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Abstract

Increased tree mortality associated with hotter-drought events has rarely been recorded in
mature (>10 years old) commercial plantations. However, we report a recent (2021-2022
warm season) event of this kind that occurred across the Mesopotamian region of Ar-
gentina, South America. We aimed to elucidate the mortality timing, rate, and magnitude
associated with environmental and stand characteristics at local scale to determine which
conditions make these productive systems more vulnerable to extreme climatic events.
Using Sentinel-2 satellite images and field-data we estimated the canopy mortality from
November 2021 to October 2022, in Pinus spp afforestations (mainly P. taeda). We found
that spatio-temporal heterogeneity in canopy mortality was associated with variation in
soil and topographic characteristics, but not in stand age and size. We found that canopy
mortality occurs at greater extent, earlier and faster in shallow soils (£0.6 m), while
the lowest mortality occurred at depressed and waterlogged areas. Intermediate levels of
mortality were observed in deep soils (>1 m), where relatively higher mortality occurred
in areas with shallow water table signs, inhibiting deep root development. Our results
suggest that sites allowing a deeper rooting system and/or where soil water availability is
expected to be higher and long-lasting could represent areas with low-mortality risk for
fast-growing pine plantations.

Keywords Pinus taeda - Rooting depth - Soil water availability - Canopy mortality -
Increased tree mortality

Introduction

Increased tree mortality is a phenomenon widely reported over the last decades in different
species and forests around the world (Allen et al. 2010; Senf et al. 2020). A recent study
indicated that about 70% of the global drought-induced tree die-offs were related to the
combined effects of drought and heat waves of short duration (i.e. “hotter-drought” events)
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mainly associated with global warming (Hammond et al. 2022). These hotter-drought
events may induce rapid and abrupt tree mortality in drought-sensitive and (unexpectedly)
drought-tolerant species in native forests (Kannenberg et al. 2021). Nevertheless, little evi-
dence exists on the impact of these events on commercial tree species introduced outside
their native range. Widespread tree mortality in commercial and/or managed plantations
has been mainly associated with biotic agents or the combined effect of drought stress and
pathogen attack (Cerny et al. 2016; Holuga et al. 2018; Ji et al. 2020); but increased and
small-scale mortality associated with hotter-drought have also been recently reported in
Pinus spp. (Carnegie et al. 2022) and Eucalyptus spp. plantations (Pascual et al. 2022). In
contrast, abrupt, simultaneous and regionally distributed tree mortality event of commercial
forest species has been recently reported in the Mesopotamian region of Argentina, South
America (Fig. S1), which affected about 25,000 ha of plantations out of a total of 300,000 ha
planted in a subregion (SAGyP 2022a). This large-scale mortality event was associated with
a hotter-drought period that occurred during the 2021-2022 warm season (Fig. 1), raising
serious concern in the forestry sector.

Field-based and remote sensing observations indicated that the observed mortality was
spatially heterogeneous at regional and local scales (SAGyP 2022a). At the regional scale,
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Fig. 1 (A) Daily accumulated precipitation in the study area. (B) Maximum daily temperature in the same
periods as in 4. Black lines correspond to the period of 7 years prior to the mortality event. Orange lines
correspond to the year of study, starting in November 2021 when the first mortality signs were observed
in some stands. Arrows indicate the dates in 2021 and 2022 of satellite images processed for this study.
Lightgrey shadow indicates the warm spring-summer season in the study area
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spatial variation in tree mortality was mainly related to differences in species planted, being
the most affected Pinus taeda, followed by P. elliottii var. elliottii, and to a lesser extent spe-
cies of the genus Eucalytpus (SAGyP 2022a). Another important driver of spatial variability
in tree mortality at the regional scale seems to have been the age of plantations, with higher
tree mortality in mature (10 years old or more, close to the rotation period in the area) than
in younger plantations. However, at a local scale in which age and species variability was
generally low, stands presented variation in mortality proportion giving rise to the question
of what did determine that some stands were highly affected and others were not even when
located at short distances one from the other.

Landscape heterogeneity, determined by topography, aspect, soil texture and depth,
could be a key driver of the observed variability in tree mortality at local scale. In this
regard, both in native and plantations forests, landscape characteristics favouring the accu-
mulation, percolation and promoting long-lasting soil water availability have enhanced tree
water status (Nardini et al. 2021; Nosetto et al. 2005), reduced tree mortality (Tai et al.
2017) and canopy dieback (Schwantes et al. 2018). This evidence suggests that landscape
characteristics (which can be resumed into the site quality concept in the forestry discipline)
where tree stands are planted could be key to explaining and predicting stands” vulnerability
to hotter-drought events.

In this framework, we aimed to contribute to forest mortality assessment at global scale
by reporting a large-scale event occurred in commercial pine stands in N.E. Argentina.
Beyond the report, our objective was to evaluate the role of the site quality on the temporal
trajectory of this unprecedented and abrupt mortality event recorded in managed planta-
tions of Pinus taeda due to extreme hot drought conditions. We used high-resolution (10 m)
maps of canopy mortality derived from Sentinel-2 satellite images developed for these for-
est stands (Gatica et al. 2023). From this map, we extracted values of the mortality propor-
tion at stand level from different site quality areas and for different days after the mortality
event started in November 2021. Specifically, our objectives were: (1) to evaluate whether
site quality is relatively more important than other forest management characteristics (such
as stand age and size) to explain spatial variation in mortality proportion, and (2) to compare
temporal mortality trajectory among different site quality conditions.

Methods
Study site

Forest plantations studied were installed on natural grassland and floodplains (i.e. affores-
tation) in the northeast of Argentina (Corrientes province, Mesopotamia region; Fig. S1).
The main tree forestry species in the area was Pinus taeda (loblolly pine), a non-native
species from North America. The planted seedlings came from locally genetically improved
materials well adapted to local conditions. The stands belong to a private company own-
ing around 20,000 ha. of pine plantations in the study area. No detailed information on
geographic coordinates can be publicly provided for confidentiality reasons, but they are
available for scientific purposes on request to the authors. The climate is humid subtropi-
cal, with a long-term (30 years) average maximum temperature in summer (Oct—Mar) of
30.04 °C and an average minimum temperature in winter (Apr—Sep) of 12.70 °C. The mean
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annual precipitation averaged during the last 30 years is 1337.56 mm, concentrated (70%)
in the austral warm season (Weather Station “EEA INTA Mercedes”; Latitude: -29.1958;
Longitude: -58.0443).

In particular, this study area has experienced an anomalous heat event during the warm
period between December 2021 and March 2022, where daily maximum temperature for
65 days exceeded by 2 to 10 °C the previous 7-year average daily maximum tempera-
ture for the same time period (Fig. 1B). In this period, also daily precipitation was signifi-
cantly lower than daily records averaged over the past 7 years, accumulating 200 mm less
than the expected (Fig. 1A). Long-term records of weather stations closer to the study area
(/sim 90 km), indicate that drought events of equal magnitude were experienced in 1986
for this region (a single-year event; SIGA 2023). Therefore, the recent hotter-drought event
represents the only anomalous climatic event experienced by the trees studied.

The soils are aquic Argiudols, with clay loam texture (SISINTA, accessed January 2022).
The landscape is characterised by depressed plains largely occupied by floodplains, where
flooded area changes over time depending on the dynamics of the Parana and Mirifiay rivers
(Contreras et al. 2018).

Mortality estimation

The canopy mortality map was generated through Sentinel-2 satellite image classification
methods using the Random Forest algorithm. We used a Sentinel-2 image from March 23,
2022, coinciding with the date of field data on the percentage of canopy mortality provided
by the technicians of a forestry company. On this image and using the field data, we gen-
erated 283 (of 120x 120 m in size) training and validation polygons with the objective of
classifying the scene into classes of healthy (without mortality symptoms), partial canopy
mortality (ranging from 20 to 60% of pixels with mortality symptoms) and total canopy
mortality (>80% of pixels with mortality symptoms) forests, as well as harvested forest and
areas of non-forest (Fig. S2). For the classification process we used spectral bands and indi-
ces previously detected as appropriate to discriminate mortality levels in forests (see review
in Huang et al. 2019). Before spectral indices calculation some bands were resampled and
thus we homogenized the bands at a resolution of 10 m. The classification process included
the training (using 70% of the 283 polygons) of random forest models and the selection of
bands or indices using 10 k-fold spatial cross-validation strategy (Meyer et al. 2019). Vali-
dation was performed using the confusion matrix method based on the use of the remaining
30% of the training polygons.

The produced map showed validation metrics that suggest almost perfect scene classifi-
cation (Overall accuracy=0.97 [CI=0.96-0.97] and Kappa Index=0.97). All classes were
identified with errors of commission and omission less than 10%, but the total canopy mor-
tality class had errors less than 1% (Table S4). This high precision and accuracy to detect
forest patches with total canopy mortality is related to the fact that forests with high mortal-
ity have a substantially and significantly different spectral signal from the other classes in
the scene (see details in Gatica et al. 2023). Because total mortality can be detected with
high precision, we have used this trained Random Forest model to predict total mortality for
different scenes before and after March. In total we have obtained total mortality maps for 6
scenes covering the temporal range from November 2021 to October 2022 (indicated with
arrows in Fig. 1B and in Fig.S3). It is important to highlight that we focus on total mortality
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not only because it has a high identification precision but also because we have quantified
that patches with intermediate mortality reach total mortality on later dates in 95% of the
cases (see maps F, G and H in Fig. S3). Harvested forest and non-forest areas were used as
mask for enhance the total canopy mortality quantification.

To quantify the canopy mortality rate we estimated the number of pixels under total
canopy mortality class into forest stands which correspond to the observational unit of the
National Forestry Inventory of Argentina (SAGyP 2022b; see black-bordered boxes map in
Fig. S4). The forest stands studied here (n=616) have an average area of 4.59 ha (SD+0.91)
and a range of minimum and maximum area of 0.01 and 10.96 ha, respectively (Table S1).

Forest management covariates

We characterised each forest stand with data from a site quality map based on a Site Index
adapted by the forestry company (Table S2). Site quality for forestry activities was defined
by an average performance of different forestry species at local scale, representing the
highest suitability of each site for Pinus (sites P) and Eucalyptus (sites E) species, which
depends on the mean annual increment (MAI) at harvest time. Also, this adapted Site Index
is accompanied by a qualitative description of natural vegetation, soil type and depth, and
waterlogging conditions (see Table S2). Briefly, site quality Rc, which represents the lowest
productive sites, is characterised by shallow soils developed over a rocky impediment up to
50 cm depth, located in the highest areas of the landscape. Sites qualities Ba and P15 corre-
spond to relatively low productive forestry situations located on floodplains (areas remain-
ing waterlogged during the rainy seasons). Intermediate levels of forest productivity appear
in site qualities P18, P21, and P25, which are characterised by soils with low permeability,
slow runoff, and drainage, and with the presence of a textural clay horizon at about 50 cm
depth. These site qualities correspond to areas of moderate elevation (flattened and irregular
hills), with a hanging water table of variable depth (50 to 80 cm depth). Finally, the most
productive sites correspond to the E35 category; these sites occur on elevated areas of the
landscape but their soils are deeper ( /sim 100 cm) than at Re.

Site quality description was complemented by quantitative field measurements of soil
characteristics and qualitative observation of rooting depth by means of soil excavation in
three contrasting site quality levels (categories Rc, P21, and E35, Table S2) carried out in
August 2022. At that moment, total (>90% of trees died), partial ( /sim 50% trees died), and
null tree mortality was observed in Rc, E35, and P21 site qualities, respectively. Observed
maximum depth of roots was around 50 cm in R site, corresponding to the rocky impedi-
ment, and more than 100 cm deep in P21, where the Bt horizon was at that depth or deepest.
In the case of E35, roots were mostly shallow (/sim 30 ¢cm), with variable maximum depth
depending on the presence of anoxia signs in the soil due to a shallow water table.

It is worth noting that loblolly pine represents about 90% of the stands evaluated in the
present study (Table S1), therefore the patterns observed mostly are driven by this species.
Other species present in the study area were Fucalyptus spp, P. halepensis, P. elliottii and
hybrids P. elliottii x caribaea (slash pines).
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Data analyses

We evaluated the effect of site quality, stand age and size on the proportion of canopy mor-
tality per forest stand using generalized linear mixed models (GLMM) (Zuur et al. 2009)
and under multi-model selection inference approach (Burnham and Anderson 2002). We
fitted a full model that had time (measured as days after November 19 2021 which coincide
with the Sentinel 2 image available without canopy mortality symptoms), site quality (SQ),
age, and stand size, and the interactions between time and site SQ, and time and age, as fixed
factors. It must be noted that the stand age range differs substantially between site quality
categories (Table S3). Hence, we have not included interaction terms between age and site
quality because our experimental design was constrained for inference only related to addi-
tive effects. In addition, we added a quadratic term of time because we observed that the
mortality rate reduces its linear increase after some time since November 19 (beginning of
the analyzed period). Finally, a first-order autoregressive error structure (AR1) was included
to take into account temporal correlation into forest stands (Zuur et al. 2009). We modelled
canopy mortality proportion using a Binomial distribution with a logit link function (Zuur
et al. 2009). From this full model, we generated “nested models” removing terms from
higher-order to a null model (without covariates). For each model, we calculated the Bayes-
ian Information Criterion (BIC) and the difference in BIC (ABIC) between each model and
the best model (model with the lowest BIC value) (Burnham and Anderson 2002). Statisti-
cal significance of the best model was evaluated using the Analysis of Deviance based on
Wald test (Bolker et al. 2009). The inclusion of Species as a random factor explained a small
(< 1%) variation in mortality temporal trajectory, suggesting that the pattern observed is
independent of Species planted.

Considering that site quality was the most important variable explaining spatiotemporal
patterns in mortality proportion (see Results), we tested the impact of the site quality on the
temporal evolution of mortality using a non-linear mixed model (NLMM) (Pinheiro and
Bates 2000). In this case, we transformed canopy proportion mortality to percentage unit
for easier interpretation. We considered fitting the temporal evolution of mortality using a
Weibull model of the following form:

%Mort = K [1 — exp (—az")]

where k is the asymptote (representing maximum accumulated mortality); a is a parameter
related to the rate of mortality; and b is a parameter related to the magnitude of the inflec-
tion point (high b values indicate abrupt increments in canopy mortality). Site quality was
included as a predictor of the variation for each Weibull parameter (Pinheiro and Bates
2000). The significance of site quality effect was evaluated using the F-test statistic (Pin-
heiro and Bates 2000).

Data analyses were carried out using the computational language R version 4.2.2 (R
Core Team 2022). GLMM was fitted using r-package glmmTMB (Brooks et al. 2017) and
NLMM using r-package nlme (Pinheiro et al. 2023).
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Results

The model selection approach showed that the model including time, site quality, and their
interaction was the most parsimonious model (with the lowest BIC value, Table 1) and with
the highest support from our data (highest relative Weight value, Table 1). This model indi-
cates that canopy mortality proportion depended on the interaction between site quality and
time (y2=131.31, df=12, p<0.001; Table S4), showing that differences among site quality
levels varied across days after Nov 19, 2021 (Fig. 2A). Canopy mortality proportion was
usually the highest in Rc sites, particularly after day 121 (around March 19, 2022, almost
the end of austral summer) (Fig. 2A). In contrast, mortality proportion was the lowest (near
to zero) in both P15 and Ba site qualities, and this pattern was consistent across the whole
studied period (Fig. 2A). Intermediate canopy mortality proportion was usually observed in
sites P25, P18, P21, and E35 after day 186, but differences among these site quality levels
alternated ranks depending on the time (Fig. 2A). Within these four site qualities, the mor-
tality proportion in P18 was the lowest until August 16, 2022, but increased to higher val-
ues—similar to E35—towards the end of the study period (spring; Fig. 2A). In agreement
with the mentioned patterns, the total area covered with Rc sites also showed the highest
proportion of stands highly affected by canopy mortality, followed by P18, P21, P25, and
E35; while in Ba and P15 areas, no stands with high mortality were recorded (Fig. 2B).

Complementary to the pattern detailed above, we found that the maximum accumulated
mortality (K), the mortality rate (a) and the day at the inflection point (b) varied signifi-
cantly among site qualities (all p values<0.001; Table S5). The fastest mortality rate was
recorded in Rc, followed by P21, P25, and E35 (Table 2; Fig. 2A); while the slowest mortal-
ity rate was observed in P18 (Table 2; Fig. 2A), which also showed the steepest increases
in mortality towards the end of the period analysed (indicated by the highest b parameter;
Table 2; Fig. 2A). A similar ranking was observed in the maximum accumulated mortality
(parameter K, Table 2; Fig. 2A), but in this case, stands planted in P21 presented a lower
accumulated value (Table 2; Fig. 2A).

Table 1 Model comparison based on Bayesian information criterion (BIC) for evaluating the influences
of different factors related to management forest on canopy mortality proportion in Pinus taeda planta-
tions. Each model includes different nested combinations of fixed factors removed sequentially from the
full model (presented in the last row). df=degree of freedom; ABIC=BIC minimum—BIC of each model;
Weight=relative weight for each model. The best model is indicated in bold. Time? represent the quadratic
terms of time predictor

Models df BIC ABIC Weight
Null 5 1979838 170434 0
Time (T)+ Time? (T?) 7 18182.92 88.88 0
T+T2+Site Quality (SQ) 13 1816451 70.47 0
T+T*+SQ+T x SQ+T% SQ 25 18094.04 0 0.995
T+T2+Age (A) 8 1819042 96.38 0
T+T2+A+TxA+T?x A 10 18204.87 110.83 0
T+T?+SQ+Tx SQ+T? x SQ+A+T x A+T?x A 28 18113.01 18.97 0
T+T?+SQ+T x SQ+T? x SQ+A+T x A+T? x A+Stand Area 29  18104.58 10.54 0.005
(8A)
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Fig. 2 The temporal trajectory of canopy mortality proportion (estimated in %) (A) and of the number
of forests stands exceeding 80% of pixels with high mortality (B) in different Site Qualities areas. The
canopy mortality proportion was estimated from canopy mortality maps based on Sentinel-2 images and
a Random forest model developed. Points in (4) represent the mean canopy mortality proportion at for-
est stand level and bars indicate standard deviation. Solid and dashed lines indicate the Weibull function
expected by each Site Qualities derived from non-linear mixed models. The Weibull function could not
be fitted to Site Qualities P15 and Ba
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Discussion

The empirical evidence reported in this study suggest that the Pinus taeda mortality event
was triggered by an anomalous increase in maximum temperature and reduced rainfall dur-
ing the 2021-2022 warm season (i.e. a hotter-drought event) (Fig. 1). This period also coin-
cided with the last portion of three consecutive years of pronounced water stress in the
whole study region due to La Nifia phase of the ENSO phenomenon (NASA 2023). The
registered maximum temperatures, with several consecutive days above 35 °C, are probably
much higher than the optimal threshold for carbon gain of P. taeda, in the range of photo-
synthetic damage (Nedlo et al. 2009; Teskey and Will 1999). In addition, highly productive
progenies planted in the area, as a product of breeding programs, are highly vulnerable to
xylem cavitation (Bulfe and Fernandez 2016; Bulfe et al. 2016), suggesting that a poten-
tial trade-off between productivity and resistance to extreme drought conditions has led to
the observed phenomenon. Moreover, this study case was temporally coincident with other
regional-distributed mortality observations during the same period (Fig. 1), where mortal-
ity as primarily triggered by biotic agents was discarded by field-based surveys (SAGyP
2022a). To the best of our knowledge large scale (at regional scale), simultaneous and
abrupt increased tree die-off associated with hotter-drought events have not been reported in
planted forests (but see evidence of non-simultaneous and/or small-scale events in Carnegie
et al. 2022; Pascual et al. 2022).

As was expected, we found that canopy mortality and its temporal trajectory were spa-
tially associated with the spatial variation in site quality, which indeed was defined a priori
by the forestry company for operational purposes. Canopy mortality characterised by higher
rate and maximum accumulation, as well as an earlier initiation, was observed in stands
where soil water would probably be scarce and short-lasting (sites locally named “Rc’). It
is important to highlight that canopy mortality detection was possible when around 80-90%
of the trees presented canopy browning symptoms, which occur at the end of a sequence of
processes (McDowell et al. 2008). In particular, progenies of loblolly pine cultivated in the
study region present high vulnerability to xylem cavitation, with mean water potential at
50% loss of hydraulic conductivity—P50—around — 1.7 MPa (Bulfe et al. 2016) compared
to mean P50 values of -2.6 MPa or -3.1 MPa in US progenies or genotypes (Aspinwall et al.
2011; Rosner et al. 2019). This relatively high vulnerability to xylem cavitation could be the
cause of an early and/or a high degree of xylem embolism when soil water deficit and evap-
orative demand exceeded a critical threshold (Preisler et al. 2021; Kannenberg et al. 2021)
inducing to generalised canopy browning. Moreover, even when climatic conditions ame-
liorated, mortality progressed during winter under normal conditions of temperature and
precipitation, indicating that the physiological function could not be recovered. In contrast,
we found that the lowest accumulated canopy mortality occurred in those stands located
on topographically depressed and waterlogged landscape units (sites P15 and Ba). Under
these conditions, the expected higher and long-lasting soil water availability could help the
trees to tolerate high atmospheric demand and to minimise physiological damage during the
hotter-drought periods, as proposed by the “hydraulic refugia” hypothesis (McDowell et al.
2019; Kannenberg et al. 2021).

Intermediate levels of canopy mortality were observed across stands located where soil
water is expected not to be a limiting factor, at least during normal growing seasons (sites
P18, P21, P25, and E35). In these sites, the canopy mortality was delayed and occurred at
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a slower rate than stands located in the most water-limited sites, possibly because the soil
water remained available for a longer time. Notably, within intermediate-mortality levels,
stands located at P21 site quality presented the lowest accumulated canopy mortality. Field
observations there suggest deeper root development compared to trees in sites E35—which
presented the highest relative mortality-, associated with the presence of hydromorphic
signs in the upper soil layers in the latter situation. Relatively deeper roots, like those in the
P21 sites, could potentially allow access to reliable and long-lasting sub-surface soil water
sources during drought periods, increasing the chance of tree survival (Mackay et al. 2020).
Hence, our results suggest that landscape-induced variations in soil water and intra-specific
differences in rooting depth emerge as possible non-exclusive mechanisms (Chitra-Tarak et
al. 2018; Nardini et al. 2016, 2021; Paz-Kagan et al. 2017) explaining variations in canopy
mortality trajectory observed in this study. However, more specific studies focused on the
rooting systems should be performed to confirm these preliminary observations.

As in other regions worldwide, hotter-droughts events are expected to increase in inten-
sity and frequency in the study region, which is the main forestry region supplying the wood
industrial demands of Argentina. In this regard, although no changes in mean precipitation
are predicted, high interannual variability in precipitation and an increase of 1.5 and 3.5 °C
in mean temperature for 2039 and 2099 (SAyDS 2014), are expected. These projections sug-
gest that hotter-drought events such as those observed recently could increase in frequency
(Hammond et al. 2022) over the next decades in this region. This context can be exacer-
bated if we take into consideration the fact that a sustained expansion of forest plantations
is developed into relatively marginal soils in many regions, mainly due to the competition
with other land uses (such as protected native forests and agriculture). In the particular case
of Corrientes province, afforestation expansion has occurred at the expense of a reduction of
wetlands and has indirectly induced overgrazing in the remaining wetland areas (Pereira et
al. 2023a). However, recent evidence suggests that afforestation expansion could be consid-
ered sustainable if it occurs on highly-degraded wetlands, leaving low-degraded wetlands
as priority areas for their conservation (Pereira et al. 2023b). In this regard, a sustainable
afforestation planning could involve a strategy of hierarchical nature. This planning could
begin with the identification of degraded wetland areas and, based on our results, within
these areas select those sites where soil water availability is expected to be higher and long-
lasting, but at the same time allow for the development of an extended root system. These
areas could present lower hot-drought associated risk at the landscape level.

Although the estimation of the socioeconomic impact of the mortality event is outside
the objectives of our study, a gross estimation can be done to highlight the consequences
of this kind of event on the local and regional forestry sector. At provincial level, consider-
ing only the areas affected with total canopy mortality (10,543 ha), the dead wood volume
would represent around 2,100,000 m? (i.e. about 200 m® per ha of stem biomass at the aver-
age age of affected trees). This is more than the amount of wood that is allocated annually
to the paper industry, the main destination of forestry production in the region (SAGyP,
2022). The high volume of dead wood surpassed the logistics available in the region to cut
and transport the logs, so just a small fraction was cut on time. It is important to note that
this number summed up to the whole-stands losses due to extended fires in the region that
occurred previous and simultaneously with the reported tree mortality event. Fires affected
around 31,000 ha of cultivated forests (6% of their area) and 12% of the total surface of
Corrientes province, with wetlands as the most affected ecosystems (Saucedo et al. 2023).
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Moreover, total losses during the studied hot-drought event remain elusive because satellite
image classification method cannot accurately estimate areas of partial canopy mortality, so
the informed value is somewhat conservative. Besides the losses of huge volumes of wood
with no value for the industry, the standing dead trees imply an additional cost, estimated
by the forestry companies in US$S 250/300 per ha., to extract the trees and prepare the soils
to reforest the area, cost that is added to the normal costs of plantation. As a consequence of
the recent extended fires and drought-related mortality of the trees, the local forestry sector
foresees that the offer-demand relationships will be largely altered at regional level, with
still no clear socio-economic consequences.

Our study remarks the importance of soil characteristics and topography regulating the
spatio-temporal forest mortality dynamics mediated by their role on soil water balance. This
conclusion reinforces the idea discussed by Trugman et al. (2021) that understanding only
the physiology or functional traits of the tree species that explain drought-vulnerability is
not enough to accurately predict the drought-mortality in native and planted forests. Hence,
from a forestry perspective site selection is a key step to minimise drought-induced mortal-
ity, which must be accompanied by academic and forestry sector efforts directed to disen-
tangle whether the available genetic variability and plasticity of currently planted species is
enough to adapt to the new climate or if it is necessary to change the species to be planted;
and if it is possible to increase—at least to some extent—their adaptability by means of
silvicultural management.

Supplementary Information The online version contains supplementary material available at https:/doi.
org/10.1007/s11056-024-10037-x.
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