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A B S T R A C T   

Global Climate Models project that observed climate trends are likely to be preserved and the number of extreme 
events will be increasing during the rest of the 21st century, which may have a detrimental impact on forest 
ecosystems. These impacts may include forest decline and widespread dieback of the most vulnerable biomes, 
such as the Mediterranean Forest of Central Chile (MFCC). Nothofagus macrocarpa and Austrocedrus chilensis are 
two canopy-dominant, endangered tree species in the mountains of MFCC. Here, we project tree growth of these 
species based on tree-ring width chronologies, a simplified version of a process-based model, and climate change 
projections. We used the tree ring information derived from ~400 trees from 12 sites distributed across MFCC in 
combination with the simplified version of process-based Vaganov-Shashkin tree-growth model (VS-Lite) to 
forecast changes in tree growth for the next four decades. Tree growth projections were made on the basis of 
monthly values of temperature and precipitation from the output of 35 climate models based on two ensembles 
of CO2 emission scenarios of the IPCC AR5 (RCP 8.5: higher-emission scenario, and RCP 2.6: lower-emission 
scenario). For the MFCC region these scenarios result in temperature rise ranging between 0.5 ◦C and 2.0 ◦C, 
and a precipitation decrease between 5% and 20% by the year 2065, as related to historical conditions. Our 
results showed that the VS-Lite model is capable of reproducing tree growth decline during the recent extreme 
dry period, i.e. 2010–2018, which supports its use for tree growth projections in the MFCC region. According to 
the modeling results, we find that tree growth in both N. macrocarpa and A. chilensis forests distributed in the 
MFCC region will be adversely affected by future climate changes, mainly starting from the year 2035, under 
both scenarios. Our work provides evidence of the degree of vulnerability of Mediterranean mountain forests in 
central Chile according to current climate change projections. The projected decline in tree growth indicates 
serious risks in the dynamics and survival of these forests relatively soon, so alerts are given about this situation 
which may require to counteract the deleterious effects of global change on vegetation in this region.   

1. Introduction 

There is ample evidence that global warming has intensified during 
the last decades, and drought episodes have been more severe (Jones 
et al., 2001; O’Neill et al., 2017). Under scenarios of increased 

greenhouse gases emissions (GHG), Global Climate Models (GCMs) 
project an increase in these trends and episodes by the end of the 21st 
century (Pachauri et al., 2014), particularly in Mediterranean regions of 
the world (Giorgi and Lionello, 2008). Pronounced drought conditions 
triggered by climate change directly affect forest ecosystems, resulting 
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in forest decline and widespread dieback in different biomes worldwide 
(Allen et al., 2010, 2015; Anderegg et al., 2015). 

The Mediterranean forest of Central Chile (hereafter MFCC, Fig. 1), 
the only mediterranean-type ecosystem of South America, is currently 
under a state of strong vulnerability due to forest fragmentation pro
duced by logging and land use change (Miranda et al., 2016), wildfires, 
and climate change (Bowman et al., 2019; González-Reyes et al., 2017). 
The MFCC ecosystem still dwells a high biodiversity of endemic species, 
being declared a global biodiversity hotspot (Armesto et al., 2007; Myers 
et al., 2000). The MFCC ecosystem is a host of the two tree species that 
reach the northernmost distribution of their genus in this region: the 
broadleaf Nothofagus macrocarpa [(DC.) Vásquez and Rodr.] and the 
conifer Austrocedrus chilensis [(D. Don) Pic. Ser et Bizz.]. Both tree spe
cies represent relict forests from the last glacial period (Villagrán, 1995), 
share a similar macroclimate setting (Arroyo et al., 1993), and are 
presently considered endangered (Baldwin, 2018; Souto and Gardner, 
2013). Moreover, these trees have been signaled as highly-valuable 
sources for palaeoclimatic research (Boninsegna et al., 2009; Le 
Quesne et al., 2006; Oliveira et al., 2010; Roig et al., 2006; Venegas- 
González et al., 2018a, b; Villalba and Veblen, 1998), which constitutes 
a relevant factor for this study due to the significant sensitivity of their 
ring widths to climatic variability. 

During the last three decades MFCC have been influenced by a 
marked drying (Boisier et al., 2018, 2016) and a sustained warming 
trend (Burger et al., 2018; Vuille et al., 2015), phenomena that signifi
cantly impacted the radial growth of N. macrocarpa and A. chilensis 
(Garreaud et al., 2017; Le Quesne et al., 2006; Venegas-González et al., 
2018b). An uninterrupted sequence of dry years has been observed in 
central Chile since 2010, partially forced by repeated neutral El Niño 
Southern Oscillation (ENSO) conditions, causing annual rainfall deficits 
in the range of 25–45% (Garreaud et al., 2017, 2020). Drought has had a 
significant effect on the Mediterranean ecosystems of central Chile with 
increased number of large wildfires and prolonged fire season among 
other consequences (González et al., 2018). According to a 

dendroclimatic drought reconstruction (Muñoz et al., 2020), the current 
drought that has affected the MFCC region represents an unprecedented 
phenomenon in the past six centuries. 

GCMs project that the observed drying/warming trends will continue 
in the future (O’Neill et al., 2017). Annual temperature increase from 
~1.2 ◦C (RCP 2.6) to ~3.5 ◦C (RCP 8.5), and drying from ~3% (RCP 2.6) 
to ~30% (RCP 8.5) by the year 2100 is expected in MFCC, based on 
scenarios from different Representative Concentration Pathways (RCPs) 
with a wide range of possible changes in future anthropogenic GHG 
emissions (Bozkurt et al., 2018). According to recent studies, anthro
pogenic forcing appears to be the leading factor driving the temperature 
increase and reduction in precipitation and runoff in the MFCC region 
(Barria et al., 2019; Boisier et al., 2018; Muñoz et al., 2020). However, 
the response of MFCC to the projected climate change is not well studied 
yet. 

So far, several approaches for projecting tree growth into the future 
have been used (Chen et al., 2010; Guiot et al., 2014; Charney et al., 
2016; Gea-Izquierdo et al., 2017; Pompa-García et al., 2017; Sánchez- 
Salguero et al., 2017a, 2017b; Rahman et al., 2018; etc.) such as: linear 
approach (e.g. Chen et al., 2010; Pompa-García et al., 2017; Sánchez- 
Salguero et al., 2017a, 2017b; Rahman et al., 2018), process-based 
approach (e.g. Guiot et al., 2014; Gea-Izquierdo et al., 2017), and 
empirical approach (e.g. Charney et al., 2016). However, each of these 
approaches has advantages and limitations. The main limitation of the 
linear approach is that it may violate one of the basic principles of tree 
growth - the principle of limiting factors. This principle (initially defined 
by Liebig in 1840) states that the rate of plant growth is constrained by 
the environmental resource which is in the least supply at each moment 
of tree growth (Fritts, 1976). Applied to tree-growth projections it means 
that, for instance, given an increasing temperature but constant mois
ture supply, at a certain point temperature may stop being the limiting 
factor while soil moisture will start to limit tree growth when less water 
is reaching plant roots due to increased evaporation, i.e. a non- 
stationary response (Wilmking et al., 2020). In the case of the linear 

Fig. 1. Left figure shows the natural distribution of the studied tree species. Figure at the center shows the study forest stands of N. macrocarpa (red triangles) and 
A. chilensis (green triangles) in MFCC. Right figures show certain sampled tree populations (from top to bottom: A. chilensis population in El Asiento (ELA), 
N. macrocarpa in Nature Sanctuary Altos de Cantillana (SAC), and N. macrocarpa in National Park Siete Tazas (PST). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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approach it means that some of the climatic parameters in the linear 
equation can change their coefficients and even signs, so that the initial 
prognostic equation will not be valid. In this sense, process-based 
models of tree-ring formation provide a more physiologically-based 
approach for studying growth response to future climate variability, as 
compared to linear models. Such models can represent mixed and non- 
linear tree growth responses to changing climatic factors, thus imple
menting the principle of limiting factors. They also may take into ac
count different types of processes involved into tree growth (see Table 1 
in Guiot et al., 2014), thus better representing tree physiology. 

One of the most explicit process-based forward models of tree growth 
is the Vaganov-Shashkin (VS) model (Vaganov et al., 2011). Since this 
model is rather sophisticated in application, having more than 40 
tunable parameters and daily resolution, it has been adapted for more 
practical application using monthly resolution with fewer tunable pa
rameters. The VS-Lite model (Tolwinski-Ward et al., 2011) is perhaps 
the best available model for studying the nature of non-linear tree 
growth response in regions where daily climate data and field obser
vations are not readily available or limited (Lavergne et al., 2015). Here 
we used the VS-Lite model for tree growth projections under different 
GHG emissions scenarios (RCP 2.6 – increase and decline emissions 
scenario and RCP 8.5 – heavy emissions scenario) calculated for central 
Chile, using output of regional, continental-scale and global climate 
models, and tree-ring chronologies of the two highly endangered tree 
species of MFCC: N. macrocarpa and A. chilensis. Following its applica
tion for modeling a global network of tree-ring chronologies (Brei
tenmoser et al., 2014), VS-Lite model has become increasingly popular 
for tree growth modeling in different forest ecosystems (e.g. Björklund 
et al., 2019; Matskovsky et al., 2019; Zeng et al., 2019) due to its ability 
to jointly account for temperature and precipitation as the main climatic 
factors affecting tree growth and due to its relative simplicity. 

The specific objectives for this study were: (i) to calibrate and vali
date the VS-Lite model based on a newly developed network of tree-ring 
chronologies for N. macrocarpa and A. chilensis from MFCC and (ii) to 
obtain tree-growth projection for these two species under two projected 
climatic scenarios (RCP 2.6 and 8.5) for the period 2005–2065. We 
hypothesize that the heavy emissions scenario (RCP 8.5) will result in 
significant regional forest decline by the end of the 21st century, while 
the scenario of lower emissions (RCP 2.6) will slow down this process in 
the future decades. We expect that this assessment will improve our 
knowledge of MFCC forests vulnerability to climate change, especially 
for the two endemic tree species selected, providing certain assistance in 
developing targeted conservation strategies for the MFCC woodlands. 

2. Materials and methods 

2.1. Study areas and selected tree species 

The study area is located in the main distribution of MFCC between 
32◦57′ and 35◦54′S, and between 71◦07′ and 70◦15′W (Fig. 1), with 
typical Mediterranean climate characterized by a rainy winter (June to 
August) and a prolonged dry season lasting from early spring to early 
autumn (October to April). Because of the orographic precipitation 
enhancement, annual mean rainfall varies from about 300 mm in the 
lowland coastal sector to about 1500 mm in the higher terrains of the 
Andes cordillera (Table S1, Viale and Garreaud, 2015). The inter-annual 
variation in rainfall is high and strongly influenced by El Niño Southern 
Oscillation (ENSO), with warm (cold) events in central equatorial Pacific 
often associated with wet (dry) conditions in central Chile (Montecinos 
and Aceituno, 2003). Along the Andean range, soils were developed on 
volcanic or granitic rocks and from glacial sediments, they are classified 
as brown soils, and vary from medium-deep on slopes to deep in high 
plains (Villagrán, 1995). Along the Coastal range, soils were formed 
from granitic rocks and poorly developed, usually residual on rocky 
outcrops (Donoso, 1982). 

N. macrocarpa trees (“Roble de Santiago”, Nothofagaceae) and 
A. chilensis (“Ciprés de la Cordillera”, Cupressaceae), are two endan
gered long-lived tree species growing at high altitudes (>1200 m a.s.l.) 
whose natural distribution extends in the mountains of MFCC (Luebert 
and Pliscoff, 2006). N. macrocarpa is a deciduous tree species, reaching 
25 m of height and > 60 cm of stem diameter at breast height (Gajardo, 
2001), endemic to the Chilean Mediterranean region. The structure of 
these forests usually includes a high arboreal stratum of scattered old 
individuals, the remnants of previous stand structures that were prob
ably intervened by fire or logging. In situations with low canopy cover, it 
is possible to distinguish a sclerophyllous shrub stratus (1–2 m), highly 
variable in density and in species composition according to the altitu
dinal range (~ 1000 m a.s.l.). Austrocedrus chilensis is a tree species 
whose northern natural limit of distribution reaches MFCC (Castor et al., 
1996), forming open and sparsely distributed stands (Cruz, 2015) and 
representing the driest conditions in which this species survives along its 
distribution (Schlegel, 1962). 

2.2. Tree-ring chronologies 

We selected 12 sites (six per each tree species) distributed along a 
latitudinal gradient in MFCC in both mountain systems, the Coastal and 
the Andes ranges. For N. macrocarpa, between April 2014 and December 
2017, we sampled four sites in the Coastal range and two sites in the 
Andean Cordillera, for what was possible to include populations repre
senting the entire species’ distribution (Fig. 1, Table 1). At each of these 

Table 1 
Main characteristics of the tree-ring chronologies. Dbh: diameter at breast height. Number of trees and radii per site. Tree-ring width (TRW, mm) was determined from 
cores taken at 1.3 m. Rbar: is the mean correlation coefficient for all possible pairings among tree-ring series from individual cores, computed for a specific common 
time interval. MS: is the mean sensitivity considering the time span (TS).  

Species Site (Code) N◦trees/radii TRW ± D RBar MS TS (years) 

N. macrocarpa La Campana (PLC) 29/47 1.34 ± 0.88 0.35 0.45 1929–2014 
N. macrocarpa El Roble (SER) 29/42 1.81 ± 1.17 0.37 0.50 1921–2014 
N. macrocarpa Altos de Cantillana (SAC) 24/46 1.39 ± 0.78 0.21 0.47 1826–2014 
N. macrocarpa Robleria de Loncha (RRL) 23/37 1.69 ± 0.90 0.25 0.40 1890–2014 
N. macrocarpa Alto Huemul (SAH) 41/56 1.39 ± 0.73 0.26 0.39 1832–2014 
N. macrocarpa Parque 7 Tazas (PST) 35/61 1.37 ± 0.75 0.25 0.39 1849–2016 
A. chilensis El Asiento (ELA) 54/105 0.64 ± 0.36 0.27 0.30 884–2017 
A. chilensis San Gabriel (GAB) 40/65 0.44 ± 0.25 0.40 0.26 1131–1975 
A. chilensis El Baule (ELB) 46/72 0.58 ± 0.31 0.45 0.25 1540–2011 
A. chilensis Santa Isabel (ISA) 40/77 0.65 ± 0.41 0.44 0.21 1568–1975 
A. chilensis Alto de las Mesas (MES) 19/19 1.99 ± 0.97 0.53 0.24 1796–1975 
A. chilensis Las Animas (ANI) 18/34 1.89 ± 0.93 0.23 0.26 1879–2017 
N. macrocarpa Regional 181/350 1.64 ± 0.91 0.19 0.43 1826–2016 
A. chilensis Regional 217/372 0.80 ± 0.42 0.27 0.26 884–2017  
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sites, we sampled ~30 living trees in an area of ~1.0 ha (2–4 cores per 
tree), selecting random individuals of different sizes. Wood cores were 
extracted from single-stemmed living trees and from trunk portions 
without cracks, fire scars or other anomalies that could create difficulties 
at the ring width distinction and measurement stage. All tree-ring 
samples were stored at the wood collections of different dendrochro
nological laboratories in Chile (in Santiago, Valparaíso and Valdivia). In 
the case of A. chilensis, the tree-ring width data were downloaded from 
the International Tree Ring Data Bank (ITRDB, https://www.ncdc.noaa. 
gov/data-access/paleoclimatology-data/datasets/tree-ring). These data 
ended in the 1970s, therefore, we both updated the chronologies up to 
the year 2017 with samples acquired in several campaigns during the 
last decade and expanded the network of chronologies (Table 1, Agui
lera-Betti et al., 2020, Muñoz et al., 2020, Rozas et al., 2018). These sites 
were initially sampled according to dendroclimatological strategies, 
where dominant, separately standing trees were usually sampled; 
however, a sampling strategy similar to that used in the N. macrocarpa 
forests was applied in this study for the sampling of new A. chilensis 
trees. Most sampling sites are currently protected at different degrees, 
since they are included in priority areas for nature conservation. How
ever, this protection status is relatively recent and most of the forests 
were outside the National Park Service before 1967, suffering some 
degree of human disturbance in the recent past, particularly by the 
impact of anthropogenic fires (González et al., 2018). 

Wood samples were air-dried, glued onto wooden supports and 
polished with progressively finer sandpaper to visualize the anatomy of 
tree-ring boundaries. Tree rings were cross-dated through the synchrony 
of the narrow/wide ring pattern (Stokes and Smiley, 1996) by visual 
inspection under a stereomicroscope (×50 magnification). 
N. macrocarpa has semi-porous wood where the recognition of the ring 
boundary is facilitated by the presence of a thin layer of thick-walled 
fibers and marginal parenchyma in the latewood (Venegas-González 
et al., 2018b). A. chilensis wood is made of tracheids and the ring 
boundary is discernible by the radial flatten and greater thickness of the 
cell walls in the latewood (Roig, 1992; Rojas-Badilla et al., 2017). The 
ring widths were measured combining the two methodologies (i) a mi
croscope mounted on a Velmex sliding stage incremental measuring 
machine (Bloomfield, NY, USA) and (ii) using an image software (Ras
band, 1997), both at 0.01 mm resolution. We followed the Schulman 
(1956) shift convention for the Southern Hemisphere which assigns the 
annual calendar date of the ring to the year when the radial growth 
started. Although we are not aware of studies on cambial activity of 
these species, we believe that the growing season lasts from September 
to March, since the climatic conditions during this period have been 
identified as those with the highest incidence in the variability of the 
ring width for both species (Le Quesne et al., 2006; Venegas-González 
et al., 2018b). 

The ring-width measurements were cross-correlated using visual and 
statistical techniques, such as the COFECHA program (Holmes et al., 
1986; Grissino-Mayer, 2001), which compares the individual ring-width 
series with the master chronology resulted from the corrected series for 
each site. The cross-dating comparison is a necessary stage for the 
identification of missing and false rings, as well as other possible errors 
during the measurement process. All the tree-ring width measurements 
were standardized to remove non-climatic signals such as tree aging or 
growth deviations resulting from discrete growth incidents due to forest 
dynamics processes. We merged all the raw ring-width series for each 
species and ran ARSTAN v44h program (Cook, 1985) to produce the 
final chronologies. Through this program we standardized the individ
ual series using either negative exponential, Hugershof or linear fitting 
detrending functions, depending on the best visual correspondence of fit 
(Cook et al., 1990). Detrended measurements were averaged using bi- 
weight robust mean (Cook et al., 1990). The “standard” chronologies 
were chosen, and no variance stabilization was used. 

2.3. VS-Lite model of tree growth 

2.3.1. Model description 
VS-Lite is a simplified version of the Vaganov–Shashkin process- 

based model of tree growth (Fritts et al., 1991; Vaganov et al., 2006, 
2011). For the full description of the model and the Bayesian algorithm 
of parameter estimation, we referred to the VS-Lite forward model 
version 2.3 (available at http://www.ncdc.noaa.gov/paleo/softlib/soft 
lib.html, Tolwinski-Ward et al., 2013, 2011). The model simulates 
annual ring width according to the principle of the limiting factors, 
requiring latitude, monthly mean temperature, and monthly total pre
cipitation as inputs. The representation of the individual cambial cells 
and the biological processes that govern them, both important compo
nents of the full VS model, are absent in VS-Lite. However, nonlinear 
climatic controls of tree radial growth are represented in VS-Lite in the 
form of threshold growth response functions and in implementation of 
the principle of limiting factors (Fritts, 1976), similarly to the VS model. 

The VS-Lite model estimates monthly soil moisture from temperature 
and total precipitation data via the empirical one-layer Leaky Bucket 
model of hydrology (Huang et al., 1996). This hydrology scheme esti
mates evapotranspiration, surface runoff, and groundwater flow as 
empirical functions of the input data, subtracting them from incoming 
precipitation and adding the previous month’s soil moisture to compute 
the present monthly soil moisture (Tolwinski-Ward et al., 2011). Snow 
dynamics are not considered in the model and thus all precipitation is 
assumed to be liquid. Seasonal insolation or day length is determined 
from site latitude and does not vary from year-to-year. For each year, the 
model simulates standardized (ageless) tree-ring width anomalies from 
the minimum of the monthly growth responses to temperature (gT) and 
moisture (gM), modulated by insolation (gE). 

2.3.2. Model implementation 
In this study, most of the tuneable model parameters (e.g., soil 

moisture, runoff, root depth) were set to the default values proposed in 
Tolwinski-Ward et al. (2011). The growth response functions for tem
perature (gT) and moisture (gM) in VS-Lite involved only two parame
ters: temperature (T1) or moisture (M1) threshold below which the 
growth will not occur, and the optimal temperature (T2) or moisture 
(M2) above which the growth is not limited by climate. Unlike the full 
version of the VS model, VS-Lite does not have an upper threshold in the 
growth response functions above which the influence of temperature 
and moisture turns negative. The growth function parameters were 
estimated for each site via Bayesian calibration evaluating the model 
15,000 times for each site using three parallel Markov Chain Monte 
Carlo (MCMC) sequences with uniform prior distribution for each 
parameter and a white Gaussian noise model error (Tolwinski-Ward 
et al., 2013). The posterior median for each parameter was used to 
obtain the “calibrated” growth response for a given site. To compute 
annual ring widths, we integrated the overall simulated growth rates (i. 
e., the pointwise minimum of monthly gT, gM, and gE) over the period 
between previous-year March and current-year June. The CRU TS 4.00 
gridded monthly mean temperature and precipitation data at 0.5◦x0.5◦

spatial resolution (Harris et al., 2020) were used to calibrate the model. 
This included monthly values of precipitation and temperature for the 
period 1901–2016, derived by interpolation from quality-controlled 
station data. In the case of central Chile, most climate records start in 
the second half of the 20th century. However, the climate variability 
across central Chile is very coherent (e.g., Garreaud et al., 2017), hence, 
a handful of stations prior to 1960 gives a reasonable depiction of the 
climate state in the studied region. We spatially averaged the data for all 
grid points in the area between32.25–36.25◦S and 70.25–71.25◦W, that 
included all the study sites. We divided the analysis into two equal pe
riods of 56 years (1901–1957, 1958–2014). We used the period 
1901–1957 to calibrate the model and 1958–2014 to validate. Then we 
reverted the analysis, calibrating the model on 1958–2014 period and 
validating it on the 1901–1957 one. Finally, the model was calibrated 
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over the entire period 1901–2014, and then run using the calibrated 
parameters to produce a simulated tree-ring chronology that repre
sented an estimate of the tree growth due to climatic variations. 

2.4. Climate-growth relationships 

Climate-growth relationships were assessed for the period 
1901–2014 using two complementing methods: (i) correlation analysis 
(Fritts, 1976), and (ii) analysis of VS-Lite modeled patterns of partial 
growth rates due to soil moisture and temperature at monthly resolu
tion. Since meteorological conditions of the previous year affect the 
growth of the following year when the growth ring is formed (Fritts, 
1976), correlations were estimated with the climatic data from January 
of the year when tree ring formation started till April of the year when 
the tree ring formation ended. Previous studies showed that winter and 
spring months (May to October) represent key environmental conditions 
for the formation of wood in the studied species in MFCC (Le Quesne 
et al., 2006; Venegas-González et al., 2018b). 

2.5. Climate forcing and tree growth projections 

Tree growth projections were based on monthly values of tempera
ture and precipitation from the output of 35 climate models, including 
those from the global CMIP-5 simulations (Taylor et al., 2012), the 
continental CORDEX simulations (Solman et al., 2013), and the regional 
model RegCM4 for Chile (Bozkurt et al., 2019). We downloaded all the 
future climate data from the web-site http://simulaciones.cr2.cl/. The 
spatial domain covers a rectangular area including the locations of all 
the tree-ring chronologies. All these simulations were initiated in the 
early or mid 20th century and extended at least until the year 2065. 
Until 2005 the models were integrated with the observed concentrations 
of GHG and atmospheric aerosols, so they followed the observed climate 
(mean values and variability). After 2006 the models were integrated by 
GHG concentrations that followed RCP2.6 and RCP8.5 emissions sce
narios defined in the IPCC Fifth Assessment Report (Van Vuuren et al., 
2011). RCP 8.5 represents a heavy GHG emissions scenario during the 
rest of the 21st century which implies that CO2 concentration reaches 1, 
100 ppm by 2100. On the contrary, RCP 2.6 is a lower-emissions sce
nario in which the increase in annual emissions is more gradual and 
declines after the mid-21st century (Pachauri et al., 2014). 

Climate models give us an adequate representation of the mean 
climate and trend but their representation of the actual values in a given 
region can be biased by the imperfect representation of the earth system. 
These problems are present in the temperature field but even more 
marked in the case of precipitation over complex terrain, as the models – 
with their finite resolution – do not capture all the topographic features 
that can produce precipitation enhancement and rain shadows (Viale 
and Garreaud, 2015). To alleviate these problems, we followed a stan
dard bias correction (see Bozkurt et al., 2019 for a review) using CRU TS 
4.00 (Harris et al., 2020) as an observational dataset. For each calendar 
month (Jan, Feb, etc.) we calculated the long-term mean (1950–2005) of 
CRU TS temperature and precipitation across the spatial domain. Like
wise, we calculated the monthly long-term mean of temperature and 
precipitation for each climate model for the common period 1950–2005. 
In the case of temperature, the bias correction factor is the difference in 
mean values. In the case of precipitation, the correction factor is the 
ratio between the observed and simulated mean values. We then applied 
these monthly mean correction factors to the actual (month/year) 
simulated values in both historical and future scenarios. We subse
quently worked with these corrected climate simulations. The long-term 
mean of the corrected simulations in the historical period match with 
their observed counterparts. 

As previously indicated, climate simulations project a warmer and 
drier future for central Chile (Bozkurt et al., 2019). Within the study 
area, by the year 2065 temperature rise will reach ~0.5 ◦C under RCP 
2.6 and ~2.0 ◦C under RCP 8.5 (relative to the 1976–2005 baseline 

period, see also Fig. 2). The precipitation decreases from the baseline to 
the mid 21st century will range from ~5% under RCP 2.6 to ~20% 
under RCP 8.5 in the region. There is a consensus that, given an emission 
scenario, the mean temperature change will be more robust than the 
precipitation changes. In some regions of the world, different climate 
models even differ in the sign of the precipitation change. While un
certainty is indeed present in climate projections, central Chile stands 
out as a region where the drying trend is highly consistent among the 
models e.g., (Boisier et al., 2018, Seager et al., 2019). We also emphasize 
that using more than 30 climate models with different configuration 
results in a more robust estimate of likely changes in precipitation and 
temperature. 

On the next step we forced the VS-Lite model with the projected 
future climate data. We used the output of each climate model (adjusted 
monthly temperature and precipitation) as an input to VS-Lite model. In 
this way, we acquired an ensemble of projected radial growths for each 
tree species. These ensembles were used to estimate the average and 
uncertainty. Prior to this, VS-Lite model was calibrated to the regional 
chronology of each species for the period 1901–2014. However, it 
should be noticed that when using parameter values derived from a 
calibration period for future growth projections, we utilize the under
lying assumption of a limited ability of trees to adapt to climate changes. 

We calculated the modeled growth for both the historical 
(1950–2005) and projected periods (2006–2065), according to the 
output data of the climate models. We divided the projected time period 
into four 15-year long periods: contemporary period (2006–2020), near 
(2021–2035), intermediate (2036–2050), and far future (2051–2065). 
To compare the effect of periods and scenarios on projected tree growth, 
we used linear mixed models (LMM). The data showed a normal dis
tribution according to normal quantile-quantile (QQ plot) and residuals 
based on the values adjusted by the model (residual plot) (Fig. S1). We 
used scenario type (RCP 2.6 vs. RCP 8.5) and period (historical, 
contemporary, near, intermediate, and far future), and interactions 
among variables as fixed factors. We included the year as a random 
factor to take into account the temporal variability. We tested the dif
ferences using the post hoc least significant difference Fisher test. To 
perform this analysis, we used the LMM implementation of the nlme li
brary in the R software (the lme function ). 

3. Results 

3.1. VS-Lite model calibration and validation 

The results of the robustness of the VS-Lite modeling are shown in 
Table 2, and the obtained model parameters in Table S3. Pearson cor
relation coefficients between modeled and measured annual tree growth 
were significant (p < 0.05) for all the experiments. Results did not 
change substantially when comparing calibration relative to validation 
period (Table 2). Interestingly, the modeled tree growth was almost 
identical for N. macrocarpa and A. chilensis (r = 0.99) tree-ring sources, 
while the correlation between the observed regional chronologies of 
these species was also high (r = 0.59) (Fig. 3). Together with the results 
of climatic response analyses from the following section, it emphasizes 
the similar climatic drivers of tree growth for both species. 

3.2. Climate-growth relationships derived from VS-Lite modeling 

Climatic responses of the regional chronologies of N. macrocarpa and 
A. chilensis showed similar features. Both species have the highest pos
itive correlations with precipitation during the winter months prior to 
the growing season, and the highest negative correlations with tem
perature in November (Fig. 4 a,c; see also Fig. S3 for partial correlation 
analysis). Specifically, we found that the wettest months influenced 
radial growth in both species, especially from May to August in 
A. chilensis (r ~ 0.40, p > 0.01), and from May to July in N. macrocarpa 
(r ~ 0.30, p > 0.05), which was consistent with the marked seasonality 
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of precipitation in this region (almost no rain occurs during austral 
summer months, December to February). In relation to the influence of 
mean air temperature, we observed a strong inverse correlation between 
radial growth and temperature at the beginning of the growing season in 

central Chile, as reflected in the beginning of the vascular cambium 
activity. Moreover, a stronger climate-growth association in A. chilensis, 
as compared to N. macrocarpa, was evidenced from higher correlation 
coefficients with climatic parameters (Fig. 4 a,c), and higher correlation 

Fig. 2. Projected climate of central Chile (32–35◦S – 70.5-71.5◦). (a) Temperature and (b) Precipitation. Black – historical period, green – RCP 2.6, and red – RCP 8.5. 
Shading shows maximum and minimum values from all the scenarios; bold lines show average ensemble projections. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Validation of the VL-Lite model. Coefficients of correlation between modeled and measured values are shown.  

Species 1901–1957 1958–2014 1901–2014 

calibration validation calibration validation calibration 

N. macrocarpa 0.52 0.52 0.63 0.57 0.59 
A. chilensis 0.69 0.68 0.70 0.63 0.69  

Fig. 3. Results of the VS-Lite model calibration and validation for (a) N. macrocarpa (r = 0.59), and (b) A. chilensis (r = 0.69), for the period 1901–2014.  
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coefficients between the observed and modeled tree growth (Fig. 3, 
Table 2). 

Partial growth rates due to temperature and soil moisture acquired 
from VS-Lite modeling showed that for both species the main limiting 
factor for tree growth is soil moisture (Fig. 4 b,d) during most of the 
year. Only during July and August, the coldest months, low temperature 
becomes the main limiting factor for tree growth. Altogether, the results 
of climatic response analysis and VS-Lite modeling suggested that soil 
moisture driven by precipitation mainly during winter and spring and by 
evaporation during spring and summer is the primary limiting factor of 
radial growth of A. chilensis and N. macrocarpa in the region. 

3.3. Projections of future tree growth 

We compared the observed (1901–2014) and simulated 
(1950–2065) tree growth of N. macrocarpa and A. chilensis (Fig. 5). The 
historical and future radial growth simulations were very similar for 
both tree species, which is not surprising considering that they come 
from the same climatic region (Fig. 1), and they have similar growth 
response to climate variability (Fig. 4). This aspect was also sustained by 
the fact that the VS-Lite model only accounts for the climate-driven 
component of tree growth. On this basis, we combined the projections 
of tree growth for both tree species. We found substantial changes in 
ensemble mean tree growth under the RCP8.5 and RCP2.6 scenarios, 
which appeared to be significantly different compared to the growth of 
the historical period (Fig. 5). 

The LMM results showed that the periods, scenarios and interaction 
between them had the strongest effect on modeled tree growth, with 
80% of explained variance (50% due to the fixed effects) (Table 4). We 
observed that starting from the intermediate period (2035–2054) there 
was a significant difference between the RCP 2.6 and RCP 8.5 scenarios, 
with lower estimated tree growth for the latter one. For the RCP 2.6 
scenario, we observed that at the beginning of the intermediate period 
(2036–2050) the estimated tree growth was significantly lower relative 
to the contemporary and historical period (Fig. 6). Under a more 
extreme RCP 8.5 scenario the situation is even more dramatic because 
the estimated tree growth has a greater intensity of decrease. Statisti
cally significant differences with contemporary and historical periods 
are pronounced starting from the near future period (2021–2035, 
Fig. 6). For example, the mean projected tree growth for the far future 
corresponds to the 21th percentile of the modeled tree growth for the 
instrumental period (1901–2015), which means that it was lower than 
79% of all the values for this period (Table 3). 

4. Discussion 

Our results demonstrate that projected climate change according to 
the RCP 2.6 and RCP 8.5 scenarios will have a negative impact on forest 
growth in the MFCC, causing a regional-scale forest decline. Previous 
studies showed the sensitivity of tree growth to climate variability in 
central Chile, using ecological assessments (e.g. Gutierrez et al., 2008) 
and climate reconstructions (e.g. Le Quesne et al., 2009, 2006) derived 

Fig. 4. Climate growth relationships from response function analysis (a,c) and VS-Lite modeling (b,d) for the period 1901–2014. Dashed horizontal lines indicate 
statistical significance at the 95% confidence level. In the panels (b,d) the monthly growth rates due to soil moisture (gM, blue) and temperature (gT, red) are shown 
(median, 2.5 and 97.5 percentiles). Results for Nothofagus macrocarpa are shown at the top (a,b), for A. chilensis at the bottom (c,d). Values of the gM and gT pa
rameters close to 1 (y axis) indicate no growth limitation by climate. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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from tree rings. But to the best of our knowledge, however, none had 
ventured to assess tree growth projections for the future in a climate 
change context. High radial growth sensitivity of the studied tree species 
to climate variability in MFCC provided a reliable basis for identifying 
the vulnerability level of these ecosystems to future climate change. 
Furthermore, the novelty of this research is that the chronologies of the 
entire natural distribution of N. macrocarpa have been considered, 

which is the northernmost distributed Nothofagus species. Our study also 
included the northernmost A. chilensis populations, both in the Coastal 
and Andes Mountains (Armesto et al., 2007), representing its trailing 
edge due to increased drought conditions. Thus, we argue that our re
sults provide relevant information about vulnerability of mountain 
forests of unique Mediterranean-type ecosystems of South America to 
climate change. 

Fig. 5. Observed and modeled tree-ring indices for the two studied species according to the two IPCC scenarios. (a) Nothofagus macrocarpa, (b) Austrocedrus chilensis. 
Modeled growth in the historical period is not supposed to reproduce year-to-year dynamics of the observed growth, just like modeled climatic parameters do not 
capture observed year-to-year changes. At the same time, most of the observed growth values are inside the ensemble envelope. Note that N. macrocarpa and 
A. chilensis are indistinguishable in terms of modeled growth. 

Fig. 6. Difference among projected tree growths for 15-year periods under the two climate scenarios: RCP 2.6 (left panel) and RCP 8.5 (right panel), using 
observational and modeled climate data. Contemporary: 2006–2020, Near future 2021–2035, Intermediate future: 2036–2050, and Far future: 2051–2065. Different 
letters indicate significant differences among the tree ring indices according to Fisher test (both scenarios with p < 0.001). Capital letters mark differences between 
the two scenarios in the same period; lowercase letters mark differences between periods in the same scenario. 
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4.1. Climatic response of tree-ring chronologies in MFCC 

Although the studied tree-ring chronologies are located at different 
sites, they share a common regional response pattern to climate vari
ability. Conditions of higher rainfall during the austral winter (mainly 
between June and August) combined with mild spring and summer 
temperatures stimulate the vegetative activity in both species (Fig. 4a). 
This indicates that winter precipitation causes favorable conditions for 
moisture recharge in soils before and after the cambial activity starts (ca. 
October), while warm spring- early summer temperatures constrain tree 
growth (Fig. 4b), most probably by the increase in evapotranspiration. 
This is due to the Mediterranean-type precipitation seasonality in the 
region, with most of the moisture supply during the winter months and 
an almost completely absent precipitation during the warm summer 
months. Here it is important to mention that partial growth rates due to 
soil moisture modeled in VS-Lite also included the inverse temperature 
signal, as the model calculates moisture loss due to evaporation on the 
base of temperature. 

4.2. Recent and future climate variability in Central Chile and its 
consequences for the forests of MFCC 

The most pronounced temperature increase in Chile has been iden
tified at high elevations (Vuille et al., 2015), resulting in a rise of the 
zero-degree isotherm that affected the snow contribution, critical for 
aquifer and soil recharge (Carrasco et al., 2008). Additionally, these 
phenomena have hastened the decrease of snowpack and glaciers in the 
Andes and Coastal mountains for both their size and volume (Dussaillant 
et al., 2019), with consequent runoff decreases in mountain rivers, 
making ecosystems and societies that depend on them more vulnerable 
(Ragettli et al., 2016). The temperature-driven phenomena act in con
cert with a marked decline in rainfall at lowlands and snowfall over the 
Andes. Changes in snow contribution to water soil recharge could 

further aggravate the complex scenario for these species in the near 
future, particularly for tree populations located in the Coastal mountain 
tops (Nothofagus macrocarpa), considering the importance of soil mois
ture for radial growth of these trees (Venegas-González et al., 2018a). 
Boisier et al. (2016) and Garreaud et al., 2020 estimated that as much as 
a quarter of the rainfall deficit during the last decade is attributable to 
anthropogenic climate change, mediated by altered mid- to high- 
latitude circulation in the Southern Hemisphere. This resulted in a 
multi-year drought of unprecedented length in recent history on both 
sides of the central Andes (Garreaud et al., 2017; Rivera et al., 2017). A 
drought of such intensity has affected not only the regional hydro
climate, but also the vegetation (Garreaud et al., 2017; Miranda et al., 
2020), forest growth at different ages (Venegas-González et al., 2019), 
and crops (Zambrano et al., 2016). 

Climate change projections indicate a year-round drying and 
warming of central-south Chile. This situation may reach up to 30% 
rainfall reduction and 3.5 ◦C temperature rise by the end of the 21st 
century under a heavy emission scenario (RCP 8.5; Bozkurt et al., 2018). 
In this context, protracted droughts like the one occurring since 2010 are 
likely to become more frequent in the near future (Boisier et al., 2016). 
Extreme climate events have been documented as the major drivers of 
forest decline and mortality, but they are also responsible for other 
crucial ecological processes in the studied species. For example, 
droughts have affected the seed patterns of Nothofagus obliqua, a 
dominant deciduous tree species in lowland MFCC, increased tree 
mortality and decreased recruitment (unpublished results). Recent dry 
and hot episodes have been linked to forest decline in Nothofagus spp. 
and A. chilensis forests in central Chile and northern Patagonia (Amoroso 
et al., 2015; Fajardo et al., 2019; Rodríguez-Catón et al., 2019; Venegas- 
González et al., 2018b). Episodes of extreme weather can have harmful 
consequences on the forest ecosystems of the region, such as the increase 
in populations of defoliating insects or extensive and repeated fires in 
central-south Chile. In this sense, the increase in defoliation events by 
Ormiscodes moth on Nothofagus pumilio north Patagonian forests were 
linked to regional warming (Estay et al., 2019; Paritsis and Veblen, 
2011). This alerts to the possible increased vulnerability of the 
N. macrocarpa forests in the future, since it is known that this defoliator 
is also associated with N. macrocarpa in central Chile (Altmann and 
Claros, 2015). It is also known that low-intensity fire events have been a 
recurring phenomenon affecting both A. chilensis and N. macrocarpa 
forests during the past 1000 years, indicating that these forests are 
resilient to such a disturbance (Rozas et al., 2018). However, the 
simultaneous interaction of higher temperatures and lower precipitation 
during several consecutive years have increased the probability of forest 
fires in the region (González et al., 2018; Urrutia-Jalabert et al., 2018), 
consequently increasing the vulnerability of A. chilensis and 
N. macrocarpa forests. 

Our results indicate that even considering the most benign scenario 
(RCP 2.6), there will be a significant decrease in the projected radial tree 

Table 3 
Descriptive statistics of projected tree-ring index of regional chronology to Contemporary: 2006–2020, Near future 2021–2035, Intermediate future: 2036–2050, and 
Far future: 2051–2065 periods, according to scenarios RCP 2.6 and RCP 8.5.  

Scenarios Mean (SD) Min Max Median Q1 Q3 PRC* 

RCP 2.6 
Contemporary − 0.12 (0.28) − 0.53 0.42 − 0.15 − 0.42 0.01 48 
Near future − 0.31 (0.23) − 0.74 0.03 − 0.28 − 0.47 − 0.09 44 
Intermediate future − 0.39 (0.32) − 0.95 0.14 − 0.39 − 0.64 − 0.12 41 
Far future − 0.43 (0.32) − 0.81 0.17 − 0.51 − 0.76 − 0.15 40  

RCP 8.5 
Contemporary − 0.21 (0.32) − 1.13 0.07 − 0.34 − 0.41 − 0.12 46 
Near future − 0.35 (0.28) − 0.53 0.42 − 0.15 − 0.42 0.01 42 
Intermediate future − 0.61 (0.24) − 0.97 − 0.18 − 0.59 − 0.86 − 0.43 30 
Far future − 0.88 (0.32) − 1.53 − 0.39 − 0.91 − 1.12 − 0.61 21  

* the mean value of tree growth projection for the period corresponds to this percentile of the distribution of modeled values for the instrumental period 
(1901–2014). 

Table 4 
Results of linear mixed model of tree-growth projections to regional chronology 
(A. chilensis and N. macrocarpa), under the scenario (RCP 2.6 vs. RCP 8.5), period 
(Contemporary, Near future, Intermediate future, and Far future), and their 
interaction as fixed factors and year as random factors. Data represent the de
grees of freedom (df num, df den), the F-statistic with the associated P-value of 
significance (significant effects, P < 0.05).  

Fixed effects Df num Def den F P 

Intercept 1 114 163.35 <0.0001 
Scenario 4 107 33.94 <0.0001 
Period 1 107 31.98 <0.0001 
Scenario x Period 4 107 9.24 <0.0001 
R2* 0.80 (0.50)  

* The marginal and conditional R2 values for each model are also shown 
(values in parentheses indicate the marginal R2 due to the fixed factors). 

V. Matskovsky et al.                                                                                                                                                                                                                            



Global and Planetary Change 198 (2021) 103406

10

growth compared to the current period (Fig. 5). For the high emissions 
scenario (RCP 8.5) the situation is projected to be even worse, since it is 
expected that by the year 2065 the median tree growth will correspond 
to the lower quartile of the values observed for the last century. Simi
larly, to other Mediterranean forests (Dorado-Liñán et al., 2019; 
Sánchez-Salguero et al., 2017a), our results suggest that MFCC pop
ulations of A. chilensis and N. macrocarpa, currently subjected to warm 
and dry conditions, will be seriously vulnerable toward the end of the 
21st century, especially due to the dramatic forecasted temperature 
increase during the growth season. 

4.3. Possible changes in water use efficiency and tree growth projections 

Several forest ecosystems have increased the internal water use ef
ficiency (iWUE) during the last decades, as evidenced by the carbon 
isotope (δ13C) contents in tree rings (e.g. Guerrieri et al., 2019; Keenan 
et al., 2013). This indicates an optimal balancing of trees between car
bon gains and water costs. The increase in iWUE has favored the tree 
growth in some tree species (e.g. Battipaglia et al., 2013), but in other 
circumstances positive trends in iWUE do not translate into enhanced 
tree growth (e.g. Lévesque et al., 2014). The relationship between iWUE 
and radial growth in Mediterranean species from central Chile has not 
been studied yet. However, it was shown by Tognetti et al. (2014) that 
for other Nothofagus species of Chile, iWUE and basal area are both 
increasing throughout the 20th century. Hence, we believe that part of 
the regional decline of mountain forests that we projected could be 
compensated by CO2 fertilization through the increased iWUE. More
over, in the Mediterranean forests of northern Argentinean Patagonia, 
Arco Molina et al. (2019) found that in the conifer species Araucaria 
araucana both the iWUE and intercellular CO2 concentrations (Ci) 
registered an increase of 33% and 32%, respectively, during the last 
century. These changes in iWUE were strongly related with changes in 
atmospheric CO2 and significantly affected by mean summer maximum 
temperature increase, both in short and long-term timescales. Even 
though studies on carbon isotope composition (δ13C) in tree rings of 
A. chilensis are currently being developed, the preliminary results show 
an increase in iWUE and Ci to site ELA (personal communication). 

4.4. Expected shift in vegetation of relict forests of Central Chile 

It is well known that for every 100 m of increase in altitude there is a 
general decrease in temperature of 0.5–0.6 ◦C (Körner and Paulsen, 
2004). Hence, it is expected that continuity in the global increase of 
temperature will push up the limiting environmental conditions of 
vegetative growth. It has been estimated that an increase in temperature 
of 1 ◦C will cause conditions for Mediterranean vegetation to rise about 
170 m from its current altitude, that equates to a poleward displacement 
of more than 140 km (Jump et al., 2009). Evidence of forests alteration 
forced by temperature increase is already being observed, or at least 
expected, in various parts of the world; for example, temperate forests in 
Spain are being progressively replaced by Mediterranean tree species 
(Penuelas et al., 2007). In California, with temperature increases above 
2 ◦C, the replacement of scrublands for desert grasslands and evergreen 
conifers for mixed evergreen forests is projected (Hayhoe et al., 2004). 
Inclusive enhanced fitness and greater herbivore resistance of non- 
native plants in mountain ecosystems are expected (Alexander et al., 
2016). According to Bambach et al. (2013), the environmental variables 
that best explain the species distribution in MFCC are precipitation and 
temperature of the warmest months. Some evidence indicates that 
certain Nothofagus forests could adapt to higher elevations as condi
tioned to a new climatic situation. Mathiasen and Premoli (2016) have 
suggested the evolutionary potential of low-elevation genotypes of 
N. pumilio to colonize higher-altitude sites. Even though this could not 
apply to the coastal range of N. macrocarpa forests, as they currently 
occupy the highest sites and could not rise further, this could happen 
with the Andean populations (Mathiasen et al., 2020). Therefore, 

Austrocedrus chilensis forests positioned at middle altitudes of the 
mountain range are probably in more favorable conditions. In case of 
forest upslope migrations induced by global warming, high-elevation 
populations may be potentially outperformed by the low-elevation 
ones during this process, leading to a gradual replacement of these ge
notypes (Mathiasen and Premoli, 2016). This could be the case of Aus
trocedrus, a species that although it uses very particular soils to establish, 
its growth rates are comparatively lower than those of other tree species 
in the Mediterranean forests. Thus, species’ interactions (e.g. competi
tion, facilitation) will play a fundamental role for either the coexistence 
or replacement of species under projected climatic changes in this 
region. 

4.5. Limitations of the approach used and perspectives 

Our methodology, where a set of parameter values derived from a 
calibration period is used for future growth projections, utilizes an 
assumption of a limited ability of trees to adapt to climatic changes. This 
assumption may be incorrect, resulting in changing parameters of VS- 
Lite model in the future at certain sites and for certain species. Never
theless, our results of model-to-data comparison for different calibration 
periods demonstrated robustness of the model and testified the meth
odology used, at least for the climatic changes that are comparable to 
those that happened throughout the 20th century. 

In this study we focused on tree growth projections at regional scale. 
In preliminary experiments with VS-Lite (not shown here) we also 
applied the model on a site-by-site level, but in this case the model 
decreased its performance. This is in accordance with other known cases 
of application of the VS-Lite model worldwide (Breitenmoser et al., 
2014), where the modeling results were better when grouping the 
chronologies in regions of 200–600 km wide compared to the results for 
separate chronologies. This may be connected to the coarse spatial 
resolution of gridded CRU TS climate dataset that fails to capture fine- 
scale details of the temperature and precipitation fields (Breitenmoser 
et al., 2014), as well as to the lack of model’s parameters tuning. For 
example, soil moisture calculations based on simple bucket size are very 
sensitive to parameter selection. Therefore, the good model performance 
that we achieved at regional scale points to the possibility of application 
of general model setting for regional studies. However, future studies 
based on site-by-site parameter tuning can give more insights concern
ing biogeographical variability in tree growth. 

Another caveat is that Thornthwaite approach of estimating evapo
transpiration from surface temperature starts to break down under 
future temperature changes outside the normalization interval (Smer
don et al., 2015). Huang’s Leaky Bucket model implemented in VS-Lite 
uses the Thornthwaite approximation, and therefore it is likely that 
future drying within VS-Lite itself is overestimated. In future studies it is 
preferable to use soil moisture directly from the climate models in order 
to reduce possible biases connected to this approximation. In the case of 
Central Chile, it would be also desirable to calculate soil moisture based 
on in situ measurements to validate if certain climate models give 
appropriate results. 

To better understand how seasonality of projected climatic changes 
affects projected tree growth, we performed sensitivity tests with con
stant temperature and precipitation, except for one parameter (tem
perature or precipitation) and one season (DJF, MAM, JJA or SON). The 
results are presented in Fig. S2. Tree growth projections based on 
varying climatic parameters for different seasons confirm agreement of 
VS-Lite modeling results with growth-to-climate response analysis 
(Fig. 4a,c). Specifically, an increase in DJF temperatures leads to 
decrease in tree growth, which is in accordance with negative correla
tions of tree growth with temperature in October-to-February period 
(Fig. 4a,c). Meanwhile, winter temperature, which is the main limiting 
factor in winter months according to VS-Lite modeling results (Fig. 4b, 
d), increases in the projections, and hence stops to limit tree growth in 
these months. The overall increase of projected tree growth that is seen 
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for the experiment with constant precipitation and varying temperature 
(Fig. S2) is driven by autumn and winter temperature increase, as the 
relative cumulative growth increase due to autumn and winter tem
perature increase is larger than the growth decrease due to summer 
temperature increase. At the same time, changing spring temperatures 
by their own do not significantly alter tree growth (Fig. S2). 

The results for varying precipitation show that the projected 
decrease in tree growth is mostly due to decrease in projected JJA 
precipitation, which is in accordance with positive correlations of tree 
growth with MJJA precipitation (Fig. 4a,c). At the same time, variations 
in projected summer precipitation have almost no effect on projected 
tree growth (Fig. S2). 

On one hand, the results of sensitivity tests are consistent with 
growth-to-climate response analysis. But on the other hand, they detect 
another limitation of our approach – the probable necessity to change in 
time the growing season window, which is another parameter of VS-Lite 
model. In this study we used the whole year from April to April to 
integrate tree growth. This approach showed robustness in the calibra
tion and validation tests for the 20th century. However, a more rigorous 
approach with varying growth season length must be considered in 
future studies to account for amplified projected climatic changes. It 
probably must exclude from the integration the winter period when the 
trees are dormant, as well as to account somehow for probable changes 
in growing season length with changing climate. Concerning this study, 
the discussed changes in methodology would futher reduce the pro
jected tree growth because of the exclusion of some months with 
increased growth from the integration period. 

Another critical climatic factor that would be good to consider in 
future studies is winter snow accumulation. It is indeed important for 
better water balance estimates (although snow accumulation is not 
included into the VS-Lite model hydrology block). Winter snow accu
mulation is also crucial in the growth dynamics of both species, as seed 
germination and successful recruitment depend on snow cover (Cruz, 
2015; Gajardo, 2001). The expected decreased snowpack accumulation 
and earlier spring melting during the next decades could induce earlier 
xylogenesis resumption, and thereby force changes in the start and 
duration of the vegetative period (González-Reyes et al., 2017; Masiokas 
et al., 2006), exposing plants to risks of late frosts and long periods of 
water deficit (Arco Molina et al., 2019; Hadad et al., 2019). 

The VS-lite model used here does not account neither for regenera
tion dynamics, nor for precipitation accumulation as snow, nor for the 
possible increased CO2 effect on radial tree growth. Nevertheless, the 
fact that VS-Lite model was capable of reproducing the observed data on 
tree growth decline for the period between 2010 and 2018, which was 
forced by long-term precipitation decrease (Fig. 3), is another important 
justification of the model’s performance that supports the use of VS-Lite 
for tree growth projections in the region. 

One of the possible ways to overcome some of these problems is the 
use of more elaborated process-based models (see Guiot et al., 2014 for a 
list of candidates). However, such an improvement will comprise 
increased data and computational requirements, and might even ques
tion the robustness of the generated projections. For example, Gea- 
Izquierdo et al. (2017) used the MAIDEN model which accounts for 
water and carbon cycles, as well as tree compartments, and uses daily 
climate data as inputs. However, in that study it was impossible to 
perform model cross-validation on independent periods because of the 
lack of the data. Hence, comparative simplicity of the VS-Lite model can 
also be an important advantage, especially in case of limited availability 
of data for calibration and verification. 

Another important factor that VS-Lite does not capture is tree mor
tality. The model continues to create dimensionless tree-ring indices as 
long as temperature and calculated soil moisture exceed corresponding 
parameters T1 and M1. However, even interrupted, modeled tree 
growth continues on the consecutive years provided that temperature 
and soil moisture increase. Since VS-Lite captures neither carbon star
vation nor hydrologic failure, it is possible that changing climate 

conditions could lead to tree mortality at one moment in the projection 
period. 

It should be also taken into account that the VS-Lite model does not 
include growth decline due to massive outbreaks caused by insects or 
pathogens, even though this incidence has been frequently associated 
with an intensification of heat. Future scenarios of climate change may 
trigger or accentuate physiological reactions that accelerate or intensify 
the observed decreases in growth. Consequently, future studies should 
include, beside demographic processes driving natural dynamics, such 
as mortality and regeneration, the use of stable isotopes and wood 
anatomy to evaluate possible physiological changes, paying attention to 
identification of functional adaptations of MFCC to climate change. 

5. Conclusions 

Our results showed that mountain relict forests of MFCC are 
vulnerable to future climate change, both under the moderate (RCP 2.6) 
and the high (RCP 8.5) GHG emission scenarios, as evidenced by 
regional-wide decline projections of growth in N. macrocarpa and 
A. chilensis trees. If the high emission scenario will be attested (RCP 8.5), 
tree growth is likely to be dramatically reduced by the second half of the 
21st century (2051–2065), reaching at the 21th percentile of the tree 
growth reproduced by the VS-Lite model for the instrumental period 
(1901–2015). The projected decline in tree growth indicates serious 
risks in dynamics and survival of these forests in relatively short periods 
of time, so alerts are given about this situation which may require urgent 
counteracting strategies to minimize the deleterious effects of global 
change on vegetation in this region. The present study gives us a starting 
benchmark to analyze other factors that may affect forest vulnerability 
in MFCC in the context of climate change. Future research is needed to 
recognize sites and individual trees with greater possibilities of adap
tation to drought conditions in mountain MFCC forests. This could be an 
important input in restoration and conservation projects to mitigate the 
effects of climate change. 
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González, M.E., Gómez-González, S., Lara, A., Garreaud, R., Díaz-Hormazábal, I., 2018. 
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Lévesque, M., Siegwolf, R., Saurer, M., Eilmann, B., Rigling, A., 2014. Increased water- 
use efficiency does not lead to enhanced tree growth under xeric and mesic 
conditions. New Phytologist. 203 (1), 94–109. 

Luebert, F., Pliscoff, P., 2006. Sinopsis Bioclimática y Vegetacional de Chile [in Spanish]. 
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