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SUMMARY

Rainforests (RF) and transitional forests (TF) of Argentinean north Patagonia develop under such different climatic conditions that
key aspects of seasonal growth may be assumed to differ among the woody plants that characterize these forests. This study was
aimed at evaluating primary growth dynamics in tree species typical of RF and TF. Two common-garden essays were performed in
Bariloche, Argentina, one with RF species and the other with TF species. The times of extension initiation and end, the duration of
the extension period and the relative and absolute extension rates (RER and AER, respectively) were registered for each species. The
relation between AER and air temperature was compared between species. In general, RF species had less variable times of extension
initiation, extension end and time of maximum RER, and longer-lasting extension than TF species. Among RF species, extension
duration was the longest for Caldcluvia paniculata (26.9 weeks, on average) and the shortest for Luma apiculata (18.9 weeks). Among
TF species, the longest and shortest extension durations corresponded, respectively, to Diostea juncea (18.2 weeks) and Maytenus
boaria (13.0 weeks). The extension rates of RF species tended to be more related to temperature than those of TF species. This study
provides some evidence that endogenous control of growth dynamics would be tighter in TF than in RF species; the former would be
better adapted to more severe climatic conditions during the primary-growth period.
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RESUMEN

Los bosques Iluviosos (RF) y los bosques de transicion (TF) de Patagonia Norte argentina se desarrollan bajo condiciones climaticas
contrastantes, por lo que puede esperarse que las especies leflosas que caracterizan estos dos tipos de bosque difieran en aspectos
clave del crecimiento estacional. Este estudio tuvo como objetivo evaluar la dinamica de crecimiento primario de especies arboreas
tipicas de RF y de TF, mediante dos ensayos en jardin comtn en Bariloche, Argentina. Para cada especie se registraron las fechas del
inicio y fin, y duracion del alargamiento. Se calcularon las tasas de alargamiento relativas (RER) y absolutas (AER), relacionando las
ultimas con la temperatura. En general, las especies de RF tuvieron momentos de inicio del alargamiento, fin de alargamiento y RER
menos variables y periodos de alargamiento mas largos que las de TF. Entre las especies de RF, Caldcluvia paniculata tuvo el periodo
de alargamiento mas largo y Luma apiculata el mas corto (26,9 y 18,9 semanas, respectivamente). Entre las especies de TF, Diostea
Jjuncea tuvo el periodo de alargamiento mas largo y Maytenus boaria el mas corto (18,2 y 13,0 semanas, respectivamente). Las AER
de las especies de RF estuvieron mas relacionadas con la temperatura que las de TF. Este estudio aporta evidencia que sugiere que la
dinamica de crecimiento en especies del TF esta sujeta a mayor control enddgeno que en especies de RF; las especies del TF estarian
mejor adaptadas a condiciones climaticas mas estrictas durante el periodo de crecimiento primario.

Palabras clave: bosques patagonicos, arquitectura vegetal, crecimiento primario, brotes anuales, crecimiento estacional.
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INTRODUCTION

Axis length growth in woody plants, also known as
primary growth (organogenesis followed by extension),
is controlled by the interaction of endogenous and envi-
ronmental forces, and has a key influence on the ability
of a species to adapt to external conditions (Barthélémy
and Caraglio 2007). Primary-growth patterns of woody
plants have been extensively studied for many purposes,
e.g. to understand the way plant architecture takes form,
and to unravel the adaptive physiological mechanisms
underlying plant architecture (Isik et al. 2002). The inte-
raction between endogenous and environmental effects
on extension and architecture has been investigated using
different scientific approaches (Gordon et al. 2006). A spe-
cies basic extension pattern may be analyzed through field
studies that include populations at dissimilar areas within
the species range, although severe restrictions derive from
multiple variability sources. For instance, the primary
growth of annual shoots is highly variable within and bet-
ween species as a result of both the expression of onto-
genetic gradients, and the influence of environmental fac-
tors (Barthélémy and Caraglio 2007, Magnin et al. 2016).
Common-garden experiments are useful in this regard, as
ontogenetic, environmental and size-related variability
sources would be better controlled (Premoli et al. 2007).
Since common-garden experiments allow all plants to be
subject to even conditions, growth attributes driven mainly
by endogenous or genetic factors would be evidenced.

Two basic patterns of primary growth dynamics have
been described: continuous and rhythmic. Continuous
growth is defined by the lack of a clearly identifiable
growth period due to the absence of endogenous limita-
tions, so that plants grow whenever external conditions
are favorable (Barthélémy and Caraglio 2007). Rhythmic
growth is characterized by an endogenous determination
of a period of shoot growth followed by a resting period,
which occurs even when external conditions are favora-
ble for vegetative growth. In general terms, the primary
growth of trees from temperate and cold regions takes pla-
ce in the period of the year when climatic conditions are
most favorable to the species concerned (Stecconi et al.
2000). In some temperate regions, the limits of that period
may not be easy to establish as climatic conditions exhibit
relatively smooth seasonal variations. It may be hypothe-
sized that primary-growth patterns could change, in evo-
lutionary time, from continuous to rhythmic or vice-versa.
This hypothesis may be tested by means of the evaluation
of endogenous and environmental influences on the pri-
mary growth of woody plants (Buissart ef al. 2018). Such
information is highly interesting, considering that current
global tendencies point to increments in climatic variabi-
lity for temperate regions (Matthews et al. 2016), which
would impact on plant fitness in future scenarios.

In Argentinean northern Patagonia, a sharp decrease in
precipitations from west to east, ranging from 3500 to 600
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mm/year, is evident within 50 km east of the Andes Mou-
ntains due to a rainshadow effect (Conti 1998). Plant com-
munities vary, respectively, from temperate rainforests
to steppe. Forests at the western end of this gradient are
included in the so-called “Valdivian rainforest”, and are
considered a hotspot of biodiversity (Myers et al. 2000),
with diverse evergreen tree species, some of which belong
to Neotropical lineages and others to Gondwanan lineages
(Aizen and Ezcurra 1998). Two of the main climatic fac-
tors that condition primary-growth dynamics, rainfall and
temperature, have increased their ranges of within-year
variation from these rainforests eastwards (Donoso 2013,
Stecconi ef al. 2017), due to the buffering effects of the
humid winds from the Pacific Ocean since the elevation of
the Andes, about 25 m.y. ago (CONAMA 2008). Towards
the dry end of this precipitation gradient, those forests that
are transitional between the rainforests and the steppe (he-
reafter transitional forests) are often subject to below-zero
temperatures in spring and summer, and to long summer
periods of water deficit (Kitzberger 2012). These factors
would have a major influence on the lower richness of
woody species of transitional forests compared to that in
the nearby rainforests.

Climate models for Patagonia predict a trend towards
decreasing water inputs (Bates et al. 2008), with more fre-
quent and/or intense drought periods. It has been shown
for several tree species that fitting primary growth to the
time window with suitable conditions has key importance
in the likelihood of inhabiting a particular region (Sow et
al. 2018). A better understanding of which factors are more
involved in the regulation of tree growth may contribute
in the prediction of species responses to eventual climatic
changes in this or other regions, and would mean a step
forward in explaining evolutionary variations in the exten-
sion patterns of plants. In the present study, we evaluated
the extension dynamic of annual shoots (times of exten-
sion start and end, rates and duration) and the relationships
between extension rate and mean temperature fluctuations
for woody species typical of transitional forests (four spe-
cies) and rainforests (four species) of Argentinean North
Patagonia. We hypothesized that intra-annual variations in
precipitations and temperatures are strong selective forces
that contribute to modifying endogenous patterns in the
primary growth dynamics of tree species. Since rainforests
in Argentinean Patagonia are subject to less sharp seaso-
nal changes in temperature and humidity than transitional
forests, we expect that primary-growth patterns of rainfo-
rests species would express tighter responses to environ-
mental conditions during the growth season than those of
transitional forest species; the latter would exhibit stronger
endogenous controls of shoot extension.

METHODS

Study species. The study included individuals from eight
native woody species, which were assigned to one of two



groups in accordance to their natural habitat. All of them
were produced from seeds in greenhouse and maintained
in nursery with periodic watering up to the beginning of
this study:

® Transitional forest species: comprised five-year-
old individuals of the following species: Aristotelia
chilensis (Molina) Stuntz (Elacocarpaceae; n = 25),
Maytenus boaria Molina (Celastraceae; n=25),
Schinus patagonicus (Phil.) .M. Johnst. (Anacar-
diaceae; n = 25) and Diostea juncea (Gill. et Hook.)
Miers (Verbenaceae; n = 25), and

® Rainforest species: comprised three- to five-year-
old individuals in all cases of: Luma apiculata
(DC.) Burret (Myrtaceae; n = 20), Gevuina ave-
llana Molina (Proteaceae; n = 22), Caldcluvia
paniculata (Cav.) D. Don. (Cunoniaceae; n = 15)
and Weinmannia trichosperma Cav. (Cunoniaceae;
n = 20). The minimum number of individuals per
species was 15, taking into account the number of
plants commonly used in primary growth dynamics
research (e.g. Poorter et al. 2006; Stecconi et al.
2017; Buissart et al. 2018).

Transitional forest species are native to transitional
communities between the steppe-forest ecotone and the
rainforests. Aristotelia chilensis is wintergreen, M. boaria
and S. patagonicus are evergreen, and D. juncea is deci-
duous (though it has green stems). All four selected rainfo-
rest species are evergreen trees typical of the temperate ra-
inforests of Chile and Argentina. Every specimen derived
from seeds obtained from Argentinean natural populations.
We assumed that all plants were at the same architectural
stage based on architectural characteristics, the absence of
flowers and the clearly defined vertical trunk (Gerea 2008;
Salgado 2018). These two species groups were established
in different nurseries in San Carlos de Bariloche (transitio-
nal forests: 41° 08 S 71° 18> W, 880 m a.s.l.; rainforests:
41°11°S 71° 44’ W, 818 m a.s.l.). The reason for growing
transitional forest and rainforest species in two different
nurseries was based on the fact that these two species
groups differ in their optimal levels of water and light.

Measurements. Data regarding each group was collected
independently, in different growth seasons: 2006-2007 for
rainforests and 2016-2017 for transitional forests. At the
beginning of the respective growth season (August), the
base of the apical bud of each plant main axis (the most vi-
gorous and vertical) was marked with a paint pen. During
the growth season, the length of the shoot developed from
each marked bud, from the basal mark to the distal end
of the apical bud, was measured weekly with a measuring
tape (to the nearest mm; figure 1).

Data analyses. The dates of extension initiation and ces-
sation were registered for each shoot. Weekly absolute ex-

BOSQUE 41(2): 183-192, 2020
Primary growth of woody species from North Patagonia

axillary bud
—_
‘l

apical bud—»

annual shoot
length

inter-annual limit

Figure 1. Diagrammatic representation of an annual shoot of

Aristotelia chilensis. The apical bud, an axillary bud and the

inter-annual limit between two successive shoots are indicated.
Diagrama de un brote anual de Aristotelia chilensis. Se

indican la yema apical (apical bud), una yema axilar (axillary bud) y el
limite interanual entre dos brotes sucesivos (inter-annual limit).

tension rate (AER) and relative extension rate (RER) were
calculated for each plant according to equations [1] and [2]:

AER= 27227 [1]

_ In{L2)-In(L1) 7

RER= t2—t1 [2]

where L1 and L2 are shoot lengths at dates t1 and t2, res-
pectively. So that t2—t1 is the number of days between the-
se dates.

Extension duration was calculated as the number of
weeks from extension initiation to extension end. The
intra-specific standard errors (SE) of the moments of ex-
tension initiation, maximum RER (RER ) and extension
end were calculated for each species. Within each species
group, inter-specific variations in RER and extension dura-
tion were analyzed by means of one-way ANOVA. Spear-
man correlations between centered and standardized data
of average weekly AER and temperature were computed
for each species (mean temperatures obtained from Direc-
cion de Aguas Rionegrinas). To qualitatively evaluate the
relationship between AER and temperature variations, an
analysis of the proportion of coincidences of weekly in-
creases or decreases of both variables during the extension
period of each plant was performed. These data were com-
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pared between species (main factor) by means of Generali-
zed Linear Models, assuming a binomial error distribution
and a log-link function. This model was contrasted against
the null model by means of a chi-square test of sequential
deviance followed by Tukey’s pairwise comparisons on
the multcomp package. All statistical analyses were perfor-
med with R software (R Development Core Team 2014),
assuming a 5 % significance level in all comparisons.
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RESULTS

For most species, shoot extension started by early Sep-
tember, except for W. trichosperma, which had a slightly
later budbreak (figure 2). Gevuina avellana, M. boaria
and S. patagonicus showed the highest standard errors for
the date of extension initiation, whereas lower variations
were observed for the other species. Some individuals
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Figure 2. Frequency distributions of the times of shoot extension initiation (white bars) and end (black bars) for each of the eight
species under survey. Above the white and black bars are the standard errors (SE) of extension initiation and end, respectively. Next to
each species name are the number of individuals (n) studied. Left graphs: rainforest species, right graphs: transitional forest species.

Distribuciones de frecuencias de los momentos de inicio (barras blancas) y fin (barras negras) del crecimiento del brote para cada especie
estudiada. Sobre las barras blancas y negras se encuentran los errores estandar (SE) del inicio y del fin del crecimiento, respectivamente. Al lado del
nombre cada especie esta el numero de individuos (n) estudiados. Izquierda: especies de bosque lluvioso; derecha: especies de bosque de transicion.
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of M. boaria and S. patagonicus initiated their extension
at a time when other co-specific individuals had already
ended their extension periods. For the remaining species,
extension initiation and end were several weeks apart. The
time of RER _ was little variable in most rainforest spe-
cies (considering the SE of this variable) and increased in
this order: D. juncea (SE = 2.0), A. chilensis (SE = 2.9),
W. trichosperma (SE = 3.0), C. paniculata (SE = 3.3),
L. apiculata (SE=3.6), S. patagonicus (SE=6.0), M. boaria
(SE =6.2), G. avellana (SE = 6.7). Among rainforest spe-
cies, C. paniculata and W. trichosperma presented the la-
test extension ends (up to April). Most L. apiculata shoots
ended growing between January and February, whereas in
the case of G. avellana, extension end was mostly con-
centrated in March. The highest variations in extension
end were observed for two transitional forest species
(A. chilensis and S. patagonicus) and the lowest one, for a
rainforest species (G. avellana).

Among rainforest species (figure 3A) extension du-
ration was longer for C. paniculata and W. trichosperma
(26.9 and 24.3 weeks on average, respectively) than for
L. apiculata and G. avellana (18.9 and 20.7 weeks). Signi-
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ficant variations between these species were confirmed by
statistical analyses (F= 8.38; P < 0.001). For transitional
forest species, extension duration tended to be shorter than
20 weeks; Maytenus boaria and S. patagonicus presented,
on average, shorter extension durations (13.0 and 15.7
weeks, respectively) than those presented by A. chilensis
and D. juncea (18.0 and 18.2 weeks; F= 5.82; P < 0.001;
figure 3C). The lowest RER =_among RF species was that
for W. trichosperma; all other rainforest species did not di-
ffer in this variable (figure 3B; F=8.94; P <0.001). Regar-
ding transitional forest species, RER _ was the lowest for
A. chilensis and the highest for S. patagonicus (figure 3D,
F=17.28; P<0.001).

Weekly variations in absolute extension rate (AER)
were associated with mean temperature variations during
a limited period for most species (figure 4). AER was sig-
nificantly correlated with weekly temperature only for
W. trichosperma and G. avellana (Spearman’s coefficient
=0.45 and 0.54, respectively). Gevuina avellana had only
one peak in AER, which occurred during the period of
highest temperatures. Caldcluvia paniculata, A. chilensis,
L. apiculata and D. juncea had their highest AER during
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Figure 3. Extension duration and maximum relative extension rate for rainforest (A and B) and transitional forest (C and D) species.
Boxes represent the range between 25 % and 75 % percentiles. Circles represent outlying data. The line in the box represents the
median and whiskers mark the 5 % and 95 % percentiles. Different letters indicate significant differences obtained by statistical

analyses.

Duracion del alargamiento y tasa de alargamiento relativo méaxima (RERmax) para las especies del bosque lluvioso (A y B) y para las de
bosque de transicion (C y D). Las cajas representan el rango entre los percentiles de 25 % y 75 %. Los circulos representan datos atipicos. La linea
horizontal dentro de la caja representa la mediana y los bigotes marcan los percentiles del 5 % y 95 %. Las especies con letras iguales encima de sus

cajas no difieren estadisticamente.
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the first half of their respective extension periods, coin-
ciding with increments in mean temperature. Increases in
AER during the second half of the extension periods of
these species did not go along with increases in tempera-
ture. It is worth noticing the increment in AER registered
for C. paniculata close to the end of its extension period,
which corresponded to a second growth flush in most in-
dividuals (figure 4). A second peak in the AER of W. tri-
chosperma paralleled a December-January temperature
increment. Maytenus boaria and S. patagonicus had seve-
ral peaks in AER during the growth season. The degree of
coincidence of weekly increases and decreases in tempe-
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rature and AER, as evaluated through a binomial model,
was variable among species (residual deviance null model
= 186.36, residual deviance model with species= 145.9;
P < 0.001). Overall, higher coincidences were observed
for rainforest species than for transitional forest species,
although the most contrasting results were those observed
for W. trichosperma and D. juncea, for which the highest
and the lowest levels of coincidence, respectively, were
observed (table 1). Statistical differences were confirmed
between D. juncea and all rainforest species, between D.
juncea and A. chilensis, and between A. chilensis and W.
trichosperma.
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Figure 4. Mean absolute extension rate (AER) for each species (in black) and mean weekly temperature (in gray) for the observation
periods. In each graph the average AER of each species is shown with a straight dashed line. Left graphs: rainforest species; right

graphs: transitional forest species.

Tasa de alargamiento absoluto (AER) media de cada especie (en negro) y la temperatura semanal media (en gris) para los periodos de
observacion. En cada grafico se muestra la AER promedio de cada especie como linea recta punteada. Graficos a la izquierda: especies del bosque

lluvioso; y graficos de la derecha: especies del bosque de transicion.
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Table 1. Mean proportion of coincidence between weekly variations in absolute extension rate (AER) and temperature for the studied
species (RF: rainforest species; TF: transitional forest species). Results of pairwise Tukey’s comparisons are provided.

Proporcion media de coincidencia entre variaciones semanales en la tasa de alargamiento absoluta (AER) y temperatura para cada especie
estudiada (RF: especies de bosque 1luvioso; TF especies de bosque de transicion). Se proveen los resultados de comparaciones de a pares de Tukey.

Species Group Proportion of coincidence Tukey’s groups

Gevuina avellana RF 0.60 AB

Caldcluvia paniculata RF 0.56 AB

Weinmannia trichosperma RF 0.65 A

Luma apiculata RF 0.65 AB

Aristotelia chilensis TF 0.54 B

Schinus patagonicus TF 0.54 ABC

Maytenus boaria TF 0.53 ABC

Diostea juncea TF 0.42 C
DISCUSSION proposed as a main signal of a species adaptation to local

Growth dynamics parameters. This study was aimed at
evaluating extension patterns of groups of woody species
typical of rainforests and transitional forests in North Pa-
tagonia; these two forest types are subject to contrasting
climatic conditions, nonetheless are geographically close
to one another (less than 50 km apart). Our study inclu-
des the assessment of primary growth of plants of these
two forests in different common gardens and growth sea-
sons, which prevents us from making direct comparisons
between both species groups regarding certain growth
parameters such as extension rate and duration. Since
transitional forest species are adapted to higher seasonal
climatic variations, we had expected that their extension
patterns would be more endogenously fixed and less en-
vironmentally affected than those of rainforest species,
which inhabit areas with longer periods of suitable con-
ditions for growth, and are less exposed to extreme con-
ditions. Although high levels of variation among species
were observed concerning most aspects of growth dyna-
mics analyzed, our predictions were only partially fulfi-
lled. The beginning of shoot extension was highly variable
for two of the transitional forest species, M. boaria and
S. patagonicus, and for one of the rainforest species, G.
avellana. These intra-specific variations in budbreak may
also have an ontogenetic component, as indicated in stu-
dies on Nothofagus species (Stecconi et al. 2000); such a
component of variability was dealt with in this study by
restricting plant age and architectural stage, axis category
and position of those shoots that were measured. Except
for G. avellana, the time of extension initiation was less
variable than the time of extension end. In temperate cli-
mates, the start of shoot extension is highly relevant as it
determines the risk of damage by late spring frosts (Fady
et al. 2003). This trait would have a complex genetic-envi-
ronmental basis (Parker et al. 2017), therefore it has been

conditions (Fady et al. 2003). Low intra-specific variabi-
lity of budbreak in a common-garden experiment could
mean that plants are synchronized by an external signal
and might exhibit high plasticity to adapt their extension
periods to different conditions (Csilléry ef al. 2019). Thus,
co-specific individuals of those species with the lowest va-
riations in budbreak, i.e. C. paniculata, W. trichosperma,
L. apiculata, D. juncea and A. chilensis, would be able to
respond coordinately to external signals such as increasing
temperatures or daylength. In contrast, M. boaria and S.
patagonicus had high variabilities in the time of budbreak,
which could be related to genetic variability, and also had
high variations in the time of RER . The latter results
could imply that the time of RER  may be conditioned by
the time of budbreak in these species, and be little affected
by environmental conditions. The contrary was observed
for most rainforest species, in which RER  was highly
synchronized at the intra-specific scale.

In general terms, extension end was more variable than
extension initiation and exhibited, contrary to our predic-
tion, higher intra-specific variation for transitional forest
than for rainforest species. The latest extension end was
observed for W. trichosperma and C. paniculata: several
plants of these species grew until early autumn, whereas
most shoots of all studied species ended their extension
during the summer. In a study on xylem development in
conifers, it has been shown that the effect of photoperiod
on cambial activity prevents shoot damage due to early
frosts. Growth stops near the summer solstice (the war-
mest period of the year), which consequently allows lig-
nification and cell wall production to finish early enough
(Rossi et al. 2008). In the present study, although the
growth season could extend beyond the warmest month of
the year (January in this region; Conti 1998), the propor-
tion of plants that did so was notably higher in the case of
rainforest species with the exception of L. apiculata (but
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see Puntieri et al. 2018). Thus, our results provide mode-
rate support to the idea that rainforest species are adapted
to conditions in which early frosts are unlikely.

Our initial hypothesis suggested that the growth dyna-
mics of Patagonian rainforest species is adapted to regions
in which environmental limitations (frosts and droughts)
are less severe in the summer. Thus, longer extension du-
rations would be expected in rainforest than in transitional
forest species. Such hypothesis could be fully confirmed
by means of experimental assessment including controlled
environmental conditions. This is not the case of the pre-
sent study, although we observed plants in similar ontoge-
netic stages and under non-limiting water conditions; that
means extension durations recorded for rainforest species
were higher (up to 15 weeks) than those for transitional fo-
rest species. For rainforest species, our results are similar
to those reported for other Patagonian rainforest species in
a recent common-garden study (Sosa and Puntieri 2016).
Consequently, preliminarily, these results are in accordan-
ce with our initial hypothesis. The shorter extension dura-
tion of transitional forest species could be related to shoot
protection against early frosts (Fady et al. 2003), which are
more common towards the eastern limit of the Argentinean
Patagonian forests, and to the avoidance of the driest sum-
mer periods. Nonetheless, the transitional forest species
S. patagonicus and M. boaria showed high intra-specific
variability in extension initiation, end and duration, which
would explain the wide distributions of these species
within the E-W precipitation gradient that characterizes
north-western Patagonia (Donoso 2013). These intra-spe-
cific variations could be due to genetic factors. In addition
to having longer extension durations, rainforest species
had higher relative extension rates than those shown by
transitional forest species. It is possible that rainforest
species are more adapted to interspecific competition for
light, so that they may be favored by having high shoot-
extension rates (Poorter et al. 2006).

Extension rates and temperatures. In the present study we
had predicted that those species characteristic of regions
with narrower ranges of within-year temperature/rainfall
variations (rainforest species) would be more responsive
to temperatures in terms of shoot extension rates. This
prediction was confirmed for two of the studied rainforest
species (W. trichosperma and G. avellana), in which ex-
tension rates were correlated to air temperatures. On the
other hand, weekly variations in extension rates tended to
be more responsive to temperature variations in the case
of rainforest species than in transitional forest species
(although W. trichosperma was the only RF species that
was significantly different from all transitional forest spe-
cies in this regard). This result complies with the idea on
which this study was based and it is worth remarking that
all species under survey are distributed within a similar
latitudinal range (Donoso 2013). More notably so, the ex-
tension rates of W. trichosperma and G. avellana not only
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increased with temperature, but also mirrored temperature
changes in magnitude. This could imply that these species
would be more affected by low temperatures during the
growth season than any of the other investigated species.

The only species that showed a clear peak in growth
rate towards the end of the growth season was the rain-
forest species C. paniculata. The second peak constituted
evidence that this species is capable of growing late in the
growth season, as long as external conditions are suitable.
The possibility that the extension of C. paniculata could
be regulated by external rather than endogenous factors
is supported by the fact that its apical buds are devoid of
specialized leaf-derived organs (Sosa 2019). Frosts might
be a weak selective pressure in rainforests; therefore, it is
plausible that some species exhibit growth rate peaks near
the end of the growth season. This may explain the high
rates of shoot apex deaths recorded for this and other Pata-
gonian rainforest species when growing in areas with more
seasonal climate (Sosa 2019).

Gevuina avellana was the only species that had the
highest AER concentrated in a few weeks during the pe-
riod of the growth season when temperatures were the
highest, despite having highly variable RER. We observed
that the time of RER _ was variable among individuals,
nonetheless that those individuals whose RER  coincided
with the highest temperatures were those with the highest
rates. Gevuina avellana stood up from the rest of the rain-
forest species in its high intra-specific variations in exten-
sion initiation and time of RER . This could be explained
by its biogeographic origin instead of its current habitat,
since G. avellana may, like other species of Gondwanan
origin, belong to a linage with colder requirements (Villa-
gran 2018). The Gondwanan flora faced climatic changes
after the breakage of the supercontinent, which caused the
extinction of more than half of the species (Villagran and
Hinojosa 1997). Therefore, although G. avellana currently
lives in the rainforests of Patagonia, it may have withheld
functional traits that are frequent in regions under more
seasonal climate, such as a highly variable RER _ or a
short extension period. However, the other two rainforest
species of Gondwanan origin that were considered here,
i.e. W.trichosperma and C. paniculata (Aizen and Ezcurra
1998, Vasconcelos et al. 2017), differed notably from G.
avellana in their growth patterns. When considering the
Gondwanan vs Neotropical biogeographical origin of the
species included in this study (based on Villagran and Hi-
nojosa 1997, Marx et al. 2010, Phoon 2015) apparently
contradictory results arise concerning growth dynamics.
Biogeographical origin, linage-history past and current
selective pressures are to be considered to reach a better
understanding of variability in the primary growth of trees.

Conclusions: extension patterns and climate in woody
species. The distinction between rhythmic and continuous
growth in trees appears, in theory, straightforward (Barthé-
Iémy and Caraglio 2007). However, seasonal cycles and



other periodical environmental factors may blur this distinc-
tion in many world regions. The primary growth dynamics
of all species under survey here could, a priori, be catego-
rized as rhythmic; nevertheless, there are reasons to believe
that environmental factors may have a significant influence
on the setting of resting periods, at least for some of them.
The extension features investigated in this study, such as
extension initiation and end, time of RER __, extension du-
ration and temperature effects on extension rate, exhibited
high intra- as well as inter-specific variations under com-
mon garden conditions. Among the four rainforest species
studied and despite inter- and intra-specific variability, we
could establish that W. trichosperma and, to a lesser extent,
C. paniculata, exhibit higher levels of variation in growth
dynamics relative to some of the general trends that are ty-
pical to trees from temperate regions (see Kozlowski 1971).

We had proposed that, as climatic seasonality becomes
sharper, the extension pattern of trees would become more
‘conservative’, since selection pressures would tend to
reduce the possibility that sensitive newly-formed organs
would be exposed to extremely cold, dry and/or dark pe-
riods of the year. Drought events and early frosts are highly
likely during the summer in the region currently occupied
by transitional forests, so that a strict endogenous control
of growth dynamics was expected for the tree species that
inhabit these forests. The less restrictive conditions under
which rainforest species inhabit led us to expect a tighter
growth adjustment to external conditions than to endoge-
nous control. The differences were not as sharp as pre-
dicted, although the results found for W. trichosperma, S.
patagonicus and M. boaria provided some support to our
hypothesis. Future surveys on the growth dynamics of tree
species from different forest types should not only consider
current climatic conditions, but also biogeographic origin.

The results of this work show a variety of responses of
the growth dynamics of tree species due to both endoge-
nous and environmental causes. This knowledge helps to
understand the adaptation of the species to the environ-
ment they occupy and allows us to predict the possible res-
ponses of the species to future climate changes. This infor-
mation could be applied so as to determine sites with high
conservation value and is relevant for restoration plans of
the Patagonian forests. In this context, species with high
endogenous variations regarding growth initiation (e.g. M.
boaria and S. patagonicus) could be suitable for restora-
tion programs in a variety of environments. The descrip-
tion of endogenous patterns of primary growth could be
also a valuable tool for establishing protocols of nursery
care for each species; for example, the length of the exten-
sion period allows determining the time-lag when irriga-
tion or risk of frost damage are more important.
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