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ABSTRACT

The area planted with exotic conifers has rapidly increased between the 1970s and 2000s in northern Argenti-
nian Patagonia, replacing in many cases native Nothofagus and Austrocedrus forests. Direct comparisons between
pine plantations and native forests with respect to growth patterns, productivity and climate vulnerability are
lacking so far. Here, we explore differences in radial growth, climate sensitivity of growth and stomatal regu-
lation between planted exotic (Pinus ponderosa, P. contorta, P. radiata) and neighboring even-aged native stands
(Austrocedrus chilensis, Nothofagus dombeyi) during the stem-exclusion phase (first 32 years) using dendrochro-
nology and stable isotope analysis of stem wood. While all Pinus stands reached maximum basal area increment
(BAI) earlier than the native species, Nothofagus dombeyi was as productive as Pinus radiata, the most productive
exotic conifer. The main climatic growth constraints were in all five species rainfall deficits and elevated tem-
peratures in late spring/summer, with the most productive species being more sensitive to climate. Stem wood
A™C and 580 signatures suggest higher stomatal conductance and transpiration losses of the three exotic Pinus
species and a recent transpiration increase compared to the native species with an apparently more conservative
water use. Our results show that introduced Pinus species are not necessarily more productive than native tree
species, and their growth may be more vulnerable to climate warming. Since all planted Pinus species are
invasive in the region and are increasing the fire risk, it is advised in the face of climate change to preferably
plant native tree species, where possible, and to reduce the area of conifer plantations.

1. Introduction

of exotic tree species may lead to the invasion of neighboring natural
habitats (Richardson and Rejmanek, 2011).

The growing global demand for wood and wood-related products
(FAO, 2024) together with restoration and carbon markets (Baral et al.,
2016; Lindenmayer et al., 2015) have led to increased planting of tree
species outside their natural ranges, particularly of fast-growing species
in the southern hemisphere (Payn et al., 2015). This process is accom-
panied by a vital debate about the socio-ecological implications of exotic
tree plantations, with a focus on biodiversity loss (Brockerhoff et al.,
2008), the alteration of hydrological cycles (Scott, 2005), fire regimes
(Mandle et al., 2011), microclimatic (Garcia et al., 2023) and edaphic
site conditions (Perdomo-Gonzalez et al., 2023), and the spoiling of
landscapes aesthetics (Williams, 2014). Furthermore, the introduction
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From the wood production perspective, the planting of conifers in
southern hemispheric temperate climates is driven by three main mo-
tivations, (i) to meet the market demand for conifer wood, (ii) to achieve
maximum profitability through high productivity, and (iii) to plant tree
species with assumed higher drought resistance to cope with climate
change (FAO, 2024). Conifer plantations are often established without
adequate scientific testing to verify whether the second and third as-
sumptions are met. While several Pinaceae species are highly productive
under optimal climatic conditions, it is not well known whether they
outperform native species, when planted beyond their natural range.
Due to the widely discussed negative impacts of species introductions on
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forestry and ecosystem functioning (Braun et al., 2017; Bremer and
Farley, 2010; Hordk et al., 2019), it is straightforward to compare the
growth and yield potential of introduced species with that of productive
native tree species in order to assess the potential for closer-to-nature
silviculture.

On the eastern slopes of the Andes in northern Argentinian Patago-
nia, the plantation of exotic tree species as replacement of native forests,
mainly of Austrocedrus chilensis (D.Don) Pic. Ser. et Bizarri, degraded by
fire or after clearance, reached its peak during the 1970s and 1980s,
promoted by the government through subsidies (Bava et al., 2015;
Gyenge et al., 2010; Pauchard et al., 2016). Since the 1980s, plantations
have been established in overgrazed grasslands of the forest-steppe
ecotone and in the steppe, where the largest afforestation areas are
currently located (CIEFAP, 2017). Nowadays, they cover more than
80.000 ha dominated by the North American species Pinus ponderosa
Dougl. ex. C. Lawson (CIEFAP, 2017), and to a lesser extent of Pinus
contorta Douglas ex Loudon, Pseudotsuga menziesii (Mirb.) Franco, Pinus
radiata D. Don. and Pinus jeffreyi A. Murray bis (CIEFAP, 2017).

In Argentinian Patagonia, exotic conifer plantations have shown
productive timber yields, sometimes exceeding those in their natural
distribution range (Gonda, 1998), and faster juvenile growth and higher
water use efficiency than native tree species (Gyenge et al., 2008a).
However, due to discontinuity in subsidies and relatively long turnover
periods, many plantations have been abandoned, and productivity and
timber quality have decreased without proper silvicultural management
(Bava et al., 2015; CIEFAP, 2017; Raffaele et al., 2015). The accumu-
lated conifer biomass is highly inflammable (Bianchi et al., 2019;
Franzese et al., 2022), and can thus alter the fire regime (Paritsis et al.,
2018) and increase the invasion risk, as is the case with many pyrophytic
species (Franzese and Raffaele, 2017). The three main Pinus species
introduced to Patagonia possess traits that facilitate fire adaptation:
both P. radiata and P. contorta behave as resilient active pyrophytes,
featuring serotinous cones where seed release is triggered by fire
(Franzese and Raffaele, 2017), whereas P. ponderosa behaves as a
resistant passive pyrophyte that can tolerate recurrent low-intensity
fires due to adapted bark, crown and root characteristics (Fitzgerald,
2005). All three Pinus species have shown to be invasive in Patagonia
(Franzese and Raffaele, 2017; Simberloff et al., 2010). Given that fire is
the primary disturbance factor that shapes forest composition in
northern Patagonia (Kitzberger, 2012) and which has increased in fre-
quency and intensity in recent years due to climate change (Kitzberger
et al., 2022), species with fire-adapted traits are favored by this envi-
ronmental shift.

Concern over plantations replacing native ecosystems in Patagonia
has fueled increasing research in exotic species’ invasive potential
(Franzese and Raffaele, 2017), relevant tree physiological characteris-
tics (Fernandez et al., 2014; Gyenge et al., 2012), biodiversity losses
(Paritsis and Aizen, 2008; Garcia et al., 2023; Rago et al., 2021), and
fire-related risks (Franzese et al., 2022; Paritsis et al., 2018). However,
little is known about the climate sensitivity of growth and recent growth
trends of exotic tree species in Argentinian Patagonia (Pauchard et al.,
2016). The relatively young age of most plantations to date may explain
the virtual absence of research on the growth performance and climate
vulnerability of these species, since more than half of the plantations are
still younger than 25 years (CIEFAP, 2017). On the other hand, many
abandoned plantations are now reaching the age of harvest (30-40
years), but are not being cut because of economic reasons. In some cases,
the cost of extraction exceeds the value of the wood, and there is no
manufacturing sector willing to cover this gap (Bava et al., 2015). In
some areas where accessibility is limiting management and harvest
operations, such as on steep slopes and at locations above the tree line
(>1700 m asl), exotic pines naturalize by invading native forest and
non-forest vegetation, which includes protected areas (APN, 2025;
Joelson et al., 2025; Simon et al., 2025a). Although the current extent of
self-regenerating Pinus stands in Patagonia is still limited, the species’
ability to quickly invade new, previously unforested habitats and to
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trigger positive fire-vegetation feedbacks (Franzese et al., 2022), bears
the risk of a fast expansion of the area where these exotic species
dominate. This warrants studies investigating the growth performance
and climate sensitivity of growth of these exotic tree species in order to
better understand their economic potential and the associated
ecosystem vulnerability to climate change.

Dendrochronological studies have provided valuable insights into
the influence of climate on the growth dynamics of major native tree
species in northern Argentinian Patagonia (Amoroso et al., 2017; Srur
et al., 2020; Suarez et al., 2015). Water deficits and elevated tempera-
tures during the growing season were identified as key climatic factors
influencing the growth patterns of the dominant species at low to mid
elevations (Reiter et al., 2024). In more humid regions in the west,
where the evergreen broadleaf species Nothofagus dombeyi (Mirb.) Oerst.
dominates, stand-level growth decline and mortality events have been
reported in recent decades, linked to increased interannual growth
variability and elevated drought sensitivity (Suarez et al., 2004; 2024;
Suarez and Kitzberger, 2010). Towards the east, precipitation markedly
decreases due to the rain shadow effect of the Andes (Garreaud and
Aceituno, 2007), and N. dombeyi forms mixed stands with the conifer
Austrocedrus chilensis. This drought-tolerant species is naturally wide-
spread at the drier eastern edge of the Andean forest belt, being a main
constituent of the forest-steppe ecotone. Several studies have demon-
strated the strong influence of summer water deficits on the interannual
growth variability of A. chilensis (Amoroso et al., 2015; Villalba and
Veblen, 1997), which are associated with recent growth declines in
monospecific stands, particularly at the species’ drier limits (Amoroso
et al., 2012; Reiter et al., 2024).

Tree-ring studies traditionally focus on dominant trees in mature
stands, since these individuals are typically most sensitive to climate and
growth is less affected by biological age trends (Biondi and Qeadan,
2008). The growth of juvenile or young trees is influenced not only by
climate but by ontogenetic change in growth dynamics and often by
intense symmetric or asymmetric competition processes as well, that
obscure climatic signals in tree rings (Belmecheri et al., 2022; Du et al.,
2021). When dense, even-aged stands (cohorts) close the canopy and the
stem exclusion phase begins, growth is often limited by lack of light and
soil resources (Bernhardt et al., 2020), leading to vertical stratification
of the stand and mortality (Oliver and Larson, 1996). At this stage, the
climate sensitivity of growth in combination with other growth-derived
metrics such as within-stand growth synchrony and interannual growth
variability can provide valuable information about the interactions of
stand dynamics and climatic variability early in life (Voelker, 2011).
Comparing different species in their climate sensitivity of growth in this
stage of life can reveal which species are more susceptible to climate
fluctuations, and it may allow assessments of their adaptive potential to
climate change. Combining such dendrochronological information with
data on isotope signatures in tree rings may allow insights into stomatal
responses and patterns of CO2 and H,O exchange between the canopy
and the atmosphere (Siegwolf et al., 2022). Since ontogeny may have a
large influence on the physiology of a tree, species comparisons are best
conducted for trees at similar age. This can be done for the introduced
conifers in Patagonia only for young trees, as older stands are rare or
absent.

Here, we examine in the northern Patagonian Andes in Argentina the
growth dynamics and climate sensitivity of radial growth at juvenile age
of the three most common exotic Pinus species (P. radiata, P. contorta,
P. ponderosa) in comparison to that of two native tree species, the broad-
leaved evergreen species Nothofagus dombeyi and the conifer Austro-
cedrus chilensis. Specifically, we address the following questions: 1) Are
there significant differences in radial growth between native and exotic
tree species during the juvenile phase? 2) Do the climatic factors driving
radial growth during this life stage differ between native and exotic
species? 3) Do native and exotic tree species differ in their stomatal
regulation and CO; and H20 gas exchange during the juvenile life stage?
To address these questions, we analyzed tree-ring metrics and long-term
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growth trends, examined the correlation between radial growth and
climate, and studied decadal change in stable C and O isotopes in tree
rings in neighboring even-aged native and exotic forest stands at three
sites with different climatic conditions.

We hypothesized that (1) the three exotic conifers grow faster and
have a higher wood production at young age than native tree species, (2)
the growth of the exotic conifers is less vulnerable to a warm and dry
climate than that of native tree species, and (3) in order to sustain high
growth rates, the exotic conifers restrict stomatal conductance with
climate drying less than native tree species. Understanding the driving
forces and the climate vulnerability of growth during the juvenile phase
of these exotic species, as they reach maturity and naturalize in Pata-
gonia, provides a necessary basis for managing these novel ecosystems.

2. Material and methods
2.1. Study area

The study area is located in the Province of Rio Negro in north-
western Argentinian Patagonia (71.79°-71.48° W, 41.61°-41.93° S). It
spans the transition from the Valdivian Temperate Rainforests in the
humid westernmost Argentinean Andes to the drier eastern limits of the
forest belt in transition to the Patagonian steppe (Fig. 1). The landscape
is characterized by steep slopes and U-shaped valleys formed by multiple
glaciation periods (Bouza and Bilmes, 2020). The widespread occur-
rence of volcanic soils with high water retention capacity (Buduba et al.,
2020; Simon et al., 2025b) helps mitigating the strong summer water
deficit (Kitzberger, 2012). In the region, the subtropical high-pressure
system moves southward during the austral summer (December to
February), weakening the prevailing westerly winds which bring moist
air from the Pacific Ocean, which results in the transition from an
oceanic climate in the west to a Mediterranean-type climate in the east
(Paruelo et al., 1998). With decreasing precipitation in the rain shadow
of the Andean ridge, seasonality (dry summers and wet winters) in-
creases from west to east (Garreaud and Aceituno, 2007; Simon et al.,
2024).

While the study region’s natural forest vegetation is predominantly
Nothofagus—Austrocedrus forest, the species composition varies across the
landscape. Nothofagus dombeyi thrives in the moister west, while
Nothofagus pumilio (Poepp. & Endl.) Krasser is more common at higher
elevations building up the tree line. In post-fire shrublands and poorly
drained soils, Nothofagus antarctica (Forst.) Oerst. tends to dominate.
Toward the drier east, Austrocedrus chilensis becomes more prevalent.

B Conifer plantations
M Forest cover

Sampled stands:
@ N. dombeyi
@ A chilensis
@ P. radiata

@ P. contorta
© P. ponderosa
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The exotic conifers have been increasingly planted in many areas, with
their share increasing towards the forest-steppe ecotone (CIEFAP, 2017).

2.2. Sampling design and data collection

We selected three sites with different climatic conditions in the study
region (Fig. 1, Table 1), where at least two Pinus species and one native
species (either A. chilensis or N. dombeyi, or both) are occurring in close
vicinity to each other, in order to directly compare the growth patterns
of introduced and native tree species under similar topoclimates at a
given site. The stands of native species developed naturally after stand-
devastating fires and thus represent more or less cohorts. Across the
three sites, we placed sampling plots in each two Pinus sp. plantations
and in one (or two) nearby native forest stands (N. dombeyi or
A. chilensis), resulting in 10 sampling plots in total (Table 1). Neither the
planted conifer stands nor the native stands showed signs of manage-
ment (thinning or pruning). All sampled plots have a northwestern
exposure, with a prevailing slope angle of < 24°. At each sampling plot,
we recorded during the growing seasons 2021,/22-2023/24 the forest
structure, analyzed soil properties and selected target trees to be
sampled for dendrochronological analysis.

In circular concentric plots in representative sections of the stand,
species identity, DBH and total height were registered for all trees with
DBH > 60 cm in a 1000 m?> subplot, and for all trees with DBH > 7 cm in
a 400 m? subplot. To compare soil physical properties, we dug a 1 m-
deep soil pit close to the plot center, where composite volumetric min-
eral soil samples of 400 cm?® were extracted with 100 cm?® -cores in four
depth intervals (0-10 cm, 10-30 cm, 30-60 cm, 60-100 cm). For
calculating plant-available water storage capacity (PAWC), we used
calibrated pedotransfer functions established for Andosols in the area
(Simon et al., 2025b).

For dendrochronological analysis, we extracted wood cores from the
20 dominant and codominant trees closest to the plot center, avoiding
damaged and suppressed individuals. Per target tree, two wood cores
were extracted at breast height (ca. 1.3 m) in perpendicular directions to
each other using a 5 mm-increment borer (Haglof, Langsele, Sweden),
selecting stem sections where reaction wood was assumed to be less
pronounced. For measuring ring widths, the increment cores were fixed
onto wooden mounts, sanded with increasingly finer grades of sand-
paper (200-1200 grains per cm?), and scanned at a resolution of
2400 dots per inch (dpi) using an Expression 11000XL scanner (EPSON,
Japan).

Fig. 1. Map of the study area in Argentinian Patagonia (dark grey in the inlet) and location of sampled stands at the three study sites (Tuco, Foyel and Piltri). Black
lines in the center map are isohyets of mean annual precipitation (mm year '; WorldClim 2; Fick and Hijmans, 2017), light-blue lines in side maps indicate elevation

above sea level (m a.s.L.).
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2 E o 2.3. Stand chronologies and tree ring analysis
+ 8 We visually dated tree rings under a Stemi 2000 stereomicroscope
g E P (Zeiss, Germany) and measured ring width in the scanned images using
pag” E E the CooRecorder V9.5 software (Cybis Elektronik & Data AB, Sweden).
S 9 . . . . .
g b §' NE The cross-dating of the ring series of a given stand was validated by
g 8 go Slaznigee _o% assessing correlation coefficients (Grissino-Mayer, 2001) and the values
< M ANTON=HANAN O 11 . .
8 E HlRIbow®m—oino T n of t-tests (Baillie and Pilcher, 1973) using the CDendro V9.5 software
n . . 1.1 .
£ (Cybis Elektronik & Data AB, Sweden). For building stand chronologies,
E § © - o ° we excluded ring series which had an overlapping period of < 30 years,
ga 'S go2S888BIRT a correlation coefficient < 0.32 or a t-value < 3 (ring series normalized
= g by the P2YrsL method; Cybis Elektronik & Data AB, Sweden).
«© . .
',%i = Our study addresses the early growth of trees which are in the stem-
«@ ~ . . . Pyl
‘g = g £ exclusion phase of stand development with strong intraspecific compe-
£ £ a »E - tition, where the ring-width series (RW) typically are influenced by
E: ‘?, g ‘i g % E 5 s % é 3 § E strong nonlinear low-frequency signals that may not reflect fluctuation
<3 - in environmental factors but result from age and size effects, as well as
% ? from biotic interactions (Biondi and Qeadan, 2008). To account for these
i1 g ? drivers, we detrended the RW using a flexible 10-year smoothing spline
= @
% & § with a 50 % frequency response to generate dimensionless ring-width
7]
3 §° o index series (RWI; Cook and Peters, 1981). This approach minimizes
8 E s low-frequency signal components resulting from the juvenile growth
’3:7 5 & NnmoowvuamaFao curve and disturbance effects (e.g. canopy openings due to
=i AN I self-thinning), while enhancing high-frequency signals (e.g. interannual
i~ N . . . 1 . .
g 9 g T am oot climatic variability). This procedure was together with the subsequent
E=IRS) <|S8S8RNIBR2I8S . . .
&= treatment of the chronologies and related quality tests performed with
:;‘; < the R package dplR (Bunn, 2008) in R (R Core Team, 2021) in the R
g E 2 studio environment.
E g E We built RWI chronologies for each of the 10 stands by calculating
= . . .
£ 8 § Tukey’s bi-weight robust mean across the trees of a stand. The quality of
= & 25 E g E § 5 § E each chronology was assessed by means of the expressed population
s . . .
z 8 signal (EPS, the agreement between a limited set of tree samples and a
= g theoretical chronology based on an infinite number of trees; Wigley
= 2 o et al., 1984), the Rbar value (i.e. the average Pearson correlation among
-
£ %‘ q‘i all ring series in a chronology), the first-order autocorrelation of the
§ § g series, and the Gleichlaufigkeit (GLK, the proportion of common inter-
¢ ~§ o < annual growth changes between two series; Eckstein and Bauch, 1969).
£z S = 5 8 These metrics were calculated for RWI periods, when > 5 ring series
e % were available.
& = For the further analysis of juvenile growth patterns, we truncated the
g TE S length of all stand chronologies to the first 32 years, as this was the
g < > - ° ° minimum period length available in all studied stands. To compare stem
f«g E § o © © growth patterns, we calculated basal area increment (BAI) from the tree
E. % ring-width series (RW) and the measured diameter at breast height
§ ?: _ 5 (DBH), computing backwards from the bark (youngest tree ring) to the
£ = ESR3ESFTEBERZY pith (oldest tree ring) as follows:
Lol 2T gsgeT8egxg 8
3 SSE2885§28E8%
52 glE53s8si8 BAIL = n(r? —12,)
g glSE3tEaTEsR
S AlEAACA AR where r is the tree radius and ¢ the year of ring formation. The use of BAI
v = N . . . .
s 5 as a growth measure is a biologically more meaningful estimate than
E = = RW, as it standardizes growth regardless of tree age or diameter,
£ ° it providing clearer insights into growth dynamics (Biondi and Qeadan,
e &
S = g 2008).
] £ For further comparing the species’ juvenile growth dynamics, we
ER Z|loggortgsyy used the Rbar values calculated from the first 32 years of the RWI
:Sé'g H|nwhoOmhNIONO®UO®D .
g N chronologies as a measure of growth synchrony (the extent of common
8- ° growth patterns among the tree ring series in a stand). The synchrony of
=8 E g growth reflects, how similar the growth patterns are across the in-
g 58 .. L -
S« & 2 g dividuals of a population in response to shared environmental factors
g ‘2 'g g § & & g & g‘; g %i’ % g (Wigley et al., 1984), often tied to a dominant regional climatic signal
S852 2 E E E BLLLAN LD when calculated in detrended and standardized chronologies (Fritts,
oo A A A A P . . P
) : g 1966). Similarly, we calculated the coefficient of variation (CV) of the
'::% E < RWI chronologies as a measure of relative interannual variability of
o E;o% E ° S T = growth (Cailleret et al., 2019). High CV values point to significant
L3 g =
E § g s a| & £ b sensitivity to interannual changes, while low CV suggests stability or
o
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reduced responsiveness to environmental fluctuations. In light of evi-
dence suggesting that ANOVA is robust to moderate violations of
normality and variance homogeneity (Blanca et al., 2017), as observed
in our data set, we opted to use ANOVA to test for differences across all
groups (sites and species), allowing for consistent and interpretable
comparisons across variables.

2.4. Climatic data and climate sensitivity of growth

We used climate data from the nearest meteorological station with
long record (Bariloche airport; 41.15°S, 71.16°W; 840 m asl; Fig. 1),
where mean monthly precipitation and temperature records are avail-
able for the period 1931-2023 (SMN, 2024). Since the first 32 years of
the “BoS2Ci” chronology span from 1921 to 1952, and the climate re-
cords from Bariloche start just in 1931, the data for the period
1921-1931 was obtained from the CHELSAcruts climate simulations
(Karger and Zimmermann, 2018). The climatic data for the period cor-
responding to each stand’s juvenile phase (first 32 years of the chro-
nology) was standardized in order to enable meaningful comparisons of
climate-growth correlations. For standardization, monthly values were
converted to z-scores (dimensionless numbers) by subtracting the
monthly 32-year mean from each value and dividing it by the standard
deviation. By doing so, we ensured that the variability is comparable
among stands and the different 32-year periods, regardless of the ab-
solute magnitude of the monthly climatic data values, which has varied
considerably especially during the last 40 years (Jacques-Coper and
Garreaud, 2015). Seasonal drought periods were assessed by calculating
the standardized precipitation-evaporation index (SPEI) for each month,
which characterizes the water balance (precipitation minus potential
evapotranspiration). For calculating SPEI, monthly potential evapo-
transpiration was estimated with the Thornthwaite formula by means of
the R package SPEI v.1.8 (Begueria and Vicente-Serrano, 2011).

For analyzing the climate sensitivity of growth, we correlated the
stand chronologies (i.e. the stand averages of the detrended tree-ring
series, RWI) with monthly values of average temperature, precipita-
tion and SPEI, using first a static approach over the first 32 years of the
chronologies. Preliminary analysis showed the strongest climate-growth
correlations when SPEI was averaged over the preceding three months
(SPEI3). The regional growing season extends approximately from
October to April, spanning two calendar years. We analyzed monthly
climate-growth correlations from previous-year October to current
April, encompassing the previous and the current growing season over a
total of 19 months across three calendar years. Secondly, we analyzed
the temporal variability in the climate-growth correlations during the
most influential months as derived from the static correlation analyses
(current December, January and February) using a 10-year moving
window with a 1-year offset for the 32-year period. This window size
offered an appropriate balance between temporal resolution and the
statistical power required for meaningful inference. To address the
reduced sample size in shorter windows, the statistical significance
(p < 0.05) of correlations was evaluated using a 1000-fold bootstrapped
response function within the R package treeclim v2.0.6.0 (Zang and
Biondi, 2015).

2.5. Stable isotope analysis

For analyzing long-term trends in the carbon and oxygen isotope
signatures of the tree rings, we selected from the 20 wood cores per
stand a subsample containing those five cores which showed the tightest
correlation to the stand chronology. For each selected core, we sectioned
groups of five contiguous annual rings under a binocular using a scalpel,
resulting in six wood core sections for the first 30 years of tree life. We
then pooled the each five replicate 5-yr-long wood sections of a stand to
give a composite sample per period (e.g. 1997-2001, 2002-2006 etc.)
and stand, and grounded and homogenized the material using a TS250
centrifugal mill (Siebtechnik, Miilheim, Germany). The isotope compo-
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sition of C and O in the pulverized wood material and isotope ratios were
analyzed by mass-ratio spectroscopy (Delta XP, Thermo Electron, Ger-
many) at the Center for Stable Isotope Research and Analysis (KOSI) of
the University of Gottingen. The isotopic signatures are expressed in
delta (8) notation as per mill (%o) deviations to the Vienna Pee Dee
Belemnite (C) and Vienna Standard Mean Ocean Water (O) standards
(Gonfiantini, 1978):

(13c/ 12C) .
53¢ = sample 1 1 518
¢ <(13C/12C)smndard ) X 1000 °
(180/160)sample )
= |3 me~~———1) x1000
<(lao/lso)standard

From the §'3C values, we calculated fractionation values (A'3C),
which is a more standardized way to interpret &' °C signatures, since
they account for the atmosphere isotopic composition of COz (8'*Cym)
and the post-photosynthetic discrimination against '>C in plant tissues
(Farquhar et al.,, 1989; Lavergne et al., 2022). For simplifying the
calculation, we assumed no fractionation during photorespiration
(Mathias and Hudiburg, 2022), and used the following expression:

(513Caun - 513Cw00d)
"3 Cuoon
(1 + 1000 d)

where §'3Cyooq and 8'3Cyy are the 8'3C signatures of the tree wood
samples and the atmosphere, respectively. Historical records of atmo-
spheric CO, concentration (Cg) and 8'°C,m  were derived from Bel-
mecheri and Lavergne (2020), available in the isocalcR R package
(Mathias and Hudiburg, 2022). Higher A'C values indicate larger
discrimination against the heavier '*C isotope.

With the A'3C values, the intrinsic water use efficiency (iWUE) of
photosynthesis was calculated through the leaf intercellular CO: con-
centration (Cy):

ABC =

13
where a gives the fractionation during diffusion across the boundary
layer and stomata (4.4 %o; Craig, 1953) and b'the apparent fractionation
by Rubisco (25.5 %o, when derived from wood tissue; Cernusak and
Ubierna, 2022). iWUE (i.e. the ratio A/gg; unit: pmol CO2 mol~! H20) was
then received from the C; values calculated for the 5-year tree ring
sections and the corresponding historical C, records as:

. Ca — Ci

iWUE = 16

where 1.6 is the HoO/CO, diffusion ratio in air, A is net photosynthesis
rate and g stomatal conductance for water vapor.

Differences in the means of A'3C, iWUE and 5'%0 (averaged over the
six 5-year periods for a stand) were compared both within sites for
different species and across sites for the same species using ANOVA.
Trends in isotopic composition during the 30-year period were tested for
significance with the non-parametric Mann-Kendall trend test.

3. Results
3.1. Stand chronologies and juvenile growth metrics

The three introduced Pinus species and the two native tree species
were represented by each two chronologies located at two different sites,
resulting in 10 chronologies in total which base on 310 sampled incre-
ment cores. Even though the juvenile stage of growth was covered, all
chronologies showed reliable quality indicators (EPS > 0.85 and GLK >
0.65), with Rbar values ranging from 0.36 to 0.74 (Table 2; see also Fig.
S3 in the Appendix for running EPS and sample depth).

We found significant differences in juvenile growth metrics between
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Table 2
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Descriptive statistics of the 10 stand chronologies. EPS: Expressed population signal, Rbar: mean inter-series correlation, GLK: Gleichlaufigkeit. Chronology length:

Years for which > 5 ring series in a population were available.

Sample Average tree Chronology 1
plot No of trees (cores) Mean DBH (cm) height (m) ength (years) EPS Rbar GLK
TuS1Co 17 (34) 54+9.9 30 +£2.7 39 0.90 0.36 0.65
TuS1Pr 19 (38) 51+10.5 33.8+5.1 37 0.94 0.47 0.70
TuS1Pc 18 (36) 27.8 + 4.5 226 +1.7 32 0.93 0.47 0.69
FoS2Ci 15 (30) 449 +£65 16.9+1.5 73 0.97 0.65 0.80
FoS2Pr 19 (38) 53.8 + 8.2 38.4+3.0 38 0.97 0.62 0.74
FoS2Pp 18 (36) 38.6+9.6 227 +26 33 0.96 0.56 0.72
PiS3Co 15 (30) 55.6 + 15.4 26.3 + 4.2 75 0.89 0.35 0.66
PiS3Ci 15 (30) 443+97 223 +20 102 0.97 0.67 0.79
PiS3Pp 19 (38) 417+ 4.3 22.7 + 1.4 37 0.98 0.74 0.76
PiS3Pc 17 (34) 39.5+6.8 19.8 +1.3 33 0.96 0.56 0.72
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growth variability during the first 32 years of growth of the five species at the three sites. Different uppercase letters indicate significant differences between different
species at a given site, different lowercase letters indicate significant differences between the sites for a given species (p < 0.05).

the five species and three sites. The highest average BAI in the first 32
years of stand growth was registered in P. radiata at the semi-dry site
(Foyel) (62.9 cm? year!; Fig. 2B). Similarly high rates were reached by
N. dombeyi and P. radiata at the humid site (Tuco) (62.4 and 56.0 cm?
year!, respectively; Fig. 2A), which were significantly higher at this site
than that of P. contorta. In fact, this conifer reached at this site the lowest
BAI recorded for the five species in any of the stands (18.6 cm? year !;
Fig. 2A). Similarly low growth rates were recorded for A. chilensis in the
two stands studied, with no significant difference between the sites
(Fig. 2B-C). Significant site differences in BAI were only found for
P. contorta and N. dombeyi with opposing trends from humid to dry

(Fig. 2A-C).

Average within-stand growth synchrony (Rbar) was generally higher
in the four conifer species (in most cases >0.5) than in N. dombeyi (0.18
and 0.35). It was highest in the P. ponderosa stand at the dry site (0.74;
Fig. 2F), significantly differing from the less synchronized P. ponderosa
population at the semi-dry site (Fig. 2E). High synchronies were also
found for P. radiata at the humid and semi-dry sites (Fig. 2D and E) and
for the two A. chilensis stands (Fig. 2E and F). Interannual growth vari-
ability (CV) was highest in the P. ponderosa stand at the dry site (0.20)
and the P. radiata stands at the humid and semi-dry sites, but was high
also in the N. dombeyi stand at the humid site (Fig. 2G - I). Lower CV
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Fig. 3. Pearson correlation coefficients (r) for the relation between standardized ring width (RWI) in the first 32 years of growth and monthly totals or means of
precipitation (A to C), temperature (D to F) or SPEI3 (G to I) in the previous growing season (gs, October — April), dormancy period (May — September) and current
growing season (October — April) for the five species (different colors) across the three sites (Tuco, Foyel, Piltri). Asterisks indicate significant correlations (p < 0.05).

values were recorded for the two P. contorta and the two A. chilensis
stands, and the N. dombeyi stand at the dry site. Both native species
(A. chilensis and N. dombeyi) show opposing trends across sites, with
A. chilensis increasing and N. dombeyi decreasing growth variability from
the humid to the dry sites (Fig. 2G-I).

3.2. Climate sensitivity of growth and growth trends

All five species showed principally similar climate sensitivities of
growth, with a positive growth response to higher precipitation and a
higher climatic water balance (SPEI3) in current summer (December —
February) and a negative response to elevated temperatures in summer,
but only a minor influence of previous summer’s weather (Fig. 3). The
two most productive species, N. dombeyi and P. radiata, were particu-
larly sensitive to reduced water availability and higher temperatures at
the humid site, whereas A. chilensis and P. ponderosa were more sensitive
at the drier sites. N. dombeyi and P. radiata were additionally affected by
a dry autumn (May) (Fig. 3G). Interestingly, A. chilensis was also
restricted by high precipitation in late summer (March) at the dry site,
which was not found in the other species (Fig. 3C). P. ponderosa showed
a marked growth limitation by elevated temperatures in current-
summer (November and December) and also in previous summer
(February), and this sensitivity was higher at the dry than at the semi-
dry site (Fig. 3E and F). P. contorta revealed a lower climate sensitivity
of growth to current summer weather than the other species, but was
primarily affected by a warmer and drier previous summer (Fig. 3D and

Q).

The basal area increment (BAI) trends in the juvenile stand phase
(first 32 years) follow in all five species humped-shaped or (less
commonly) bimodal curves, with rapid early increase in growth rate to a
first peak reached between 6 (P. radiata at Tuco; Fig. 4 A) and 27 years
(A. chilensis in Foyel, Fig. 4B). At all sites, the exotic species reached their
growth peak earlier than the two native species, with P. radiata culmi-
nating first. Peak BAI rates were as high as 73 — 85 cm? year ! in the two
P. radiata stands and 82 cm? year™! in the N. dombeyi stand at the humid
site, while the lowest peak growth rates were recorded in A. chilensis (in
Piltri: 26.5 cm? year’l) and in P. contorta (in Tuco: 29.5 cm? year’l).
The cumulated BAI over the first 32 years was highest in P. radiata in the
semi-dry and in N. dombeyi in the humid sites (around 0.2 m?) and
lowest in P. contorta in the humid and in the two A. chilensis stands in the
drier sites (around 0.06 and 0.07 m?, respectively; see Table S2 in the
Appendix).

According to the moving-window analysis, the growth correlation
with precipitation, temperature and climatic water balance increased in
most cases during the first decades of life to become significant when
BAI peaked or shortly afterwards, and subsequently followed trends that
varied among the species and sites (Fig. 4D — I). Marked decreases in
precipitation sensitivity after peak growth were observed in P. contorta
(even a shift from positive to negative influence), P. ponderosa (decrease
only in most recent years) and A. chilensis, but not in P. radiata and
N. dombeyi (Fig. 4D - F). In contrast, the growth sensitivity to elevated
summer temperatures has remained in most cases at a similar level after
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Fig. 4. (A to C) Trends in basal area increment (BAI) during the first 32 years of growth for the five species at the three sites (smoothed splines, 0.5 span, LOESS fit).
Peak growth rates are marked with colored vertical lines. (D to F) Interannual variation in Pearson correlation coefficients (r) for the relation between RWI and mid-
summer precipitation (P, solid lines; mean of December, January and February) or mid-summer temperature (T, dashed lines) in the first 32 years of growth for the
five species (different colors) at the three sites (10-year moving windows). (G to I) Interannual variation in Pearson correlation coefficients (r) for the relation
between RWI and mean SPEI3 of the mid-summer in the first 32 years of growth for the five species (different colors) at the three sites (10-year moving windows).

Squares in the graphs D to I indicate significant 10-year period correlations.

peak growth (except for a decrease in A. chilensis at the semi-dry site)
(Fig. 4D — F). Similarly, the BAI sensitivity to SPEI3 varied only little
during the first 32 years of growth with the exception of P. contorta with
a sensitivity shift from positive to negative at the humid site and an
opposite shift from negative to positive at the dry site (Fig. 4G and I).

3.3. C and O isotope signatures

13¢ fractionation (A'3C) values and 580 signatures in the stem wood
varied considerably among the five species and three sites, when aver-
aged over the 30 years of juvenile growth (Fig. 5). Except for
P. ponderosa, carbon fractionation was in all species smaller (lower A'3C)
at the drier sites, and fractionation generally decreased from P. radiata
and P. contorta (medians from 16.7 %o to 18.3 %o) to N. dombeyi and
P. ponderosa (16.4-17.7), and finally to A. chilensis (15.8 - 15.9; Fig. 5A —
). 880 in the stem wood was generally higher in the three Pinus species
(medians of 24.4 %o to 26.3 %o) than in the native species N. dombeyi and
A. chilensis (22.1 — 23.7) (Fig. 5G - I). A significant reduction in 5180
from the humid to the drier sites was observed in P. ponderosa, N.
dombeyi and A. chilensis, but not in P. radiata and P. contorta. Intrinsic
water use efficiency varied less between the species and sites than the
two isotope signatures. Differences were not significant except for

P. radiata and N. dombeyi with a higher iWUE at the drier sites (Fig. 5D —
F). However, there was a tendency for higher iWUE values at the drier
sites (Piltri and Foyel) than at the humid site (Tuco) across the species.

During the 30 years of juvenile growth, A'3C varied only little in
most species at the three sites. The expected long-term decrease in A'3C
as caused by the gradual decrease in 8'3Cyqy due to fossil fuel burning
was visible in our 30-year wood records only in a minority of stands (one
P. contorta and one P. ponderosa stand; Fig. 6A — C). iWUE tended to
increase in the three exotic Pinus species (significant in P. ponderosa and
P. contorta at each one site), while it remained stable in the two native
species (Fig. 6D — F). The iWUE increase is more pronounced at the drier
sites. 5'%0 tended to increase in the 30-year period in all three Pinus
species (marginally significant in five of the six stands), while it
remained stable in N. dombeyi and A. chilensis (Fig. 6G —I). With growing
tree age, the difference in §'30 between the exotic and native species
increased progressively (higher in the exotic species).

4. Discussion
To compare native and exotic tree species in their growth patterns

and climate sensitivity of growth, we chose a dendrochronological
design that compares all species uniformly in their first ~30 years of life.
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This setting differs from most earlier comparisons of native and exotic
tree species, where usually stands at different ages were contrasted and
ontogenetic effects on growth could thus not be excluded (Gyenge et al.,
2008a, 2008b; Laclau, 2003; Licata et al., 2008). In contradiction to our
hypotheses (1) and (2), we found that native tree species at juvenile age
can be as productive as the fastest growing exotic conifers, and the
climate sensitivity of growth of native and exotic tree species is broadly
similar in this region.

4.1. Growth rates and vitality indicators

At the moistest site, N. dombeyi was as productive as P. radiata, the
fastest-growing exotic conifer, with comparable growth potential
(Navarro et al., 2024), and at the driest site, N. dombeyi had a similar
mean BAI as P. contorta and P. ponderosa. The native conifer A. chilensis,
in contrast, had one of the lowest mean stand-level BAI rates of all
species at both sites, and it took longer to reach peak growth rate.
However, after 25 years, the species achieved stable growth rates similar
to P. ponderosa.

With respect to the predicted faster growth of the exotic conifers, our
data support hypothesis (1), since the conifers reached peak growth rate
already after 6 — 16 years, while the early growth of the two native
species culminated somewhat later after 11 — 27 years. However, these

results should be interpreted with caution. The Pinus species were
planted as seedling, whereas all native stands have established from
natural post-fire regeneration, i.e. from self-sown seeds (Veblen and
Lorenz, 1987). This suggests that when the sampled trees had reached
1.3 m height (i.e. sampling height), competition with post-fire herba-
ceous and woody vegetation must have been fiercer in the native than in
the planted Pinus stands, potentially influencing early stem growth and
root system development (Dominguez-Lerena et al., 2006). To compare
the early growth patterns of native and exotic species under comparable
conditions, Nothofagus and Austrocedrus plantations as well as naturally
established Pinus forests should be included (e.g., Franzese et al., 2022;
Pafundi et al., 2016; Raffaele et al., 2016).

As expected, within-stand growth synchrony and interannual growth
variability increased in all conifer species, both native and exotic, from
the moister to the drier sites. This reflects the increasing harshness of the
climate in terms of high maximum temperatures and high atmospheric
saturation deficits, and growing water deficits from west to east in the
Patagonian Andes, in linkage to the precipitation gradient. While
increasing within-population growth synchrony and growth variability
can be interpreted as a sign of climate vulnerability (Cailleret et al.,
2019; Schurman et al., 2019; Shestakova et al., 2019), none of the four
conifer species showed a significant decrease in average BAI from the
moister to the drier sites. Two explanations are plausible. Either the
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populations at the drier sites have acclimated to the generally higher
aridity, or the climate at the drier sites is still within the range of
favorable growing conditions for these species. In fact, the long-term
average MAP is with 900 — 1700 mm at all three sites still far from the
drought limit of the species, and the soil water storage capacity might
with > 100 mm at all sites not be limiting growth. For the native conifer
A. chilensis, a growth optimum in closed monospecific stands in the MAP
range of 900 — 1600 mm year! has been reported, while the species
extends with more open stands to precipitation levels of 600 — 900 mm
year! in vicinity of the Patagonian steppe (Dezzotti and Sancholuz,
1991). Among the exotic conifers, P. radiata and P. contorta plantations
have shown vital growth even at MAP levels of 600 mm year ' in
Australia (Boardman, 1988) and Patagonia (Sarasola et al., 2006). The
most drought tolerant species, P. ponderosa, may even grow in Patagonia
at 500 mm year ' (Gonda, 1998). Thus, our study sites likely are far
from the drought limits of the conifer species, and additional studies at
drier sites are needed to explore the species’ growth responses to
drought and heat and their vulnerability to a future more arid climate
(Barros et al., 2015).

The only angiosperm (N. dombeyi) differed markedly in that BAI
decreased from the moistest to the driest site, and within-population
growth synchrony and interannual growth variability were higher at
the moister site. This may reflect a greater negative impact of climate on
growth at this drier site compared to the conifers, as the reduction in
mean annual precipitation from 1709 to 966 mm already appears to
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expose the species to mild stress. According to Diaz et al. (2020),
N. dombeyi reaches its hygric distribution limit already at precipitation
levels as high as found at the Piltri site. The lower growth synchrony in
both N. dombeyi stands compared to the conifers could point at a lower
sensitivity to climatic stressors, but the fairly high interannual growth
variability at the moistest site suggests the opposite. Moreover, earlier
research in N. dombeyi stands in the region revealed a growing climate
vulnerability associated with increasing growth synchrony, interannual
growth variability and recent BAI declines in more humid climates
(Reiter et al., 2024; Suarez et al., 2004).

Across the five species, growth synchrony and interannual growth
variability were higher in the more productive stands, suggesting that
higher productivity is usually linked to a higher climate sensitivity of
growth. In support, Reiter et al. (2024) found for Argentinian Nothofagus
species and A. chilensis that faster growth at young age increased the
probability for vitality decline and negative growth trends at higher age.
One explanation could be that faster growing young trees usually
develop larger crowns which may render them more susceptible to
drought in drier years (Jump et al., 2017). It appears that, in the humid
Argentinian Andes, the most productive species (N. dombeyi and
P. radiata) are, according to their high growth synchrony and pro-
nounced interannual growth variability, vulnerable to a warming and
drying climate. Thus, management should focus on reducing competi-
tion for water by density regulation, particularly at post-disturbance
sites with dense stands under higher temperatures (i.e. lower elevation
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sites). The findings of Fernandez et al. (2012) support our statement,
since sensitivity to drought decreased with reduced tree density in
P. ponderosa plantations at more drier sites in the west.

4.2. Climatic drivers of growth

The climate response analysis suggests that the growth of all five
species is principally controlled by similar climatic drivers (hypothesis
2), notably precipitation and climatic water balance (SPEI) (positive
effect) and elevated temperatures (negative effect) in late spring and
early summer of the current year, while the weather of the previous
summer and of autumn and winter is less important. Our results align
with the findings of previous studies in both native (Reiter et al., 2024;
Suarez et al., 2015; Villalba and Veblen, 1997) and exotic tree species
(Alvarez et al., 2013; McCullough et al., 2017; McLane et al., 2011).
Contrary to expectation, N. dombeyi and P. radiata showed highest
sensitivity to elevated late spring/early summer temperatures at the
moistest site, suggesting that heat reduced growth at this site more than
at the drier sites, where heat and drought exposure is higher. A possible
explanation is better acclimation to heat at the warmer and drier sites in
comparison to the faster-growing stands at the moister sites (Jump et al.,
2017). This is also indicated by recent observations of elevated
drought-induced mortality in N. dombeyi stands at moist sites (Suarez
et al., 2024). Similarly, drought-induced mortality episodes have been
recorded from P. radiata plantations across its entire world-wide culti-
vation area (Carnegie et al., 2022 and citations therein), which are
frequently amplified by high stand densities.

The two species dominating the dry forest-steppe ecotone in
Argentinian Patagonia, i.e. native A. chilensis and planted P. ponderosa,
differ in their main climatic drivers of growth. P. ponderosa appeared as
primarily limited by elevated temperatures in current spring/summer
(November and December) (and also in previous season’s February). In
agreement, P. ponderosa has been found to develop a large tap root
system, which may reduce drought exposure and allow for transpirative
cooling (Curtis, 1964; Kolb and Robberecht, 1996). In contrast,
A. chilensis growth was in our study limited by water scarcity and not
high temperatures. This may partly result from the specific conditions
under which the species establishes in our region on burnt areas and is
growing in the subsequent juvenile period (Urretavizcaya et al., 2012).
It usually exists in close contact to other post-fire shrubby vegetation,
which hampers its growth through intense competition for light and soil
resources, but protects the seedlings from direct insolation, wind, and
elevated temperatures (Kitzberger et al., 2000). Intense competition for
water with the shrubby post-fire vegetation might explain the stronger
growth dependence on precipitation of A. chilensis already from the age
of 10 years onwards, well before maximum stand density and maximum
BAI are reached.

Pinus contorta was the species with the lowest climate sensitivity of
growth in our study. Remarkably, all thermal and hygric influences on
growth happened in the previous summer and thus carry-over effects
likely played an important role in growth regulation. Since the most
widely planted provenance in Argentina is P. contorta var. murrayana
(Raffaele et al., 2015) with a natural montane to subalpine distribution,
it is likely that this provenance is inherently slower growing (Gundale
et al., 2024), and current-year stem growth is partly sustained by stored
carbohydrates from previous years. Our results align with previous
studies showing a fairly low sensitivity of P. contorta growth to climate,
and a predominant influence of previous-season effects (Lo et al., 2010),
which seems to be characteristic for the species across varied environ-
mental conditions in its natural distribution range (McLane et al., 2011).
Our moving-window analysis indicates that the summer temperature
sensitivity of P. contorta growth has increased with growing age,
whereas the dependence on higher summer precipitation has decreased
in recent years, which could point on deeper rooting (Ellis et al., 2024),
but also at a possible exposure to heat stress at higher age (Marks et al.,
2024). In fact, planting a cold-adapted provenance from montane to

11

Forest Ecology and Management 595 (2025) 122966

subalpine origins at lower elevations (600 — 700 m a.s.l. in the study
region) might lead to a mis-match of climate adaptation and environ-
mental conditions (Gundale et al., 2024; Lo et al., 2010; Raffaele et al.,
2015).

4.3. Stomatal regulation and transpiration losses as inferred from stable
isotope analysis

The generally higher mean A'*C and '30 values in the wood of the
exotic conifers, compared to N. dombeyi and especially A. chilensis,
indicate higher stomatal conductance and transpiration rates, support-
ing hypothesis (3). These results align with previous findings in Pata-
gonia indicating a higher stomatal conductance and longer maintenance
of transpiration during drought in P. ponderosa than in A. chilensis
(Gyenge et al., 2008b). The decrease in 5180 values toward the drier
sites in three species (N. dombeyi, P. ponderosa and A. chilensis) might
reflect a higher VPD at these sites, which causes greater enrichment in
180 in the leaves during enhanced transpiration, and this signal is
largely maintained in the wood (Saurer et al., 1997). However, since leaf
and wood 580 is largely dependent on the source water (for which
historical data are missing), differences between species at the same site
are better comparable than differences between sites.

Clearly, the higher §'®0 values found in the exotic compared to the
native species could also indicate that the Pinus species are using water
sources with higher §'®0 signatures (Song et al., 2022). Due to seasonal
shifts in large-scale climatic regimes, the meteoric water stored in the
soil before the growing season has a higher §'0 value than the water
that infiltrates during the early summer months (Roig et al., 2006). If in
the early stages of the growing season, the Pinus species were using the
soil water stored during the dormancy months faster than native species
(as may be indicated by their higher transpiration rates and faster
growth), this could be adding to the higher §'®0 values observed in these
species. Further studies have to clarify whether the start of the growing
season differs between exotic and native species and thus different
components of the soil water reserves are depleted by different species.

In most cases, higher mean A'*C values in the wood mass were
related to higher mean BAI rates, indicating less stomatal constraints on
CO;, assimilation. A notable exception is P. contorta with a fairly low
growth rate but high mean A'3C and 8'®0 values. From the growth
response data of this species that suggest enhanced use of stored car-
bohydrates in radial growth, the relatively high A'*C values are difficult
to explain, as stored carbohydrate compounds are generally enriched in
13C compared to fresh assimilates (Jiggi et al., 2002), which should lead
to lower A'*C values. One explanation could be local site factors or
species-specific fractionation effects. A possible role might also be
played by the mismatch which presumably is experienced by the
P. contorta proveniences from montane to subalpine origin planted in
Patagonia at lower, warmer elevations. Heat and drought stress, insuf-
ficient diurnal and seasonal temperature variation or improper
dormancy might shift carbohydrate allocation more to stress resistance,
root growth, damage repair and defense, thereby reducing the carbon
invested in radial growth per unit of carbon fixed in photosynthesis
(McDowell et al., 2008; Salmon et al., 2019; Scholz et al., 2014).

The fact that the exotic conifers had similar intrinsic water use effi-
ciencies (iWUE), but in most cases higher A*C and 5'80 values than the
native species, suggests that the higher stomatal conductance in the
Pinus species increased not only CO; uptake but also transpiration.
Higher transpiration rates support the ideas that the Pinus species might
be capable of exploiting soil moisture reserves more completely or have
access to additional water sources as compared to the native species, as
was previously observed for some conifer plantations in the region
(Gyenge et al., 2008a; Licata et al., 2011). Even though the three Pinus
species have increased iWUE in most stands during the 30 years of ju-
venile growth, likely as a consequence of rising atmospheric COy, their
transpiration has increased in the same period, probably driven by
climate warming and the VPD increase, which must enhance their
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drought exposure (Sreeman et al., 2010).
5. Conclusion

Our comparative study in northern Patagonia found that the exotic
conifers were not principally more productive and not less sensitive in
their juvenile growth to climate than the native species. This challenges
the assumption that exotic conifers grow faster and are less affected by a
warmer and drier climate. In general, the more productive species, when
growing under optimal conditions, revealed the highest growth sensi-
tivity to climate. Furthermore, the stable isotope analysis indicates that
the exotic conifers are more exposed to drought stress due to higher
stomatal conductance and transpiration rates than the native species,
and their transpirative water loss likely has risen during the past three
decades, further increasing their stress exposure.

Based on these findings and the known negative impacts of Pinus
species on fire regimes and local biodiversity, it is advised to adopt risk-
avoiding silvicultural strategies, which favor native broad-leaved tree
species such as N. dombeyi and its more heat-adapted relatives N. alpina
(Poepp. & Endl.) Oerst. and N. obliqua (Mirb.) Oerst., as well as native
conifers like A. chilensis, at all sites where these species thrive. The latter
conifer species has the advantage over the pines that it is fairly shade-
tolerant and can thus regenerate in the understory of existing stands,
allowing to avoid large clear-cuts and to practice continuous-cover
forestry in a future warmer and drier climate. In addition, especially
at drier sites and in dense stands with elevated deadwood amounts, stem
densities should be reduced to lower competition for water, even though
timber yield could decrease, and the excess of dead trees should be
removed to control the fire risk. The task of establishing sustainable
silvicultural systems in the temperate forest region of South America to
enhance climate resilience requires more comparative studies on the
growth performance and climate sensitivity of native and exotic tree
species. This must include research across both humid and dry regions of
the Andes, testing ecotypes and varieties with differing climate sensi-
tivity, and should also assess species performance under exceptional
hot-drought events.
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