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Abstract: Understanding the drivers of drought-induced tree mortality remains a significant scientific
challenge. Here, we investigated an unexpected mortality event of Nothofagus dombeyi (Mirb.)
Oerst. following the 2014–15 drought in a Valdivian rainforest, Argentina. Our focus was on
long-term growth trend differences between vital and dead trees, and how the mixing of species
in tree neighbourhoods drives tree growth during drought. The inter-annual variation of basal
area increments of vital and 2014–15-dead N. dombeyi trees showed a similar pattern through the
1930–2015 period, while the climate–growth relationships indicated that precipitation during the
growing season promoted growth in both vitality classes, regardless of whether they were in the
wettest location. For the period 1990–2015, both vitality classes showed similar estimated growth
regardless of competition level, whereas species mingling in the neighbourhood significantly affected
the dead tree growth. Network analysis revealed that drought performance covaried positively with
a neighbourhood dominated by species functionally different from the focal species only in vital
trees. These findings suggest a nuanced response of N. dombeyi to drought, shaped by multifaceted
interactions at both the individual tree and neighbourhood levels. This research underscores that
species-specific relationships under different mixtures imply different tree responses within a stand,
and add complexity to understanding drought response at the individual level.

Keywords: neighbourhood; climate–tree growth relationships; competition; mingling; tree-ring growth

1. Introduction

A report by the IPCC warns that the average global temperature will reach 1.5 ◦C
warmer than pre-industrial times due to human activity, and the frequency and severity of
heatwaves and droughts are projected to increase in many regions worldwide [1]. In this
context, the southern Andean region has proved to be no exception, as the region has shown
an abrupt trend toward warmer and drier conditions since the mid-twentieth century [2].
These already occurring and expected changes in temperature and precipitation may have
important consequences for the southern ecosystems with a significant level of endemism
and endangered species. The temperate forests of southern Patagonia, among other Andean
ecosystems, have begun to show clear evidence of a negative impact from the changes
in climate parameter trends, as widespread tree mortality events following droughts are
being recorded in Chile and Argentina [3–5]. However, understanding and predicting tree
mortality during or after droughts remains a scientific challenge worldwide, as it is still
hard to predict when and where it will occur, and which tree will die as a consequence of a
drought [6].

Tree rings store information on climate, site, and local environmental effects on tree
growth, and are a powerful tool for studying drought impacts on multi-year tree per-
formance. Tree ring patterns can reveal not only short- and long-term trends in climate
influence on tree productivity, but also mid- and long-term trends in nutrient uptake [7],
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water use efficiency [8], and competition pressure at the local neighbourhood scale during
dry spells [9]. This retrospective quantification of drought impact on long-term growth
and vigour highlights the declining trend that prevails after droughts in many species
worldwide [10]. Successive drought events can compound the stress that trees experience,
leading to more pronounced decreases in growth rates [11], which finally erodes trees’
resilience capacity (i.e., reduces their ability to regain pre-drought growth rates [12,13]).

Although tree physiological traits remain an important factor in understanding
drought-driven death [14], the accuracy of explanations has been limited as trees’ drought
performance covaries with factors acting at individual, site, and community levels. In
this regard, tree resilience components, in terms of growth performance, depend among
others factors like soil characteristics [15], stand density [16], and species composition [17].
This creates a complex network that ultimately influences individual tree performance and
resilience to dry spells [18], which makes it very difficult to rank individual responses in a
stand. Species mixing implies the presence of different compensation strategies to cope
with droughts in relation to the species’ different functional traits [19]. These strategies can
operate at the underground level, with root systems occupying different soil layers to access
water resources, thereby creating spatial complementarity that can benefit other species [20].
Additionally, the development of canopies with varied architecture and phenology allows
for the efficient use of light. Shade-tolerant species can establish beneath the canopy, while
light-dependent species thrive in direct sunlight [21]. While stand diversity improves the
average stand productivity due to complementary, the positive effects cannot prevail over
negative effects (e.g., competition) during stressful conditions [22,23]. However, additional
factors could unbalance this relationship, leading to disparate results of the effects of stand
diversity on tree performance in the face of drought [24,25]. Different climate–growth
sensitivity along gradients drives different patterns in tree drought response across species’
distribution range [26]. Thus, in dry sites where water availability is a major constraint,
competition could override any complementarity advantage of stand diversity, whereas in
humid sites, the complementarity effect could determine drought response [22]. However,
species-specific relationships under different mixtures in the immediate tree neighbourhood
add complexity to understanding drought response at the individual level [27]. While the
influence of climatic stressors on tree growth responses is recognized, the specific impact of
other ecological traits on these relationships remains a topic of ongoing research.

As we stated above, Andean temperate forests have not been an exception to the
context of forest vulnerability to climate change. Over the last few decades, there has been
a significant negative impact of droughts on Nothofagus dombeyi (Mirb.) Oerst. (Nothofa-
gaceae), a dominant tree species of the temperate forest in Patagonia, Argentina, with
strong pervasive effects on species growth, leading to mortality [5,7,28,29]. N. dombeyi is
one of the ten Nothofagus species in southern South America, and is considered a shade-
and drought-intolerant species, conditions found in several environments of the Patago-
nian Andes. As a broadleaf evergreen species, reaching 30–40 m tall, it has suffered leaf
browning and shedding during past droughts, which implies crown dieback and sudden
tree mortality [28]. All the recorded mortality events in N. dombeyi have been observed
towards the eastern limit of the species distribution, suggesting that the negative impacts
of drought are more pronounced on the leeward side of the Andes, which typically re-
ceives less moisture. This spatial dimension in the discussion of N. dombeyi’s response to
drought and mortality led us to suggest a gradient of vulnerability to drought impacts [30].
However, following the 2014–15 dry period, an unexpected event of sudden N. dombeyi
mortality occurred in a portion of the Valdivian rainforests, a region with ~3500 mm year−1

in precipitation [31].
Motivated by this unique and rare event, we started a dendroecological study to

uncover the factors that led to N. dombeyi mortality in this specific location, which also
has a high level of tree biodiversity. We specifically (i) reconstructed and analysed the
growth patterns and climate sensitivity in vital and dead N. dombeyi trees, and (ii) related
these growth patterns and drought responses to several factors associated with tree neigh-
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bourhood characteristics in order to determine their role as drivers of tree mortality. Our
main hypothesis posited that an increased proportion of species diversity within the tree’s
vicinity, or a less dense neighbourhood, positively influences both individual growth pat-
terns and a tree’s response to drought, enhancing its resilience. The study aims to unravel
these factors and shed light on why some trees were affected more than others, ultimately
contributing to a better understanding of the species response to environmental stressors
in this specific context. Although the main areas affected by N. dombeyi forests are included
in national parks and no management actions are planned, the identification of mortality
factors that can be reduced or reversed, and the synthesis of responses, can be brought back
to a set of general management goals relevant for national park policies worldwide.

2. Materials and Methods
2.1. Study Site and Species

The study area is located near Puerto Blest (41◦02′ S, 71◦ 49′ W; 750 m.a.s.l., Figure 1),
and belongs to one of the easternmost relicts of the Valdivian rainforest on the leeward
side of the Andes. In Argentina, Valdivian rainforest extends in small fragmented areas,
from 40◦ S to 42◦ S, and in Nahuel Huapi National Park, Río Negro Province, it com-
prises a total area of 3.6 km2 (Figure 1) distributed in different small fragments across
the National Park. Valdivian rainforest is the westernmost end of a striking west-to-east
gradient of precipitation and associated vegetation that characterize the southern Andes,
with precipitation ranging from ~3500 mm year−1 (in Valdivian rainforest, Figure S1) to
~500 mm year−1 (on Patagonian steppe) only 100 km to the east [31]. Average annual
precipitation in the study area is estimated at ~3500 mm year−1 (Figure S1) and is season-
ally distributed with approximately 60% falling between May and August (winter in the
Southern Hemisphere), and the annual mean temperature is 9 ◦C (Figure S1). Between
750 and 900 m. a.s.l., the rainforest is dominated by the shade-intolerant Nothofagus dombeyi,
along with the shade-tolerant broadleaf evergreen tree species Saxegothaea conspicua Lindl.
(Podocarpaceae), Archidasyphyllum diacanthoides (Less.) P.L. Ferreira, Saavedra & Groppo
(Asteraceae), and Weismania tricosperma Cav. (Cunoniaceae). In addition, this relict of
the Valdivian rainforests holds the wettest margin population of the conifer Austrocedrus
chilensis (D. Don) Florin & Boutelje (Cupressaceae). N. dombeyi establishes immediately
following fires and for a period lasting c. 30 years, while the shade-tolerant co-occurring
species continue the establishment period under the closed canopy [32]. The understory is
shaded by a dense forest canopy and consists of a great diversity of plants [33]. Layers of
volcanic ash cover the glacial topography, and the soil throughout the region is derived
from these parent materials (Andosol type soils). At the study site, the mean slope was c.
20%, with a northern orientation.

The study area came to our attention when, in the summer of 2015–2016 (September
to March in the Southern Hemisphere), a wide portion of the Valdivian rainforests near
Puerto Blest showed browned crowns of N. dombeyi trees (Figure 1). This event constitutes
the first recorded mortality episode in a Valdivian rainforest of Argentina, but it was not
isolated, as we documented other mortality locations in Lago Puelo National Park during
the same summer (Suarez, personal record).

2.2. Climate Data, Drought Index, and Selected Dry Spells

Due to the lack of a meteorological station network in northern Patagonia that pro-
vides long-term records of climatic data, we downloaded climate data from the Cli-
matic Research Unit, UK (http://www.cru.uea.ac.uk/, accessed on 18 August 2022).
We used monthly temperature and precipitation grid-box data for 41.25 S and 71.75 W
(grid cell 0.5◦ × 0.5◦ latitude–longitude) from the CRUTS v4.05 dataset over the period
1930–2020 [34] to characterize drought severity and climate–growth performance. To do
this, we used the climatic data to calculate the standardized precipitation evapotranspi-
ration index (SPEI) for the period 1930–2014 using the SPEI R package [35]. SPEI is a
standardized multi-scalar drought index based on precipitation and potential evapotran-

http://www.cru.uea.ac.uk/
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spiration, in which negative values indicate a negative cumulative water balance [36].
The bootstrapped correlation between residual tree ring chronologies and SPEI showed
the strongest correlation during the summer season (SPEI3Jan; Figure S2). We used the
R-package treeclim [37] to assess the climate–growth relationships using the correction
for the Southern Hemisphere. We focused on the dry spells that caused N. dombeyi mor-
tality (2014–15) and the two main droughts that happened during the last thirty years,
1998–99 and 2008–09, taking into account the calendar year when the growing process
starts in the Southern Hemisphere. We defined dry years under the criterion that SPEI
values were higher than −1.5 SD (or values were within 10% of the lower values during
the same period).
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Figure 1. Map showing N. dombeyi distribution (green) in Nahuel Huapi National Park, northern
Patagonia (Argentina), and the location of the field sampling site (red star). Coordinates on the
axes are given in the World Geodetic System (WGS 84). To the right, illustrative views of the site in
2019 (top photograph), and trees that died in 2015 (bottom photograph).

2.3. Field Sampling and Dendrochronological Methods

Across the study area, we sampled 30 dominants that were vital N. dombeyi trees,
and 30 dominants that were defoliated (dead) N. dombeyi individuals. The vitality state
of the selected trees (focal trees) was assessed based on the presence of non-defoliated
crowns. Focal trees were randomly selected across the affected area, with an aspect from
north to west. Each focal tree was cored twice at a height of 1.30 m (diameter at breast
height (DBH)) using a Pressler increment borer, and perpendicular to the slope. Cores
were taken back to the pith in order to estimate tree age at coring height. We recorded the
DBH, height, and crown dimensions of the focal tree. Additionally, we characterized its
neighbourhood environmental pressure through the following variables: the distance to
each neighbour, and the DBH, identity and height of each tree in the focal tree’s vicinity.
The area of the neighbourhood was variable as any tree crown that was in contact with the
focal tree’s crown was considered as a neighbour. In the lab, the tree cores were air-dried
and polished with sandpaper until the tree rings were clearly visible. Afterwards, the tree
ring samples were visually cross-dated, scanned at 2400–3200 dpi resolution, and measured
to the nearest 0.01 mm using CooRecorder software v9.6. The quality of the cross-dating
was examined using COFECHA v 6.06P [38], and we followed the convention for the
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Southern Hemisphere to date cores (assigning to each tree ring the date of the year in which
growth started). The mortality dates of the dead trees (the date of the outermost tree ring)
were defined using the chronology developed for healthy trees, and were stated to the
summer of 2014–15.

2.4. Long-Term Growth Trend of Vital and Dead Trees

The tree ring width series were transformed into basal area increments (BAIs), which
account for decreasing ring widths with increasing tree size [39]. For the BAI calculations,
we used the formula

BAI = π (r2
t − r2

t−1), (1)

where rt and rt−1 is the stem radius corresponding to years t and t − 1, respectively. Each
BAI chronology (vital and dead) was obtained by averaging the individual series year-
by-year using a biweight robust mean. To detrend each individual tree ring width series
(for climate–growth correlation inspection), we applied a cubic regression spline method
to remove any influence of age-related trends, with a 50% frequency response cut off at
2/3 of the ring width series length. Afterwards, we applied an autoregressive model to
each detrended series to remove the first-order autocorrelation, therefore building residual,
pre-whitened ring width indexes. The BAI and ring width index (RWI) chronologies
were developed for each tree vitality class (vital and dead). The BAI calculations, series
detrending, and chronology computation were performed using the dplR R-package [40]
in R software v4.3.3 [41].

To quantify N. dombeyi long-term growth trends according to vitality for the period
1925–2015 and as a function of the tree characteristics and response to climate variables
relevant to growth, we built a generalized additive mixed model (GAMM; [42]) by adjusting
the individual BAI as a function of linear and smooth predictors. We considered tree
vitality (vital or dead) and DBH (to control for ontogenetic factors) as linear predictors, and
calendar year, SPEI3Jan, and their interaction as thin plant spline regression with 4 degrees
of freedom or tensor products [42]. As the BAI data represent repeated measures of the
same individual, we included tree identity as a random factor. Finally, we included a
first-order autocorrelation structure (AR1) to account for dependency of the BAI in year
t on the BAI of the previous year, t−1. To achieve normality assumptions, the BAI was
log-transformed [log (BAI + 1)] prior to the analyses, and all explanatory variables were
standardized by subtracting their means and dividing by their standard deviation to
provide comparable coefficients. We used the mgcv R-package [43] to build the generalized
additive mixed models.

2.5. Effect of Species Diversity on Tree Growth and Drought Performance

We quantified the immediate neighbourhood influence by a tree-based size–distance-
dependent competition index (CI) and a species mingling index (M). The CI of each focal
tree i was calculated taking into account the DBH of the focal tree and the number, DBH,
and distance to the neighbouring trees as follows:

CIi = ∑N
j=1

DBHj

DBHi × distij
, (2)

where DBHi and DBHj are the DBH measurements for the i focal and j neighbouring trees,
respectively, and distij is the distance between them [44]. The mingling index describes the
species variety (vij) in the vicinity of the focal tree i and is defined as the proportion of the n
nearest neighbours j that do not belong to the same species [45], as follows:

Mi =
1
n
× ∑n

j=1 vij, (3)

The mingling values range between zero and one (0 ≤ M ≤ 1), with M close to zero meaning
that the neighbour j belongs to the same species as the focal tree i, while M values close
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to one indicate the opposite. The advantage of mingling over common diversity indices
(e.g., Shannon) is the ability to distinguish a neighbourhood dominated by N. dombeyi from
one dominated by a species other than the focal species, both being of low diversity.

To evaluate the effect of neighbourhood influence on tree growth, we built a linear
mixed-effect model for the period 1990–2014. We selected a linear model instead of an
additive one, because we shortened the period to avoid uncertainty regarding the stand
structure >25 years ago (although no evidence of past logging, recent fire, or mortality
was recorded, and the trees are long-lived species). We included the effect of SPEI3Jan
(standardized drought index over November, December, and January), competition (CI),
neighbourhood mingling (M), and the vitality condition of the N. dombeyi trees as fixed
effects. As above, since the BAI measurements represent repeated measures of the same
individuals, tree identity was regarded as a random factor; and we included a first-order
autocorrelation structure (AR1) to account for the yearly dependence on the BAI.

In addition, we quantified short-term growth responses to each selected drought and
according to tree vitality. The short-term growth responses were quantified by applying a
resilience index [25,46,47], considering consistent pre-drought and post-drought periods
of three years. We used a period of 3 years to calculate the resilience components, as a
good compromise with low bias in the calculation of resilience (Figure S3, Table S1). In
addition, we set a maximum recovery period of 6 years, as a good compromise with not
including subsequent droughts. However, due to the sampling date, we were limited to
including short-term responses following the last drought. All the conventional indexes
(resistance (Rt), recovery (Rc), resilience (Rs)) were calculated following the formulas in
Lloret et al. [46], and based on the ratios of the pre-drought, drought, and post-drought BAI
values. We quantified mid-term responses following the 1998–99 drought event to account
for the direction of potential legacy effects as a consequence of the most severe drought
in the region, by considering the ratio between the 10 years before and after the dry spell
(legacy98). We applied linear mixed-effect models to compare the short-term responses
(Rt, Rc, Rs) as a function of the fixed factors, i.e., vitality, magnitude of the drought event
(SPEI3Jan), DBH, CI, and M, as well as the interactions between them. Again, we included
tree identity as a random factor and an autocorrelation structure as explained above. All
the linear mixed-effects models were built using the nlme R-package [48] in R software,
and the goodness-of-fit of the models was assessed using conditional and marginal R2.

2.6. Network Analysis for Vital and Dead Trees

We evaluated the covariations between all the considered variables and their effect on
the health status of each N. dombeyi tree by correlational network analysis, which is flexible,
allows for the untargeted exploration of the data without prior known relationships, and
accommodates many data types [49]. We linked all the tree and neighbourhood variables
by tree vitality status, using a set of variables grouped in four classes: tree characteristics
(BAI25, DBH, height (ht), and crown spread (W)); climate–growth relationship (with tem-
perature (T) and precipitation (P)); drought–growth performance (Rt, Rc, Rs, and legacy98),
and neighbourhood pressure (CI, % N. dombeyi (%Nd), % A. chilensis (%Au), % broadleaf
codominant species (%Bl), % subdominant species (%sub), and proportion of dead N.
dombeyi following 2014–15 drought (%NDT)). We decided not to include mingling (M), as
we characterized mingling values with the proportion of species in the neighbourhood.

In the correlation network analysis, selected variables are represented as nodes in the
network, and significant relationships between them are represented as edges. To test the
significance of the correlation coefficients between the variables, we used Pearson correla-
tions, where only significant coefficients (p < 0.05) were considered as connections between
nodes (edges). We used the igraph R-package [50] in R environment [41]. The degree func-
tion, which counts the number of connections of each node (significant correlations), was
used to analyse the importance of the nodes within a network (centrality). Network analy-
sis provides valuable insights into the structure of systems with interconnected elements,
and is a powerful tool to understand and optimize complex relationships.
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3. Results
3.1. Long-Term Growth Trend Differed between Vital and Dead Trees

The inter-annual variation of the basal area increment (BAI) of the vital and 2014–
15-dead N. dombeyi trees showed a similar pattern through the analysed period, and a
common growth reduction in response to the main droughts happened in the last decades
(Figure 2a). However, the vital trees presented higher BAI values than the trees that died
during the last drought, for almost all the analysed period (Figure 2a grey rectangles). In
addition, the vital trees belonged to a group of larger trees compared to the dead ones
(Figure A1), although the larger structure (height, diameter) of the vital trees did not lead
to a larger mean canopy spread (Figure A1).
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Figure 2. (a) Inter-annual variation of basal area increment (BAI) of vital (solid green lines) and dead
(dashed orange lines). Solid lines represent the means and shaded areas around them the standard
error of the mean. The grey rectangles indicate the periods when BAI significantly (p < 0.05) differed
between vigour classes (Wilcoxon rank-sum tests). Downward triangles in red represent the main
drought years during the last decades (1998, 2008 and 2015). The plot inset in figure represents
predicted smooth differences in the effect of calendar year on growth trends according to GAMMs.
(b) Resistance (Rt), recovery (Rc), resilience (Rs) and Legacy98 (pre/post 10 years) against the driest
spells (1998 and 2008). The mingling index (M) was used as colour scale (0 = light green to 1 = dark
green) for individual resilience components.

Consistent with similar BAI variability between the vital and dead trees, we found
comparable responses to climate in both vitality groups that modelled tree growth. The
correlation coefficients between the vital and dead residual RWI chronologies and climate
variables indicated that precipitation during December and January in the current growing
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season promoted growth, whereas higher temperatures during the same period inhibited
tree growth. Only dead trees showed an additional dependence on temperature during the
previous growing season (October and February). Although the ranges were often similar,
the correlation between climate and individual detrended and prewhitened series mostly
indicated stronger correlations than would be expected based on the mean group RWI
chronology (Figure 3).
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Figure 3. Pearson correlation coefficients using detrended prewhitened individual tree ring in-
dex (coloured jitter points with mean (red line)) and group residual chronology (black point
range) with mean monthly temperature and total monthly precipitation for vital (top) and dead
(bottom) N. dombeyi trees. Solid black point range depicts significant correlation according to boot-
strap. The mingling index (M) was used as colour scale (0 = light green to 1 = dark green) for
individual climate–growth tree coefficients.

According to the GAMM, the effect of year did not differ between the vitality classes
(Table 1; Figure 2a, inset in figure). Further, for the vital and dead trees, the spline described
a positive effect of year starting from the mid-1970s, pointing to a growth enhancement
in both vitality classes since the late 20th–early 21st centuries (Figure A2). Changes in the
climate variables relevant to growth, with the integer as the 3-month January SPEI (SPEI3Jan;
including November, December, and January) significantly influenced the BAI (Table 1) as
the resultant growth was lowest under dry conditions and significantly increased during
moister conditions. However, the vital trees did not show a higher growth performance
during moister conditions, and neither did the dead trees show their lowest growth rates
during drier ones (Table 1, Figure A3).
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Table 1. Summary of the fitted generalized additive mixed model (GAMM) explaining changes
in BAI (log BAI + 1) of vital and dead N. dombeyi trees over the period 1925–2015. Smooth terms
correspond to the difference in the smooth terms between vital and dead trees, as the model was set
with vital group as the reference level of vitality. Estimate and standard error (Std. Error) is shown for
the linear term, whereas estimated degree of freedom (Edf) and the F-value are given for the smooth
terms. Significant p-values are in bold.

Predictor Variables Estimate/Edf Std. Error/
F-Value p

Linear Terms
Height 0.037 0.027 0.164
DBH 0.377 0.025 <0.001
Vitality (dead) 0.069 0.049 0.159
Smooth terms
SPEI3Jan 1.494 9.286 0.007
Year 3.910 70.40 <0.001
Year × Vitality (dead) 1.000 0.305 0.581
SPEI3Jan × Vitality (dead) 1.000 0.140 0.708
Year × SPEI3Jan 10.985 13.759 <0.001
Year × SPEI3Jan × Vitality (dead) 1.028 0.178 0.072
Observations 4533
Adjusted R2 0.554

3.2. Role Played by Neighbourhood in Growth and Resilience

For the period 1990–2015, the linear mixed-effect model detected no significant differ-
ential effect of competition on the BAI between the vital and dead trees (Table 2). Thus, the
dead and vital trees showed similar estimated BAI values regardless of the competition
level exerted by the immediate neighbourhood. In contrast, species mingling in the neigh-
bourhood (M) had a significant effect on the 1990–2015 BAI in the dead trees (Table 2), as
the greater the species mingling in the neighbourhood, higher the estimated BAI values of
the trees.

Table 2. Summary of the fitted linear mixed-effect model estimating the effect of SPEI3Jan, competition,
and species mingling on BAI (log BAI + 1) of vital and dead N. dombeyi trees over the period 1990–2015.
SPEI3Jan corresponds to standardized drought index over November, December, and January, CI
indicates the competition index, and M is the mingling index. Significant p-values are in bold.

Variables Estimates Std. Error p

Fixed effects
Intercept −3.39 4.03 0.360
Vitality (vital) 0.71 0.37 0.060
Year 0.002 0.002 0.181
SPEI3Jan 0.03 0.01 <0.001
CI −0.03 0.05 0.466
M 1.16 0.40 0.005
Vitality (vital) × CI 0.03 0.08 0.719
Vitality (vital) × M −1.35 0.60 0.027
Random Effects
σi

2 * 0.14
N 59ID
Observations 1457
Marginal R2/Conditional
R2 0.176/0.644

* σi
2 represents the mean random effect variance of the model. R-squared values are based on Nakagawa

et al. [51].

In agreement with similar climate–growth sensitivity and BAI patterns, no significant
differences were observed in the post-drought responses (1998 and 2008) between the
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vitality classes of the trees. Likewise, there were no differences in the magnitude of the
legacy effect following the 1998 drought (Figure 2b, Table 3). During the adverse climatic
conditions prevailing in the summer of the 1998 and 2008 droughts, both vitality classes
showed resistance values of around 0.5, although recovered their previous growth in the
following 3 years (Figure 2b). Moreover, we obtained unexpected findings regarding the
impact of the competition index and mingling values on growth response during droughts.
The linear mixed-effect models did not reveal any significant influence of competition or
mingling on driving resistance or recovery, nor did they indicate a potential buffering
effect of neighbourhood on post-drought responses (Table 3). We found only an effect of
DBH on the resilience indices for the dead trees, where bigger dead trees showed a more
significant drop (lower resistance) during the previous drought, but also showed better
recovery following the dry spells (Table 3). Finally, SPEIJan during the analysed droughts
did not affect the resilience indices, neither as simple predictors nor as an interactions with
the vitality class.

Table 3. Summary of the fitted linear mixed-effect model estimating the effect of SPEI3Jan (stan-
dardized drought index over November, December, and January), competition (CI), and neighbour-
hood mingling (M) on resilience component (resistance, recovery, and resilience) of vital and dead
N. dombeyi trees during 1998 and 2008 dry spells. Significant p-values are in bold.

Variables
Log (Resistance) Log (Recovery) Log (Resilience)

Est. (Std.
Error) p Est. (Std.

Error) p Est. (Std.
Error) p

Fixed effects
Intercept −0.33 (0.38) 0.39 0.39 (0.45) 0.39 0.21 (0.29) 0.47
SPEI3Jan 0.08 (0.13) 0.55 0.04 (0.13) 0.75 0.10 (0.12) 0.43
DBH −0.001 (0.01) 0.84 0.003 (0.01) 0.76 −0.002(0.01) 0.72
Vitality (dead) 0.87 (0.50) 0.08 −0.76 (0.59) 0.21 −0.16 (0.45) 0.73
CI 0.03 (0.04) 0.50 0.03 (0.06) 0.59 0.02 (0.03) 0.50
M −0.24 (0.28) 0.40 0.29 (0.36) 0.42 0.15 (0.24) 0.53
DBH × Vitality (dead) −0.03 (0.01) 0.006 0.03 (0.01) 0.05 0.004 (0.01) 0.68
CI × Vitality (dead) −0.05 (0.05) 0.37 0.01 (0.07) 0.91 0.04 (0.05) 0.38
M × Vitality (dead) 0.24 (0.39) 0.55 −0.13 (0.50) 0.79 −0.10 (0.35) 0.76
SPEI3Jan × Vitality (dead) 0.07 (0.19) 0.72 −0.10 (0.18) 0.58 0.02 (0.17) 0.88
Random Effects
σi

2 * 0.16 0.15 0.12
N 61 61 61
Observations 122 120 121
Marginal R2/Conditional
R2 0.150/0.154 0.108/0.333 0.044/0.044

* σi
2 represents the mean random effect variance of the model. R-squared values are based on Nakagawa

et al. [51].

3.3. Integrating Predictors of Tree Mortality

The visual representation of the covariation among the predictors highlighted variables
with greater centrality (i.e., number of significant correlations with other predictors) for the
dead trees (Table 4). However, the expected covariation between the drought performance
and neighbourhood characteristics was only evidenced for the vital trees (Figure 4a).

Despite the predictable significant correlations of variables within the groups (particu-
larly within drought response and tree characteristic group), network analysis showed that
the neighbour pressure predictors were related to drought response in the vital trees. The
percentage of subcanopy species (%sub), A. chilensis (%Au), or dead N. dombeyi (%NDT) in
the neighbourhood showed a positive relationship with N. dombeyi drought performance
(Figure 4a). Furthermore, the vital trees experienced greater sensitivity to precipitation
under increased competitive pressure, while if the neighbourhood was dominated by N.
dombeyi, temperature sensitivity become more relevant (more negative). Thus, drought
performance following droughts (Rc and Rs) covaried positively with a neighbourhood
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dominated by species taxonomically and functionally different from the focal species (i.e.,
%Au; Figure 4a).

Table 4. Studied variables and values for degree centrality (number of edges per node) in the
established network.

Variables Group Centrality
Tree Vitality Vital Dead

Diameter at breast height (DBH) Tree characteristic 2 4
25-year mean BAI (BAI25) Tree characteristic 1 5
Tree height (ht) Tree characteristic 2 -
Crown spread (W) Tree characteristic 1 1
Temperature relationship (T) Climate–growth 1 2
Precipitation relationship (P Climate–growth 2 1
Resistance (Rt) Drought response indices 2 3
Recovery (Rc) Drought response indices 4 4
Resilience (Rs) Drought response indices 2 1
10-year post-drought response (leg98) Drought response indices 2 1
Competition index (CI) Neighbour pressure 1 1
Percentage of N. dombeyi (%Nd) Neighbour pressure 3 5
Percentage of co-dominant broadleaf (%Bl) Neighbour pressure 1 1
Percentage of A. chilensis (%Au) Neighbour pressure 3 1
Percentage of subcanopy species (%sub) * Neighbour pressure 2 2
Percentage of dead N. dombeyi (%NDT) Neighbour pressure 4 1

* Raukaua laetevirens (Gay) Frodin, Luma apiculate (DC.) Burret, Maytenus magellanica (Lam.) Hook. f., Lomatia
hirsuta (Lam.) Diels.

For dead trees, network analysis showed that BAI25 and the percentage of N. dombeyi
in the neighbourhood (%Nd) were the variables with the highest centrality (Table 4). As
expected, BAI25 was positively related to DBH; and the drought performance predictors
covaried with each other (Figure 4b). The variables with higher centrality were negatively
related, indicating that the dead trees that had grown less (lower BAI25) were surrounded
by a higher proportion of N. dombeyi and the neighbourhood experienced higher levels of
2014–15 tree mortality. Also, smaller trees (low DBH and low BAI25) experienced lower Rt
values (values far from 1) during the 1998 and 2008 droughts, and had higher dependence
on growing season precipitation (Figure 4b). In contrast, bigger dead trees had endured
previous droughts and demonstrated higher recoveries, and, indirectly, higher resilience
values. Finally, the dead trees that experienced higher competition pressure were related to
more negative temperature sensitivity. However, these predictors did not depict covariation
with any other variable in the network.
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circles), drought response indices (resistance = Rt, recovery = Rc, resilience = Rs, 10-year post-drought
response following 1998 drought = leg98, brown circles), and neighbour pressure (competition index
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4. Discussion

In this study, we have observed how long-term growth trends, climate sensitivity,
response to previous droughts, and neighbourhood structure constitute a complex network
of predictors of N. dombeyi growth when the species develops in highly diverse and wet
environments. N. dombeyi is a species with high safety margins, and, like other Nothofagus
species, its leaves are more vulnerable to embolism than its stems [52]. Thus, death appears
to be a consequence of the total loss of leaf hydraulic conductance, which leads to sudden
leaf dehydration and leaf drop under stress conditions [53]. This mechanism seems a
plausible explanation for what happened during the 2014–15 drought, as dead trees were
characterized by entirely desiccated crowns (brownish leaves) in the late summer of 2015.
However, rather than elucidate which potential predictors could help us to estimate death
following 2014–15 drought, the vital and dead co-occurring tree differences were mainly
associated with the size-related variables (BAI, DBH, height). Contrary to our expectations,
we did not find divergent growth trajectories in the co-occurring vital and dead trees.
Thus, the trees impacted by the 2014–15 drought had not experienced previous growth
decline or crown dieback, highlighting the sudden nature of the mortality event and its
relationship with other driving factors rather than previous vigour loss. In addition, the
drought response, in terms of the resilience components during the previous droughts,
was also not related to tree death during 2014–15 drought. Finally, the dead trees grew
in neighbourhoods that were neither denser nor less diverse than those of the vital trees,
factors which could have been expected to contribute to the probability of the trees dying.

4.1. Tree Size and Long-Term Growth in Relation to Drought Response

Several studies have predicted that taller and dominant trees will be at greater risk
of dying following droughts due to their inherent vulnerability to hydraulic stress, higher
radiation, and evaporative demand experienced by their exposed crowns [54–56]. This idea,
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coupled with greater leaf size and stomata amount in N. dombeyi genotypes from humid
environments [57], led us to predict a greater risk for bigger N. dombeyi individuals in the
Puerto Blest mortality event. However, our results were in agreement with others [58,59]
who found a greater survivorship of bigger trees. Despite a low number of studies recreating
in detail the leaf–soil moisture dynamics during droughts [60], we may speculate that lower
growth (and lower size) in dead trees could probably be a consequence of less favourable
microsite conditions that were acting to limit growth [28]. This coincides with the fact
that, although the vital and dead trees showed comparable responses to precipitation
and temperature, the trees that died during the 2014–15 drought had experienced more
dependence on the previous year’s climatic conditions. Mortality tended to be higher
in small-sized N. dombeyi individuals [61] with smaller basal area increments and more
dependence on the previous year’s carbon reserves, probably due to smaller rooting
systems related to shallow soils or a higher degree of rockiness at the microsite level [59].
The potentially less favourable microsite conditions prevailing since the tree establishment
may have led the now-dead N. dombeyi trees to exhibit lower growth performance during
their lifetime, although the extremely wet climate did not exacerbate the growth-limiting
factors enough to drive differences in noticeable climatic sensitivity between the vital
and dead trees. Moreover, less favourable microsite conditions, serving as an underlying
inciting factor at the tree level, are consistent with the observation that the dead N. dombeyi
trees had a larger number of 2014–15 dead trees in their vicinity.

Even though the dead trees were smaller compared to the vital trees, our results
strongly highlight the similar long-term growth trend and variability between the co-
occurring vital and dead trees. A long-term reduction in radial growth (vigour loss) is a
common growth pattern of trees that died following severe droughts [4,62,63], pointing
to the so-called ‘legacy effect’ as a framework for explaining tree death [64–66]. Physio-
logical changes can lead to higher drought impact and reduce growth recovery (loss of
resilience capacity) in subsequent droughts, ultimately resulting in tree death [11]. This
legacy effect has been identified in N. dombeyi trees that died following severe droughts
in northern Patagonia [28]. Moreover, a study considering highly to fully defoliated N.
dombeyi trees following the 1998–99 drought affecting the easternmost populations ex-
hibited a significant growth decline that was related to reduced growth and a negative
post-drought response during previous droughts (Suarez ML submitted manuscript). This
increasing loss in resilience points to an irreversible increase in drought vulnerability in
the more recent droughts, indicating a state of change that denotes a negative legacy effect,
although the dead N. dombeyi trees growing in the relict Valdivian rainforest near Puerto
Blest neither showed previous growth decline nor a long-term loss of growth resilience.
Furthermore, the vital and 2014–15 dead trees showed similar resistance to drought, and
rapid growth recovery upon rewatering when previous droughts ended. This represented
an unexpected result considering the behaviour of the species in the eastern populations.
Nevertheless, it would be simplistic to assume that the loss of resilience alone can explain
tree death probability.

4.2. Neighbour Effect on Tree Growth and Drought Performance

Bigger and taller surviving N. dombeyi trees appear to be surrounded by a more species-
mixed environment (Figure 2). Besides other factors, species mingling in the tree vicinity
exhibiting different functional traits is assumable to imply different resource utilization dur-
ing drought, attenuating negative growth reactions [9,27,67–69]. Inter-specific differences
in physiology (e.g., isohydric vs. anisohydric) and morphology, as well as intra-specific
differences resulting from intra- and inter-specific interactions (e.g., vertical positioning
within the canopy or phenotypes), contribute to a positive effect on radial growth and
performance in the face of drought [17,27,67], while the opposite could be attributed to
a less complementary neighbourhood. In the studied stand, better drought performance
during the previous dry spells was shaped by a neighbourhood dominated by a shade-
tolerant conifer species with different physiological and morphological traits compared to
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N. dombeyi [70], and/or species with different maximum heights as a species trait, leading
to differences in resource consumption strategies.

However, the relationship between neighbourhood pressure (competition and min-
gling) and the previous drought performance of the now-dead N. dombeyi trees was less
straightforward. Furthermore, competition levels neither explained part of the recent
growth trends at local scales, nor implied negative growth trends in the dead trees. This
result was in agreement with studies suggesting that the current competition levels (last
decades) have a low effect on growth, potentially due to underestimated past competi-
tion [62,71] or due to pressure from neighbours, not considering the critical role played
by neighbours’ identity in plant performance [72]. The beneficial effects of mingling have
been shown to strongly influence tree growth [25], though its role in lessening the severity
of drought impacts and survival is still controversial [24,27]. Here, we use the basal area
increment as an indicator of the tree’s stress during its lifetime. Thereby, we can assume that
the current species mingling arrangement in the neighbourhood of the now-dead trees had
enhanced the tree growth, as the trees with greater species mingling in their neighbourhood
showed higher estimated BAI values during the last 25 years. However, bigger trees, which
are assumed to be benefited by the species mixture in their surroundings, displayed lower
resistance (closer to 0.5) and even higher recovery following past droughts, highlighting
that the net effects of neighbourhood pressure can vary, resulting in a different outcome
in drought performance. It is noteworthy that the strength of the correlation between the
factors could be constrained by the number of analysed individuals.

Finally, it is of particular interest that higher competitive pressure (measured as size–
distance competition index) or fewer species mingling in the environment (measured as a
neighbourhood dominated by N. dombeyi) covaried with the climatic sensitivity of the vital
and dead trees. By considering the intra-population variability in the growth responses
to the climate, we can capture the range of responses to drought, recognizing which local
neighbours could be more resilient or vulnerable than others, responses that are often
averaged or masked when we focus on competition or mixing influences at plot or stand
level [73,74]. At first glance, the climate–growth responses varied among the trees, with
more climate sensitivity as the neighbourhood pressure increased in both vitality classes
(neighbourhoods dominated by N. dombeyi or greater size–distance competition levels).
The intra-population variability in the N. dombeyi climate–growth relationship could be
attributed to xylem anatomy variability or root development, modulated by the balance
between the intra- and inter-specific relationships in the neighbourhood, soil conditions,
and genetic uniqueness. Therefore, our findings agree with studies pointing out that trees
with high competition in the close vicinity show greater climate sensitivity and could
potentially be more prone to drought-induced mortality [18,71,75]. This suggests that the
local context, in terms of the micro-environmental factors and species arrangement in
the vicinity, interact in a complex way, impacting the resilience and adaptability of tree
populations. Understanding the dynamics of this network can be crucial for effective forest
management and conservation efforts.

5. Conclusions

Our findings shed light on the possible drivers acting at the tree-to-tree level in driving
growth, resilience, and death following the 2014–15 drought in the northern Patagonian
rainforest. Despite differences in factor covariation between the two vitality classes, here we
have demonstrated that smaller trees were more susceptible to drought-induced mortality,
which is likely to be due to the worse microsite conditions they experienced during their
lifetime. However, contrary to our expectations, based on the potential vigour loss in the
dead trees, both vitality classes showed similar long-term growth trends, with no significant
prior growth declines characterizing the dead trees. This highlights the sudden nature of
mortality events, rather than a gradual loss of vigour, and the role played by other driving
factors. Furthermore, our hypothesis posited increased neighbourhood diversity or a less
dense vicinity as driving factors influencing both individual growth patterns and a tree’s
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response to drought, enhancing tree resilience. However, partially agreeing with our initial
predictions, the results showed that neighbour pressure was related to drought response in
the vital trees. It is worth mentioning that the ecological relationships between individual
trees and their neighbours are more complex than those we evidenced, and the positive
effect of a less uniform neighbourhood on the drought performance of the vital trees helps
us to forecast N. dombeyi drought responses under the prevailing climate in humid diverse
stands. These results constitute a useful tool in planning effective forest management
and conservation efforts, considering the complex interplay of tree size, growth history,
neighbourhood composition, and micro-environmental factors to enhance the resilience
and adaptability of tree populations in future dry spells.
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