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Abstract: Recent climatic trends, such as warming temperatures, decrease in rainfall, and extreme
weather events (e.g., heatwaves), are negatively affecting the performance of forests. In northern
Patagonia, such conditions have caused tree growth reduction, crown dieback, and massive die-
back events. However, studies looking at these consequences in the southernmost temperate forest
(Nothofagus betuloides and Nothofagus pumilio) are much scarcer, especially in southernmost South
America (SSA). These forests are also under the influence of the positive phase of Antarctic Oscillation
(AAO, also known as Southern Annular Mode, SAM) that has been associated with increasing trends
in temperature, drought, and extreme events in the last decades. This study evaluated the growth
patterns and the climatic response of eight new tree-ring chronologies from Nothofagus species located
at the upper treeline along different environmental gradients in three study areas: Punta Arenas,
Yendegaia National Park, and Navarino Island in SSA. The main modes of the ring-width index (RWI)
variation were studied using principal component analysis (PCA). We found that PC1 has the higher
loadings for sites with precipitation values over 600 mm/yr, PC2 with N. betuloides sites, and PC3
with higher loadings for sites with precipitation values below 600 mm/yr. Our best growth-climate
relationships are between N. betuloides and AAO and the most northeastern site of N. pumilio with
relative humidity (which coincides with heatwaves and extreme drought). The climatic signals
imprinted in the southernmost forests are sensitive to climatic variability, the climate forcing AAO,
and the effects of climate change in the last decades.

Keywords: ring-width index; climate; Antarctic Oscillation (AAO); Nothofagus betuloides; Nothofagus
pumilio

1. Introduction

Recent climatic trends, droughts, warm temperatures, and extreme events (e.g., heat-
waves) have globally affected forest ecosystems causing climate-induced feedbacks, such
as growth decline, forest dieback, and even massive tree mortality events [1–7]. According
to recent climate projections for upcoming decades, an increase in the severity of droughts,
a warmer climate, and an accelerated frequency of extreme events are predicted globally [8].
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Droughts and warmer temperatures, for example, result in a negative physiological
impact on forest ecosystems in terms of limiting growth, favoring transpiration, and in-
ducing stomatal closure [9]. The temperate forests of South America are already prone to
such negative effects caused by drought events and warmer temperatures. For example,
dendroecological studies in northern Patagonia revealed that several Nothofagus species and
coniferous species (Austrocedrus chilensis) exhibited episodes of mortality, growth reduction,
crown dieback, and extreme depression in response to persistent drought and/or extreme
heatwave events during the growing season [10–17]. Physiologically, the forests of northern
Patagonia are increasingly under water stress and are therefore showing an adjustment of
stomatal conductance to avoid an increasing water shortage. Consequently, their photosyn-
thetic rate decreases, resulting in a lowered basal area increment (BAI). On the other hand,
trees growing in better water availability reveal a higher growth performance with current
climatic conditions [17–19].

In southernmost South America (SSA), Nothofagus pumilio and Nothofagus betuloides are
the dominant tree species in temperate forests [20,21] and are the main tree species used
for monitoring the climate variability and effects of regional climate change. In southern
Patagonia, N. pumilio stands growing at lower altitude (xeric forest-steppe ecotone) showed
a negative tree growth trend in response to a reduction in stomatal conductance induced
by the decrease in soil moisture in warmer and drier summers. In contrast, the investigated
N. pumilio stands at the upper tree line (more humid conditions), indicating more favorable
conditions for tree growth benefitting from increasing temperatures during the growing
season [22]. The N. betuloides forests in eastern Tierra del Fuego (ecotone steppe forest
conditions, 54◦ S, 600 mm/yr) indicate an abrupt decrease in tree growth that can be
associated with the predominantly positive summer AAO since the late 1980s [23,24].
On the other hand, the growth of N. betuloides in the more humid areas of Tierra del Fuego
does not reveal such a marked decrease [25,26].

The Antarctic Oscillation (AAO, also known as Southern Annular Mode, SAM) is
a large-scale circulation pattern affecting the climate of large parts of South America.
Since the late 1980s, it has revealed a predominantly positive phase during the austral
summer [27]. This phase is characterized by positive pressure anomalies at mid-latitudes
(40–55° S) and negative anomalies at high latitudes (Antarctica). In the central-eastern sector
of SSA, the positive AAO values are associated with ongoing climatic trends, decrease
in precipitation, warm temperatures, prevailing drought conditions [28–30], and extreme
events (e.g., heatwaves) [31]. Under these recent climatic trends in SSA, few studies have
investigated whether the forests of N. betuloides and N. pumilio respond to climate change-
induced effects and how droughts and extreme events (e.g., heatwaves) might affect their
growth [11,13–15]. Naturally, the Nothofagus forests in SSA represent a promising potential
to analyze their response to a changing climate, e.g., by studies on growth reduction and/or
extreme events in growth variations. Given the strong ecoclimatic gradient in SSA from a
western hyper-humid zone to the dry steppe landscapes in the East (Figure 1). Previous
studies revealed that the South American Nothofagus forests reveals diverse responses most
likely associated with microsite conditions, water availability [22,25,26,32], and species-
specific drought adaptation [33].

In this context, our aims are (1) to compare the growth patterns and (2) to individually
evaluate climatic responses of N. betuloides and N. pumilio forest in SSA, including different
ecological requirements and under accelerated climate change in the last decades. We
hypothesize that the tree’s growth of the Nothofagus species are sensitive to local and large-
scale climatic variations and therefore reveals imprints of short- and long-term climatic
variations in the last centuries.

2. Materials and Methods
2.1. Climatic Condition in Southernmost South America

The mountain ranges of the Andes act as marked orographic barriers to westerly
winds. The ascent of moisture-laden masses from the Pacific Ocean results in increased
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cloudiness and precipitation on the western windward side (reaching up to 5000 mm/yr
in some sectors) [34], which decreases markedly on the eastern leeward side with very
low rainfall (200 mm/yr) only 50–100 km east of the Cordillera [29]. Climate diagrams
of weather stations at Schiaparelli Glacier (163 m asl), Punta Arenas (36 m asl), and Río
Gallegos (13 m asl), located along a transect from southwest to northeast in the region, show
different monthly mean values in precipitation, air temperature, and relative humidity
between stations (Figure 1E–G); while the annual mean temperatures reveal a clear winter–
summer seasonality for the three stations, the colder temperatures, higher precipitation,
and higher relative humidity at Schiaparelli Glacier may be associated with the strong
west–east climatic gradient mentioned above. The Schiaparelli weather station records
the highest relative humidity (rH = 80%) distributed homogeneously throughout the year.
In contrast, the climatic stations downwind of the Cordillera, such as Punta Arenas and
Río Gallegos, only have high rH values during the winter, with a decrease of around 60%
and 50% in summer, respectively. Precipitation varies strongly among the three weather
stations, with the highest monthly records at Schiaparelli (50–70 mm), intermediate at
Punta Arenas (30–40 mm), and the lowest at the Río Gallegos station (15–30 mm).

Figure 1. The geographical and climatic setting of the study area. (A) Location of the major towns of
Punta Arenas, Ushuaia, and Puerto Williams (white circles) and overview of the three study areas
(red boxes): (B) Punta Arenas outskirts (53°9′36′′ S, 71°1′54′′ W), (C) Yendegaia Valley (54°50′17′′ S,
68°45′17′′ W) and (D) Navarino Island (54°58′50′′ S, 67°36′23′′ W). Illustration of regional vegetation
types [20,35]. The isohyets, glaciers, and political limits are derived from the state-owned geospatial
data network IDE (https://www.ide.cl/, accessed on 1 May 2022). (E–G) Climate diagrams of
three weather stations along a southwest to northeast transect (white line in A), including monthly
mean temperature (◦C), relative humidity (%), and precipitation (mm). The map was created using
Esri ArcGIS.

https://www.ide.cl/
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2.2. Tree-Ring Sample from Southernmost South America

Our tree-ring network study encompasses several sites in the southernmost part
of South America, including sites at Tierra del Fuego Island and adjacent archipelagos
(Figure 1A, Table 1). The strong hydroclimatic gradient determines a rapid variation in
biotic communities ranging from hyper-humid to dry environments from the Magellanic
moorland and evergreen forests dominated by N. betuloides, through deciduous forests
dominated by N. antarctica and N. pumilio, to treeless steppe grasslands [20]. Our eight
study sites are located in Nothofagus forests, six of the sampling sites are dominated by
N. pumilio (Lenga), while the remaining two sites consist mainly of N. betuloides trees
(Coigue de Magallanes). All sampled trees reach grow at elevations above 250 m asl, close
to the upper treeline (Figure 1, Table 1). Therefore, our choice of the site locations follows
the general requirements to optimize the climatic signal inherent to trees growing near
their upper distribution limit [24]. Fieldwork at the eight sites was conducted during the
austral summers between 2019 and 2021. Trees were sampled at breast height using 5 mm
diameter borers (two samples per tree) in the three selected geographic regions.

Table 1. Sampling-sites main characteristics. Np = N. pumilio; Nb = N. betuloides. sp* = Species.

Site
Code

sp* Lat (S)
Long (W)

Elevation
m asl

Timespan
AD Years

Number
of Trees
(Radii)

Trees (Radii)
in

Chronology

EPS
(>0.85)
Start.Year

Punta Arenas area

SKI Np 53°9′36′′

71°1′54′′
550 1851–2019 29/(58) 26 (49) 1895

LTM Np 53°18′59′′

71°16′48′′
558 1834–2020 32 /(64) 27 (40) 1896

Yendegaia Valley area

YLA Np 54°48′35′′

68°48′35′′
566 1764–2019 33 /(66) 31 (61) 1770

PYU Np 54°50′30′′

68°38′39′′
423 1768–2019 22 /(44) 21 (35) 1770

Navarino Island area

NLS Np 55°00′38′′

67°36′35′′
450 1769–2019 20 /(40) 20 (32) 1820

NLN Np 54°59′45′′

67°36′00′′
403 1852–2019 21 /(42) 21 (41) 1870

NCA Nb 54°59′29′′

67°36′9′′
350 1699–2019 21 /(42) 20 (30) 1870

NCB Nb 54°59′1′′

67°36′32′′
275 1739–2019 21 /(42) 19 (32) 1845

Close to the city of Punta Arenas (Figure 1B), we sampled two N. pumilio forests.
The SKI site is located at 550 m asl., 7 km west of Punta Arenas in the forest-to-steppe
ecotone. The forests is formed by trees reaching 8–12 m hight with an average diameter
at breast height (dbh) of 25 cm. Annual rainfall at SKI amounts to 470 mm/yr and is part
of the forest-to-steppe. The Lenga Tres Morros site (LTM) is located at an elevation of
558 m asl. It is situated around 40 km southwest of Punta Arenas in a mixed landscape of
N. pumilio and N. betuloides forests with lakes and peatlands (Figure 1B). The LTM stand
includes N. pumilio individuals with an average tree height of 15 m and a mean dbh of 30
cm, and annual rainfall accounts for 800 mm/yr.

Our second study region is located in the Yendegaia valley at National Park on the
southern border of Tierra del Fuego Island (Figure 1C). Rainfall amounts in Yendegaia Bay
account for 350 mm/yr, increasing to the upper glacierized areas to 2000–5000 mm/yr.
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In total, two high elevation sites with N. pumilio forests were sampled. The Yendegaia Lenga
Alta site (YLA) is located at an elevation of 560 m asl. Local trees reach average heights
between 10 and 15 m and have mean diameters at a breast height of 30 cm. The tree stand is
close to a krummholz zone that forms the local upper treeline. The Paso Yendegaia-Ushuaia
site (PYU) is located at elevations of around 500 m. Sampled trees are reaching heights of
15–20 m with average dbh values of 50 cm.

The third sample region, the Ukika valley on Navarino Island (Chile), is located in
the southeastern part of our study region (Figure 1D). Typically, patches of N. pumilio and
N. betuloides forests are forming the local tree communities in the valley. Annual rainfall
amounts 600 mm/yr. We sampled four sites in close proximity to each other. Two sites
are dominated by N. betuloides forests, namely Navarino Coigue Alto site (NCA) at 350 m
asl and Navarino Coigue Bajo (NCB) at 275 m asl. and two sites with N. pumilio trees
denominated Navarino Lenga Sur (NLS) at 450 m asl and Navarino Lenga Norte site (NLN)
at 403 m asl. The site NLS represents the only site in our study located south of the divide
separating the north-facing Ukika river watershed from the south-facing Windhond Lake
watershed. All sampled sites are characterized by trees of 15–20 m height and dbh of
30–50 cm.

2.3. Samples Preparation and Chronology Building

All tree-ring samples were prepared following standard dendrochronological tech-
niques [36] and considering the tree-ring dating convention for the Southern Hemisphere [37].
Subsequently, tree-ring widths of each sample were measured using a Velmex micrometer
with a precision of 0.001 mm [38]. The quality of cross-dating and possible errors in the
assignment of calendar ages of the ring widths were evaluated using the COFECHA pro-
gram [39]. We developed standard tree-ring chronologies from correctly cross-dating series,
using the dplR package [40] in the statistical language R [41]. To preserve the low-frequency
variations, the ring-width series were detrended using a negative exponential curve to
remove non-climatic variability due to the tree’s age and obtain the final ring-width index
(RWI) [42]. The resulting standardized series represents a mean equal to one and a relatively
homogeneous variance over the years [42]. The Expressed Population Signal (EPS) was
calculated in a moving window of 50 years with an overlap of 25 years to evaluate the
common signal for the chronologies [40,43].

2.4. Principal Component and Regime Shift Analyses

To identify the dominant growth patterns among all sites, we performed a principal
component analysis (PCA) using varimax optimization [44,45]. The PCA was performed
in the R project [41] using the psych package [46]. The data matrix used included a total
number of eight items (standard tree-ring chronologies sites) and n variables (n = number
of years used for the analysis), with a time span of 124 years, truncated by the common
period of all available chronologies with an EPS above 0.85 (1895 to 2019). Additionally, we
explored possible regime shifts in the patterns of the tree-ring chronologies and the principal
components time series by the change point detection method [47]. This approach uses
the Student’s t-test sequentially to determine whether the means between two consecutive
periods are significantly different. If this is the case, the point is marked as a potential
change point, and subsequent observations are utilized to confirm or disprove the supposed
regime shift. The determination of the regimes is strongly influenced by choice of the cut-
off length “l”, this factor finally defines the length of a regime’s minimum period and
subsequently the level of significance resulting from the t-test (p < 0.05) [47].

2.5. Climate Data

To evaluate climate-proxy relationships, we used two different sources of climate
data. The first source are available weather stations close to the respective study sites,
such as Puerto Williams (ptw), Punta Arenas1 (puq1), Punta Arenas2 (puq2), and Ushuaia
(ush) (Figure 1). The available weather data include various climate parameters, such
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as total monthly precipitation (pre: mm), minimum/maximum monthly temperature
(tmn/tmx: ◦C), and wind speed (ws: kmh−1). As the SSA weather stations are (i) short,
(ii) with sometimes significant amounts of data gaps, and (iii) elevation differences between
the study sites and the nearby climate station. To overcome these obstacles apparent in
our study region, we, therefore, decided to use ERA5 reanalysis [48] as a second source
of climatic data. ERA5 has a vast variety of climate data with a temporal coverage from
1979 to 2021. It also provides climate data for chosen elevation levels across the area (e.g.,
at 850 hPa), which enables us to analyze proxy-climate relationships across sites with
similar climate influences (Table 2). The ERA5 climate reanalysis datasets [48] additionally
provide ancillary eco-climate data, such as monthly means for total precipitation (pre: mm),
minimum temperature (tmn: ◦C), the temperature at 2 m (T2m: ◦C), 10 m near-surface
wind speed (WS10m: m/s), relative humidity (rH: %), the temperature at 850 mb (T850: ◦C),
mean sea level pressure (MSLP: mb), and Geopotential Height (Z850: m2s−2) (Table 2).
The record from each available meteorological station reveals different temporal coverages
and data completeness. For example, climate data from the Puerto Williams weather station
are available from 1968 onwards, but with several data gaps during the recording period.
For this reason, we used different common periods for the calibration with precipitation
(1970–2019) and temperature data (1980–2019) in our analyses. In addition, an abnormal
abrupt shift in the mean wind speed is evident around 1984/85 (S1). Given that it was
impossible to discern if this abrupt change is induced by instrument/technical changes or
climatically caused, we truncated the original full climate data series for wind speed to
the reliable period 1986–2019 (Table 2). In contrast, all ERA5 reanalysis data products are
available since 1979 until today (Table 2).

Additionally, to evaluate the relationships between the tree-ring chronologies and
regional effective large-scale atmospheric circulation patterns, we used two AAO indices
commonly used in climatology, namely the AAO-Marshall [27] and the AAO-NCEP in-
dex [49]. Those indices differ in the respective climatic variables and data sources used
for their calculation. The AAO-Marshall Index is a monthly index available from 1957 to
the present. It is calculated by differences in zonal pressures based on 12 meteorological
stations, where six of these are located in the mid-latitudes (40° S) and the remaining six
in the high latitudes on Antarctica (65° S) [27]. The monthly AAO-NCEP index is based
on geopotential height field anomalies at 700 mb height for the Southern Hemisphere and
available since 1979 [49].

Table 2. Local climatic records and ERA5 reanalysis data used for the evaluation of proxy-climate
relationships. Climate data sources: Dirección Meteorológica de Chile (DMC), Dirección General de
Agua Chile (DGA), Servicio Nacional Meteorológico Argentina (SNM), and the ECMWF Reanalysis
v5 (ERA5).

Weather Station Lat (S)
Long (W)

Variable Period Source

Punta Arenas1 pre: precipitation 1900–2019
(puq1) 53°0′6′′ tmn: minimum temperature 1930–2019 DMC

70°50′50′′ tmx: maximum temperature 1930–2019
ws: wind speed 1967–2019

Punta Arenas2 53°7′24′′ pre: precipitation
(puq2) 70°52′38′′ tmn: minimum temperature 1974–2019 DGA

tmx: maximum temperature

Ushuaia 54°48′0′′ pre: precipitation 1928–2013 SMN
(ush) 68°18′6′′ tm: mean temperature 1901–2014
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Table 2. Cont.

Weather Station Lat (S)
Long (W)

Variable Period Source

Puerto Williams pre: precipitation 1970–2019
(ptw) 54°55′54′′ tmn: minimum temperature 1980–2019 DMC

67°36′36′′ tmx: maximum temperature 1980–2019
ws: wind speed 1986-2019

ERA5 pre: precipitation
tmn: minimum temperature
T2m: temperature 2 m

Reanalysis WS10m: near surface wind
speed

1979–2019 [48]

rH: relative humidity
MSLP: Sea Level Pressure
MZ850: Geopotential Height
850 mb

3. Results
3.1. Tree Growth Patterns

In total, we were able to develop eight new tree-ring-width index (RWI) chronologies
for southernmost South America (SSA), including two different Nothofagus species. The tree-
ring chronologies cover different timespans and show differences in growth trends (Figure 2,
Table 1). The most extended time series is the N. betuloides chronology from Navarino Island
(NCA; 1698–2018, 320 years), while the shortest series is the N. pumilio chronology from
Punta Arenas (SKI; 1851–2019, 169 years). Besides their time spans, the chronologies also
differ in sample replication, and consequently, in the period when their EPS values reach or
surpass the commonly used threshold of 0.85 [50]; more statistical details can be found in
Supplementary Table S1. The N. pumilio chronologies SKI, YLA, and PYU reach EPS values
above 0.85 with 5 or more cores, the NLS, NLN, and the N. betuloides chronology NCB
needed around 10 or more cores, while the LTM and NCA records needed almost 20 cores
for reaching EPS > 0.85. Differences in the time length of the reliable tree-ring chronologies
(EPS > 0.85) reflect variations in the strength of the common signal between sampled tree
stands. The chronologies also differ in the amplitude of the tree growth variations. SKI and
PYU show the largest amplitudes with marked extreme values. On the contrary, the other
six chronologies (LTM, NLS, NLN, NCA, and NCB) show narrower amplitudes. This
is especially the case for NLN site, with slight variations in tree-ring widths around the
mean (Figure 2E). A regime shift analysis for the eight chronologies [47] reveals marked
tree-ring changes but not persistent trends in the records (Figure 2). Only the NLS series
chronology shows a gradual progression to more positive values (Figure 2F). Conversely,
the N. betuloides NCA and NCB chronologies from Navarino Island show a sharp and clear
growth decline over the last 40 years, with values beneath the long-term mean since the
mid-1980s (Figure 2G,H).



Forests 2022, 13, 794 8 of 18

Figure 2. Individual ring-width index (RWI) N. pumilio (orange) and N. betuloides (green) chronologies
are displayed as continuous lines. Horizontal dotted lines indicate mean RWI value, grey shading
lines the sample depth, and continuous black lines the regime shifts using the detection method [47].
This regimen shift analysis was calculated for the period with chronology EPS values exceeding the
threshold of 0.85 (EPS calculated in a moving window of 50 years with an overlap of 25 years [43]).
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3.2. Relationships between the Individual Ring-Width Index Chronologies

Interestingly, despite enormous differences in site conditions, all Nothofagus spp.
chronologies are positively correlated with each other (Figure 3). Most significant cor-
relations occur between the N. betuloides chronologies NCA and NCB (r = 0.75, p < 0.01) and
between the N. pumilio NLN and NLS (r = 0.65, p < 0.01) chronologies in Navarino Island.
Although the N. pumilio sites (NLN and NLS) and N. betuloides sites (NCA and NCB) are
geographically located close to each other (2.0 to 0.5 km), they are not significantly related.
In contrast to this finding, the NCA and YLA from N. betuloides and N. pumilio, respectively,
separated by more than 80 km are correlated significantly with each other (r = 0.51, p < 0.01).
Positive relationships are also recorded between the sites NLN and LTM (almost 300 km
apart, r = 0.49, p < 0.01), NLN and YLA (more than 80 km apart, r = 0.47, p < 0.01), and NLS
and LTM (300 km apart, r = 0.45, p < 0.01). Conversely, weaker relationships are apparent
between the chronologies from the Punta Arenas area, SKI, and LTM (25 km apart, r = 0.32,
p < 0.01) and from the Yendegaia area, YLA, and PYU (12 km apart, r = 0.42, p < 0.01).

Figure 3. Pearson correlation coefficients between Nothofagus standardized ring-width index (RWI)
chronologies from sampling locations in SSA over 1895–2019, the interval showing EPS > 0.85 in
all records. N. pumilio and N. betuloides chronologies are shown with orange and green colors,
respectively. Levels of significance are illustrated by ns: not significant (p > 0.05), *: significant
(p < 0.05) and **: highly significant (p < 0.01).

3.3. Evaluation of Regional Tree Growth Patterns

Regional patterns of tree growth were analyzed by applying a Principal Component
Analysis (PCA). Based on the 124-year correlation matrix of the common period among
the standardized chronologies, the first three principal components explain 70% of the
total variance (Figures 4A and Supplemantary Figure S2). PC1, accounting for 44% of the
total variance, is mainly associated with the N. pumilio chronologies LTM, NLS, and NLN
with loading values > 0.5 (Figure 4B). The respective study sites are located in areas with
precipitation amounts between 600 and 800 mm/yr. Whereas the NLS and NLN sites are
located close to each other (less than 4 km apart), the LTM is more than 400 km away
from both sites (Figure 1A,D). The three chronologies agreed in the regime change around
1960 (Figure 2B,E,F). PC2 explains 16.5% of the total variance, and its highest loading
values are from the N. betuloides chronologies NCA and NCB (Figure 4B). PC2 is clearly
dominated by these two close records (less than 2 km apart) with forests having the same
species and presenting identical regimen patterns (Figure 2G,H). PC3 only explains 10.5%
of the total variance (Figure 4D), highlighting the similar tree growth patterns of the N.
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pumilio chronologies from the SKI, PYU, and YLA sites (Figure 2A,C,D). These sites have
precipitation amounts between 350 and 470 mm/yr, with SKI 400 km north of YLA and
PYU (Figure 1A–C).

Figure 4. Results of the Principal Component Analysis (PCA) of all eight Nothofagus spp. chronologies
over the common period 1895–2019. (A) PC variance explained by the first three principal components
(grey boxes). (B–D) Loading values of each site in PC1, PC2, and PC3, respectively.

The resulting principal components PC scores are shown in Figure 5. The PC1 scores
(Figure 5A) show a slightly positive trend from 1895 to the present. The PC2 time series
(Figure 5B), associated with the N. betuloides growth patterns from Navarino Island, shows
two regimes shifts to positive in 1951 and negative in 1985, the latter related to an abrupt
decline in tree growth. The PC3 scores represent the dominant influence of the N. pumilio
chronologies with low-loadings in PC1. PC3 varies along with the mean with shifts out of
phase with the two previous main modes of tree growth variation (Figure 5C).

Figure 5. Amplitudes of the principal components PC1 (A), PC2 (B), and PC3 (C) based on the
correlation matrix of the standardized chronologies of Nothofagus spp. (black lines) for the common
period 1895–2019. The red horizontal lines show the regime shifts in the PCs using the detection
method [47].
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3.4. Influence of Local Climate on the RWI Chronologies

Extreme growth suppressions in the last decades are apparent for the SKI chronology
in 1991/1992, 1999/2000, 2005, and 2011/2012 (Figures 2A and 6A). The SKI chronology is
positively correlated with ERA5 relative humidity during February of the previous (pF) and
current (cF) years (Figure 6A: r = 0.62, p < 0.01). On the other hand, growth variations in
the LTM site are positively correlated with maximum summer temperature during austral
summer (current December–January) (Figure 6B: r = 0.47, p < 0.01). Although the SKI/LTM
sites are only 40 km apart, they do not show similar correlation patterns with the local
climate (Supplemantary Figure S3).

At Yendegaia, the PYU site reveals a highly significant relationship with wind speed
of the previous/current summer (January to March) (Figure 6C, r = 0.62, p < 0.01, Supple-
mantary Figure S4). In contrast, the NLS site on Navarino Island with N. pumilio as the
dominant tree species reveals an inverse correlation with wind speeds from Puerto Williams
for the current year spring/summer transition period (October–November) (Figure 6D,
r = −0.47, p < 0.01, Supplemantary Figure S5). Another notable correlation is the NCA site
with summer temperatures from ERA5 data (Figure 6E, r = 0.54, p < 0.01, Supplemantary
Figure S6).

Figure 6. The most significant relationships between ring-width index (RWI) and climate variations
at local weather stations and the ERA5 dataset. Significance is indicated for each case: ** = p < 0.01.
The best combination of months for the climate-growth correlations were: pF&cF = previous and
current February, cDJ = current December to January, pcJFM = previous and current January to March
and cON = current October to November.

3.5. Influence of Large-Scale Circulation Forcings on the RWI Chronologies

Results for the evaluation of large-scale atmospheric forcings on our series reveal the
strongest relationships between our SSA RWI chronologies and different Antarctic Oscil-
lation indices (AAO, also known as Southern Annular Mode, SAM) are mainly negative
(Figure 7 and see supplementary material). The Marshall AAO index during the previ-
ous/current summer-autumn period is strongly related to the radial growth of the NCB
and NCA N. betuloides chronologies from Navarino Island (Figure 7C, r = −0.62, p < 0.01;
Figure 7B, r = −0.53, p < 0.01, respectively). The N. pumilio YLA site from Yendegaia shows
a good relationship with the AAO-NCEP index from December to May, but is comparably
weaker (Figure 7A, r = −0.48, p < 0.01).
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Figure 7. The most significant relationships between the ring-width index (RWI) from SSA and
the Antarctic Oscillation (AAO). Significance is indicated by ** = p-value < 0.01. The best com-
bination of months for the climate-growth correlations were: cD-M = current December to May,
pcD-M = previous and current December to May.

3.6. Influence of the Local and Large-Scale (AAO) Climate on Principal Components

Consistent with the previous section results, the three dominant patterns of the radial
growth, identified by the principal components (PC) analysis, are significantly correlated
with local climate and AAO indices (Figure 8 and Supplemantary Figure S7). Current
March wind speed measured at Puerto Williams is significantly related to PC3 (Figure 8B,
r = 0.59, p < 0.01), while PC1 variations appear to be associated with current November
maximum temperature from Puerto Williams (Figure 8A, r = 0.46, p < 0.01) and PC2 with
prior/current January temperature at 850 mb (Figure 8C, r = 0.49, p < 0.01). Regarding the
atmospheric circulation indices, the most significant relationship was found between PC2
and prior/current summer–fall AAO-Marshall index (Figure 8D, r = −0.62, p < 0.01).

Our PCs also record the dominant influence of spring–summer and March climate on
tree growth at individual sites (Figures 6 and 7), such as the direct relationship of PC3 with
wind speed, which is consistent with the strong load of the PYU chronology (located in
Yendegaia) in the PC3. In addition, the PCA loadings also reflect the good relation between
spring–summer AAO and PC2 at the Navarino Island and Yendegaia sites (NCA, NCB,
and YLA).

Figure 8. The most significant correlation results for the three PCs departures from SSA with different
climate variables (weather stations, ERA5, and AAO index). p-value, **: significant (p < 0.01).
The best months and combination of months for the climate-tree growth correlations shown here
are: (A) cN = current November, (B) cMr = current March, (C) pJ&cJ = previous and current January,
and (D) pcD-M = previous and current December to May.
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4. Discussion
4.1. Dendrochronological and Dendroclimatic Potential of the Southernmost Nothofagus Forests

The Nothofagus forests of southernmost South America are the southernmost forest
masses of the world [51]. They represent a unique opportunity to study past climate vari-
ability in this remote region and document interactions between mid-latitude climatic varia-
tions and those of the Antarctic continent. Consistent with previous studies [23,24,26,52,53],
the tree-ring chronologies developed in our study show the possibility of obtaining long
records, more than 300 years, with an important common signal and highly sensitive to
climatic variations. However, these records may reflect the effect of local disturbances that
make it difficult to correctly identify the climatic signal present in the tree rings. Nothofagus
forests in the extreme south of the continent are affected by various disturbances including
windthrow, fire, and snow avalanches, among others [51]. Three of our six N. pumilio
stands (YLA, LTM, and SKI) presented distinctive growth releases potentially attributable
to disturbance events during their life cycle. The stands in the northeast of our study area
were affected by near-synchronous release events around 1930–1931/1936. A seven-year
cycle has been reported in N. pumilio forests, most likely associated with cyclic insect
attacks [52,54].

In the context of the last 100 years, our tree-ring-based time series (chronologies)
reveal anomalous variability of tree growth. The two chronologies of N. betuloides from
the Navarino Island revealed an exceptional reduction in tree growth since the mid-1980s,
with unprecedented levels in at least the last 300 years. These results agree with previ-
ous studies, which showed similar reductions in N. betuloides chronologies in Navarino
Island [23,24]. The recent anomaly in growth reflects to some extent the extreme climatic
changes being presently experienced in the extreme south of SA.

By contrast, the radial growth of the N. pumilio stands shows greater increments in
radial growth in the last decades. Apparent differences between Nothofagus stands are
probably a combined consequence of a strong regional climatic gradient [29,34], associated
with different microsite conditions, water availability [22,25,26,32], and intraspecies and in-
terspecies variations related to genetics (or ontogeny) and different physiological strategies
in the face of a water stress period [33,55,56].

4.2. High Diversity of Climatic Responses in SSA Nothofagus Forests

The presence of the Andes Mountains introduces marked environmental gradients
that result in a great variety in the growth responses of Nothofagus forests to climatic
variations. Thus, our results and previous studies indicate that Nothofagus chronologies
in the southernmost part of the continent offer the enormous possibility of reconstructing
changes in surface and 850 mb temperature, relative humidity, wind intensity, and their
associations with the main atmospheric circulation patterns, including the AAO. Warmer
temperatures and reduced precipitation associated with the persistent positive phase of
the AAO in spring–summer [28,29] negatively influence the growth of N. betuloides forests
in Navarino Island. Warmer and drier climatic conditions in recent decades have induce
stomatal closure and the consequent decrease in the photosynthetic rate [57,58]. Hence,
lower interannual biomass production is reflected in the N. betuloides RWIs.

Summer relative humidity is strongly associated with tree growth at SKI in the extreme
northeast sector of our study region. Relative humidity, frequently related to soil moisture,
modulates the growth of trees in drier environments, especially in the forest-steppe ecotone
as documented for North Patagonia [10–12]. The extreme growth reductions (1991/1992,
1999/2000, 2005, 2011/2012) in the SKI chronology were concurrent with low relative
humidity during the heatwave and extreme drought events. Mean maximum temperatures
in February 1990, 2004, and 2005 (17.3 ◦C, 17.2 ◦C, and 17.2 ◦C, respectively) were the highest
since 1930. In addition, an extremely dry (3.2 mm) event was recorded in February 2005,
compared to the long-term mean (Supplementary Figure S8) for this month. The summer of
2005 represented an extreme hot-dry event with negative consequences for tree growth at
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the SKI site. Hot droughts, a combination of dry days with above-mean temperatures [59]
are projected to increase in the future with harmful effects to southern ecosystems [17,60,61].

Although precipitation is not strongly related to tree growth in our study region,
significant relationships were documented between spring–summer precipitation and
the growth of Nothofagus forests at Navarino Island (Supplementary Figures S5 and S6),
particularly at sites showing reduced soil depth and steep slopes [26].

4.3. Different Intra- and Inter-Species Sensitivities to Climate

In our study, we recorded marked intra- and inter-species differences in the sensitivity
to the climate of the investigated forests. For example, although the N. pumilio stands
in Punta Arenas (SKI and LTM) are separated by only 40 km, they show differences in
tree growth response to climate. The differences in responses can be explained by the
drier conditions (470 mm/yr) at the SKI site, where the extreme events (heatwaves and
extreme drought) during the summer season (more specifically in February) lead to extreme
water deficits limiting tree growth. In comparison, at LTM stands with better soil water
conditions (800 mm/yr), spring–summer temperatures are the dominant forcing of tree
growth [32,52,53,62]. These marked differences in tree response to climate could also been
exacerbated by contrasting disturbance histories between sites. The SKY site is highly
disturbed by previous forest fires, logging activities, and the opening of the forest to create
space for sky fields.

Contrasting patterns in tree response to climate are also recorded at the Nothofagus spp.
forests in the Yendegaia Valley and Navarino Island. Different ecophysiological responses
to wind between species could explain the recorded patterns. The Navarino Island sites are
exposed to constant winds predominantly from the south, creating a constant wind tunnel
through the Ukika valley (Figure 1). Such permanent wind stress induce the closure of the
trees’ stomata to avoid convective forces and hydric deficit [63,64]. In addition, depending
on wind speed can cause causes mechanical damage that alters transpiration rates by
removing or reducing the superficial leaves layers [63]. In extreme cases of strong winds
these can lead to massive leaf death events with an abrupt reduction in tree growth [65].
In contrast, at the Yendegaia sites, although located close to the upper tree-line, the stands
are protected from predominant southwesterly winds by surrounding mountains that
assumably block or reduce the negative impact of strong winds.

Inter-species differences in tree growth responses to climate were observed at the
Navarino island. Both the N. betuloides and N. pumilio stands, with less than 4 km dis-
tance between them, showed contrasting sensitivities to local temperature, precipitation,
and atmospheric circulation indices (AAO). The deciduous Nothofagus species (including
N. pumilio) reveal an anisohydric behavior having open stomata even under conditions
of marked water stress. As a result, the N. pumilio trees are prone to enhanced water loss
by constant transpiration [55,66]. Instead, the evergreen species of Nothofagus, such as
N. dombeyi, present a wide variation in their physiological responses to dehydration [56].
The evergreen N. betuloides could present some physiological traits that facilitate an adjust-
ment at the level of stomata or photosynthesis and, as a consequence, a reduction in the
negative effects of dry-warm climate related to the predominant positive phase of spring–
summer AAO in the last decades. However, a combined physiological and morphological
approach is needed to fully assess the causes of the different responses of southernmost
Nothofagus forests to climate variability.

5. Conclusions

We report the findings of the research based on the comparison of eight Nothofagus
chronologies from southernmost South America (SSA) and their response to climate. We
demonstrate a high diversity of climatic responses in Nothofagus forests, including new
correlations with wind speeds, the temperature at 850 mb, relative humidity, and AAO
with potential future reconstruction. Nothofagus forests also reveal contrasting climatic
responses as a strong climatic gradient effect given by the Andes Mountains, suggest-
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ing different strategies due to different microsite conditions and adaptation to drought
marked by different sensitivities both at the intra- and inter-species levels in Nothofagus
stands. Under this evidence, we partially accept our initial hypothesis, given that some
Nothofagus stands are more sensitive to local climate and other large-scale circulations
such as AAO variations. According to recent climate projections, temperature increases,
droughts, and extreme events will continue [8]. Hence, we can state that the southernmost
Nothofagus forests located at the extremes of our study distribution will continue to be
subjected to effects derived from local and large-scale climatic variations. Future studies
should investigate the physiological strategies of Nothofagus spp. and evaluate the risk of
crown death and/or mass dieback in the face of an extreme climatic events. The southern
Nothofagus forests provide critical ecosystem services to the environment, such as carbon
sequestration, water regulation, and reduction of natural hazards such as rockslides and
snow avalanches. In addition, SSA forests improve water quality and provide recreational
sites and firewood for local communities [67–69].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13050794/s1, Figure S1: Monthly climate time series from Puerto
Williams weather station between January 1968 and December 2020 for (A) temperature (in ◦C; B)
precipitation (in mm) and (C) wind speed (in km/h); Figure S2: The 3D PCA plot for Nothofagus
spp. tree growth chronologies. N. pumilio and N. betuloides chronologies are shown with orange
and green colors, respectively; Figure S3: Monthly, season and the best combination of months of
Pearson correlation coefficients between Punta Arenas study area tree-ring SKI/LTM chronologies
(N. pumilio) and climate variables from the weather station, ERA5 data, and AAO indices; Figure S4:
Monthly, season and the best combination of months of Pearson correlation coefficients between
Yendegaia Valley study area tree-ring YLA/PYU chronologies (N. pumilio) and climate variables
from the weather station, ERA5 data, and AAO indices; Figure S5: Monthly, season and the best
combination of months of Pearson correlation coefficients between Navarino Island (Ukika Valley)
study area tree-ring NLN/NLS chronologies (N. pumilio) and climate variables from the weather
station, ERA5 data, and AAO indices; Figure S6: Monthly, season and the best combination of
months of Pearson correlation coefficients between Navarino Island (Ukika Valley) study area tree-
ring NCB/NCA chronologies (N. betuloides) and climate variables from the weather station, ERA5
data, and AAO indices; Figure S7: Monthly, season and the best combination of months of Pearson
correlation coefficients between principal components (PCs) and climate variables from the weather
station, ERA5 data, and AAO indices; Figure S8: Time-series: (A) maximum temperature (in ◦C),
(B) precipitation (mm), (C) standardized precipitation-evapotranspiration index (SPEI), (D) relative
humidity (%) and (E) SKI tree-ring index of Nothofagus pumilio; Table S1: Statistical characteristics of
our tree-ring chronologies.
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