
chronologies of C. alba and B. miersii are highly
sensitive to local, regional and global climatic
variability (Figures 2, 4, 5).

Climatic Signs in Tree Rings

All tree-ring chronologies proved to be sensitive to
local climate variability, without a marked bio-
geographic difference across the latitudinal gradi-
ent. Overall, most populations showed a strong
dependence of tree growth on winter rains (before
the onset of the growing season), that is, they
showed a positive (negative) correlation with pre-
cipitation (CWD) between May and October, while
minimum and maximum temperature had a posi-
tive and negative correlation during winter and
spring (start of the growing season), respectively.
At the species level, it was observed in the C. alba
populations that the particular conditions of each
tree and site would provide larger annual growth
variability than the climatic conditions themselves
(6% of the variation). However, when we analyzed
the model using the growth slopes before and after
the breakpoint, we observed that the influence of
the local climate increases on tree growth in C. alba
(38% of the variation). On the other hand, the B.
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miersii populations are fully influenced by the cli-
mate (21 and 31% of the variation in growth and
slope models, respectively, Table 3). However,
some populations (for example, MAN) showed less
sensitivity between climate and growth interrela-
tionships, a fact that is probably explained by mi-
crosite factors, since this site is used as an urban
park in Santiago de Chile. These results coincide
with those observed in other deciduous and native
coniferous forests under the Mediterranean climate
regime in MECC (Venegas-Gonzalez and others
2018a, b; Mufioz and others 2020), which suggest a
strong effect of droughts in vigor of the vegetation
(Garreaud and others 2017).

Spatial and temporal dry and wet patterns in-
ferred by the South American Drought Atlas
(SADA) reconstruction exhibited positive relation-
ships with the tree-ring growth patterns, mostly
with PC1 during 1950-2000 (Figure 5), which
means that tree growth and PDSI variability occurs
in phase or in the same direction (increase/decrease
growth and PDSI). In a regional context, and using
this drought atlas, the regional chronology reveals
teleconnections with other South American re-
gions (that is, Patagonia, Altiplano, Argentinian
North West region (ANW), and others). These
patterns were also shown in the SADA study for
Chilean and Argentinean sites (Morales and others
2020), and previously also showed by Mufioz and
others (2014) for Araucaria araucana growth and
soil moisture variations in Argentina, Uruguay and
Brazil.

Similar to our results, European Mediterranean
forests showed that the increase in the minimum
and maximum temperature in summer have a
negative influence on radial growth (for example,
Gea-Izquierdo and others 2011; Martin-Benito and
others 2013; Gea-Izquierdo and Cafiellas 2014),
both in natural and implanted forests (Sanchez-
Salguero and others 2013). Here, we showed the
negative influence of the maximum temperatures
during spring—summer seasons, which have evi-
dently increased in the last decades at regional level
(Figure S2). This is explained by increased evapo-
transpiration during the growing season (peak
growth rates) and soil moisture loss due to evapo-
ration, causing a decrease in primary productivity
on both forests and crops in MECC (Bigiarini-
Zambrano 2021).

We observed a positive association between tree-
ring widths and minimum temperature in winter-
early spring in most chronologies. Recently, Mats-
kovsky and others (2021) found that low temper-
atures during the coldest months becomes the main
limiting factor for tree growth in MECC. In other

Mediterranean forests, a positive effect of winter-
early spring temperature on tree-ring formation
has been observed, being the growth limited by low
temperatures (for example, Vila and others 2008;
Lebourgeois and others 2012; Sanchez-Salguero
and others 2015). In the Mediterranean region of
Portugal, an increase in the minimum temperature
has been observed in winter since 1970, which has
favored the tree radial growth (Kurz-Besson and
others 2016). However, a significant increase in the
minimum temperature has not been observed in
winter since 2002, indeed, there is a tendency to
decrease the minimum temperature in recent years
(Figure S2), which would trigger a decline in tree
growth (Figure 3).

The positive relationship that we found between
the rainfall of winter-early spring (before the
beginning of cambial activity) and ring width,
coincides with that it is shown by different authors
in Mediterranean forests (for example, Sanchez-
Salguero and others 2012; Dorado-Linan and oth-
ers 2017). This relationship is confirmed by strong
correlations between climate water deficit and ra-
dial growth toward the end of the winter-early
spring times (Figure 2). This confirms that the main
limiting factor in these types of forests is the water
availability of the soil, immediately before and
during the growing season. Regarding other
Mediterranean sclerophyllous species, it has been
found that there is a positive correlation between
the tree-ring width and the precipitation from au-
tumn to current spring (Campelo and others 2007;
Gea-Izquierdo and others 2009; Abrantes and
others 2013). In another Chilean Mediterranean
mountain tree species, it has been reported that dry
years cause a decrease in radial growth, especially
during the last decades (Venegas-Gonzédlez and
others 2018a). These effect of dry years has been
also observed in streamflow reconstructions in the
Mediterranean area of Chile, including the Petorca
river located in the northern of this geographical
range (Mufloz and others 2020), and the Maule
river located right in the southern border of this
climatic zone (Mufioz and others 2016; Barria and
others 2019).

Evidence of Sclerophyllous Forest
Decline

The recent increase in temperature and the his-
torical decrease in precipitation experienced in
MECC (Boisier and others 2018; Garreaud and
others 2020; Matskovsky and others 2021) has af-
fected the tree growth of C. alba and B. miersii
populations, which is evidenced by a significant
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breakpoint in growth since 2002. Specifically, the
reduction of winter—spring precipitation is the
variable that appeared to be most related to forest
decline. In other Mediterranean region, many
studies have shown a warming-related growth de-
cline in recent decades (Colangelo and others 2017;
Gentilesca and others 2017; Navarro-Cerrillo and
others 2019; Serra-Maluquer and others 2019;
Touhami and others 2019). In the Mediterranean
basin, a generalized growth decline of sclerophyl-
lous trees (mainly Quercus ilex and Q. suber) has
been identified since the 1990s, which would be
explained by the increase in drought conditions
and attacks by different parasitic agents, giving rise
to a process of rapid loss of vigor of the trees
(Gentilesca and others 2017). Di Filippo and others
(2010) showed that tree growth decline of decid-
uous oaks in Mediterranean environments is linked
to a delayed response to climate, mainly caused the
water balance during spring-early summer. In Italy,
isolated cases of oak decline have been observed
since the end of the last century, which has been
attributed, in addition to the climate, to the frag-
mentation of these forests (Gentilesca and others
2017).

Although all chronologies showed a high sensi-
tivity to extreme drought events during the twen-
tieth century (for example, 1968 and 1998, results
not shown), it was observed that they continued
with a positive growth trend after those years
(Figure 3). However, recent changes in climate
variability during the last two decades are causing
an unprecedented reduction in radial growth. In
this sense, it is possible for sclerophyllous species to
adapt to unusual extreme droughts. Limousin and
others (2009) studied the response of the sclero-
phyllous species (Q. ilex) to rainfall decline, using a
rainfall exclusion experiment verifying that this
sclerophyllous species, and possibly most of the
sclerophyllous species of the Mediterranean biome,
have the ability to adapt to future drought condi-
tions through the regulation of stomata, leaf area,
and transpiration. Despite these characteristics, we
suggest that the sclerophyllous populations studied
here experienced a generalized growth decline, and
possibly the natural dynamics of their forests have
been altered (especially the carbon sequestration
and tree regeneration), mainly due to the accu-
mulating effects of the unprecedented drought
since 2010. Regeneration absence in B. miersii forest
in Chile became a challenging topic for forest
restoration under climate change (Brito-Rozas and
Flores-Toro 2014). Also, recent studies showed
drought conditions influence the flammability of C.
alba, and other exotic trees species from Eucaliptus

and Acacia genus (Guerrero and others 2021),
creating a new risky factor to be considered to build
resilience landscapes in Mediterranean ecoregion
of Chile.

Although the historical meteorological mega-
drought has been recognized since 2010, we have
detected that since 2002 there has been a breaking
point in the SPEI series in MECC (~ 32-35° S,
400 km, Figure 1b). Linear climatic trends at the
regional level before the breakpoint showed that in
all seasons there is a significant increase in the
minimum temperature, but not for the maximum
temperature (Figure S1). Moreover, we observed
that CWD has negative trends in spring and sum-
mer, which could indicate that during that time
there were no evident long-term drought condi-
tions. However, we observed a significant decrease
(increase) in precipitation (CWD) for winter
months, while there is a significant increase in
maximum and minimum temperature in spring
was observed (Figure S2). In addition, we observed
that the minimum temperatures that before the
breakpoint had significant increases (winter and
spring, Figure S1), but lost their significance for the
period 2002-2017 (Figure S2). This would be lim-
iting the water consumption by the trees in the
season of greatest growth, increasing the soil
evaporative rates, and therefore, stressing the
plants from the dawn in the morning (the lower
temperature hour in MECC). David and others
(2007) showed that Mediterranean evergreen trees
maintain transpiration rates despite decreasing of
the predawn leaf water potential in summer, since
more than 70% of the transpired water was being
taken from groundwater sources.

In MECC, the groundwater in summer depends
to a great extent on precipitation and the level of
snow that falls during winter in the Andes Moun-
tains (Taucare and others 2020). However, a de-
crease in precipitation together with a decline of
the snow cover area has been observed in central
Chile during the current megadrought, which has
possibly caused a considerable decrease in
groundwater recharge (Stehr and Aguayo 2017;
Duran-Llacer and others 2020; Garreaud and oth-
ers 2020; Munoz and others 2020). This situation is
even more critical in the Coastal mountain, where
the northern studied populations (CSI-PLC) are
located, with historical decreases in rainfall, soil
moisture, level of lake surfaces, reduction in river
flows, and aquifer recharges (Barria and others
2021). Agricultural expansion also competes with
native forests for water resources in MECC (Mufioz
and others 2020). The ecosystem services of these
forest are highly socially and technically accepted,
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and they have been proposed in nature based
solutions to conservation, restoration and
managament of MECC (Schneider and others
2021).

Current Situation of South American
Sclerophyllous Trees

Overall, a generalized decline in forest growth
promotes conditions of massive tree mortality in
the short term (Cailleret and others 2017). Al-
though at the samplings most of the trees were
alive, individuals affected by the historic extreme
drought of 2019 were noted in several sites (Fig-
ure S4). Droughts are stressful for plants due to
increases in temperature, vapor pressure deficit,
and associated water loss, causing the tree death or
indirectly leads to mortality through associated in-
creases in biotic agent infestations (McDowell and
others 2020). Hydraulic failure and carbon starva-
tion remain are the physiological processes that
explain drought-induced mortality (Adams and
others 2017), and both mechanisms are likely to
increase the susceptibility of trees to the incidence
of insect or disease by pathogens (Gaylord and
others 2013). The presence of these opportunistic
organisms is a consequence of the loss of vigor of
the trees. Outbreak insect herbivores have been
reported among the main mortality agents of oak
forests, both in Northern America and Europe
(Haavik and others 2015), and also in Chilean
temperate forest (Estay and others 2019). However,
a massive insect attack in the Chilean sclerophyl-
lous forest has not been yet observed, despite
extensive browning in C. alba populations across
MECC (Figure S4). Recently, Miranda and others
(2020) showed an unprecedented productivity de-
cline of the sclerophyllous forest in MECC for the
period 2000-2017 linked to the megadrought,
where the potential resistance loss is suggested by
high browning in the driest zones.

However, we still cannot be categorical regarding
the incidence of water stress in the sclerophyllous
forest, since little is known about its ability to resist
future intensification of drought conditions. This
hypothesis can be supported because there are
historical documents that indicates a massive
browning and drying of the Mediterranean forest
in 1924, also affecting shrub, mammals, insect
populations and domestic cattle (Camus and Jaksic
2020). Only the year 2019 can be consider an ex-
treme drought as the year 1924 was, but the 2019
drought occurred after the driest decade of the last
millennium (Garreaud and others 2020; Mufnoz
and others 2020) and we can expect more impacts

on ecosystem services than those caused by the
1924 drought.

Although the influence of age on tree-growth
trends was filtered using BAI chronologies (Biondi
and Qeadan 2008), we consider that in future
studies this approach should be replicated but
considering the difference between adult and
young trees. Here, we especially studied adult trees,
which should have slower growth rates and prob-
ably are less sensitive to climate than young trees
(Konter and others 2016). However, there is no
consensus in the literature on the influence of age
on the resilience of Mediterranean forests to
drought conditions (Colangelo and others 2017;
Granda and others 2018; Serra-Maluquer and
others 2018). In MECC, it has been observed that
both young, adult or mature trees show a signifi-
cant decrease in growth since 2000 in mountain
trees species (Venegas-Gonzdlez and others 2019),
and that the relative resilience to extreme droughts
could be explained by tree size and sites influences
(Venegas-Gonzalez and others 2022). However, the
influence of DBH/ age on climate sensitivity in
sclerophyllous forests is still unknown.

On the other hand, the studies based on
stable isotopes have showed a positive trend of
water use efficiency, especially in xeric sites,
demonstrating the adaptative capacity of Mediter-
ranean species to dry conditions in summer (for
example, Maseyk and others 2011; Linares and
Camarero 2012; Battipaglia and others 2014; Altieri
and others 2015). Based on these findings, we can
hypothesize that native trees are stressed, and are
probably experiencing an adaptive period, a fact
that should be verified by isotopic analyzes or other
functional traits. Studies on the resilience of the
sclerophyllous forest to climate change are desir-
able to carry out from the cellular to the landscape
scale, expanding the analysis of the impact that
droughts can produce on the ecosystem services
provided by the MECC forests. Finally, our results
constitute an input to detect refuge areas and
identify the response capacity of Mediterranean
forests to global change.
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