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Abstract Stem diameter increments of the broadleaved
deciduous tree species Tabebuia chrysantha were mea-
sured with high-resolution dendrometers in a tropical lower
montane forest and in a dry forest in southern Ecuador, the
latter showing a distinct dry season. Those analyses were
complemented by wood anatomical studies on regularly
collected microcores to determine the season of active
cambial growth and the time of formation of annual growth
boundaries. The length of the cambial active period varied
between 3 and 7 months at the tropical lower montane
forest and 2 and 4 months in the dry forest, respectively.
During dry days, amplitudes of daily stem diameter vari-
ations correlated with vapour pressure deficit. During
October and November, inter-annual climate variations
may lead to dry and sunny conditions in the tropical lower
montane forest, causing water deficit and stem diameter
shrinkage in T. chrysantha. The results of the climate—
growth analysis show a positive relationship between tree
growth and rainfall as well as vapour pressure deficit in
certain periods of the year, indicating that rainfall plays a
major role for tree growth.
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Introduction

Dendroclimatology is a widely applied technique to
reconstruct palaeoclimate in mountain environments of
boreal, temperate and subtropical latitudes, where tree
growth shows clearly visible annual growth boundaries due
to the seasonal occurrence of cold temperatures causing an
interruption of cambial activity (e.g. Deslauriers et al.
2003, 2007; Drew and Downes 2009; Hauser 2003). In
comparison, little is known about tree-ring formation in
tropical mountain regions (Biondi et al. 2005; Briuning
et al. 2008b). Tree-ring-based reconstructions of inner-
tropical climate history are often based on teleconnections
between the inner tropics and neighbouring regions, where
trees with clearly detectable annual rings are found
(D’ Arrigo et al. 2005, Stahle et al. 1998). Hence, there is a
gap of high-resolution palaeoclimate information in the
inner tropics, especially concerning mountain areas.
Available data on tree rings in tropical mountain regions
cover Central and South America (e.g. Anchukaitis et al.
2008; Brauning et al. 2009; Brienen 2005; Soliz et al. 2009;
Stahle 1999; Worbes 2002), Africa (e.g. Gebrekirstos et al.
2008), and southeast Asia (e.g. Poussart et al. 2004).

Due to low seasonal temperature differences in the inner
tropics, annual growth cycles generally occur in regions
exhibiting pronounced rainfall seasonality or seasonal
flooding, causing cambial dormancy due to water shortage
or lack of oxygen in the rhizosphere (Lisi et al. 2008;
Worbes 2002). Besides seasonal climate variations, phe-
nological phases such as fruiting, flowering and leaf
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shedding in deciduous species as well as changes in light
intensity (solar radiation/ photoperiodic control) may ini-
tiate growth ring formation (Borchert et al. 2005; Brauning
et al. 2008a; Deslauriers et al. 2007; Worbes 1999;
Verheyden et al. 2004).

In recent years, annual or sub-annual growth boundaries
were reported from an increasing number of tropical tree
species (e.g. Anchukaitis et al. 2008; Poussart and Schrag
2005; Verheyden et al. 2004). However, detailed knowl-
edge about seasonal growth dynamics and the periodicity
of tree-ring formation is often lacking, despite being a
prerequisite for a sound ecological interpretation of those
visible wood structures for climatological analyses. The
use of high-resolution electronic dendrometer measure-
ments has proven suitable to analyse stem diameter varia-
tions at various timescales and to record temporal growth
dynamics of tropical trees (Briduning et al. 2008a, 2009;
Deslauriers et al. 2007; Downes et al. 1999; Herzog et al.
1995; Krepkowski et al. 2010; Wimmer et al. 2002). Beside
long-term and seasonal stem increment, reversible diurnal
stem diameter variations can be registered (Deslauriers
et al. 2007; Lovdahl and Odin 1992; Offenthaler et al.
2001). These are helpful to understand the dynamics
of water depletion and replenishment in tree stems
(Deslauriers et al. 2007; Downes et al. 1999; Drew and
Downes 2009; Offenthaler et al. 2001; Wimmer et al.
2002), since stem contraction and expansion are related to
crown transpiration.

In this study, we investigate tree growth dynamics of
Tabebuia chrysantha (Bignoniaceae) using high-resolution
point dendrometer measurements. We compare the species’
growth behaviour in two different climatic regimes in
southern Ecuador, which are covered by the vegetation
types humid tropical lower montane forest and seasonal
tropical dry forest, respectively. T. chrysantha is a decid-
uous tree species which forms annual growth boundaries
highlighted by a tangential band of marginal parenchyma
and is therefore potentially suitable for dendroclimatic
studies. The aims of this study are twofold: first, we want to
assess the influence of climate seasonality on cambial
activity, growth rates and the time of formation of the
annual growth boundary in different climate regimes. In
addition, we evaluate the potential of T. chrysantha to
serve as a climate proxy for local climate reconstructions in
different environments.

Materials and methods
Study areas and local climate

The Ecuadorian Andes form the interface between the
subtropical high pressure areas over the Atlantic Ocean
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and the southeastern Pacific Ocean (Emck 2007). Hence,
the coastal area of Ecuador shows a precipitation regime
with one single rainfall maximum during summer (Jan-
vary to March) and a well-defined wintry dry season
(April to December). In contrast, the eastern Andean
slope at elevations between 1,000 and 3,500 m a.s.l.
shows a single rainfall maximum in winter (July) without
a real dry season during the year (Bendix and Lauer
1992).

Seasonal growth dynamics of T. chrysantha were
studied on adult trees in two tropical forest ecosystems,
namely a tropical lower montane forest and a seasonally
dry forest. At both study sites, climate stations were
installed to register local climatic variables, including air
temperature, rainfall, global radiation, wind speed, wind
direction, and air humidity. The study site in the tropical
lower montane forest ‘Reserva Bioldgica San Francisco
(RBSF)’ is located at the northern slope of the Podocarpus
National Park (3°58'S, 79°04'W) at approx. 2,000 m
a.s.l. (Bendix et al. 2008; Fig. 1). This part of the Andes
is dominated by the inflow of humid air masses from the
Amazon lowland (South American summer monsoon) into
the eastern part of the research area (Bendix et al. 2008;
Bréuning 2009). Local wind systems are controlled by the
complex topography of the valley of Rio San Francisco,
leading to dominant airflows from SE to SW with some
minor influences from NE to SE. Relative air humidity
varies strongly between 50 and 99.9% during a day, with
an average relative air humidity of 83%. Day and night
air temperatures (2 m above ground) are 25 and 10°C,
respectively. Highest temperatures occur from September
to November; mean annual temperature is 15.5°C. Aver-
age annual rainfall amounts to 2,176 mm with an addi-
tional input of approx. 121 mm water intake by fog
(Bendix et al. 2008; Emck 2007). The region is charac-
terized by a slight rainfall seasonality with a drier season
during September to November, when sunny weather
situations may prevail for 2-4 weeks (Veranillo del Nifio;
Richter et al. 2009). During these events, the generally
very cloudy area receives higher amounts of solar irra-
diance which might lead to atmospheric water stress for
the vegetation due to the high vapour pressure deficit
(Bendix et al. 2008).

The study site in the tropical dry forest “Reserva
Laipuna” is located at the southwestern declivity of the
Andes (4°12'S, 79°53’'W) at an altitude of 1,100 m a.s.l.
(Fig. 1). The area is located in the rain shadow of the
Andes and is characterized by a single rainy season from
January to April (Fig. 1). Precipitation is mostly con-
stricted to nighttime and is basically controlled by wind
direction. A local land—sea—wind system causes NE-SE
winds during daytime and SW-NW winds at night. From
January to April, this system weakens due to the
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northward shift of the Inter Tropic Convergence Zone
(ITCZ). As a consequence, the proportion of SW-NW
winds increases, resulting in a flow of moist Pacific air
masses into the area. Relative air humidity is very high
during the whole rainy season, but even within the dry
season it does not drop below 50%. Comparable to RBSF,
mean relative air humidity is 83%. Diurnal temperatures
range from 11 to 21°C and, since the beginning of our
measurements in May 2007, have not shown distinct
seasonal variations (Fig. 1).

Tree species

T. chrysantha (Jacq.) Nicholson (Bignoniaceae) is a
tropical broadleaved tree with a distribution range from
Northern Mexico and Central America, Columbia, Ven-
ezuela, to the south of Ecuador to the Peruvian Amazon
and Bolivia. The tree reaches up to 20-m height and
60-cm breast height diameter (BHD). T. chrysantha
produces very hard, durable and valuable wood and a
thick bark (Gonzales Estrella et al. 2005; Giinter 2009,
Sire 2001). T. chrysantha is a common species in both
study sites. Three subspecies (spp. chrysantha, meridio-
nalis and pluvicola) can be distinguished (Giinter 2009).
T. chrysantha shows a very synchronous flowering pat-
tern (E. Cueva, personal communication 2009; Homeier
2004). From July to September, most individuals are
leafless and in bloom. Afterwards, fruiting occurs
simultaneously with the formation of new shoots. The
phenology of T. chrysantha (short leafless period with a
fast bud break at the end) resembles the ‘leaf-exchanging’
type as defined by Borchert et al. (2005) in the sense that
the leafless period is only short. Long-term low-resolution
band dendrometer measurements reveal a pronounced
seasonality of growth in T. chrysantha, with highest
growth rates from October to April and a cambial dor-
mancy period from July to September (Homeier 2004). In
general, growth rates decrease with increasing tree age and
trunk diameter.

Dendrometer measurements and wood anatomy

To study short-term stem diameter variations and to relate
them to environmental conditions, high-resolution point
dendrometers (Ecomatik, Germany) were installed at breast
height (ca. 1.3 m) on four individuals in each study area.
Stem diameters were automatically registered in 30-min
intervals since April 2006. To reduce the influence of
expansion and shrinkage processes in the bark, parts of the
outer bark were removed without wounding the cambial
zone. The range of the tree diameter varied between 25 and
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52 cm at breast height. The total height of the sampled
trees is about 20 m.

A typical diurnal stem diameter cycle is characterized
by three distinct phases (Deslauriers et al. 2007; Downes
et al. 1999; Drew and Downes 2009; Wimmer et al.
2002): After a morning maximum, stem diameters con-
tract until mid-day, since crown transpiration and water
transport through the trunk cannot be compensated by
root water uptake, except during very wet periods. After
the mid-day to early afternoon minimum, water status
recovers until the previous maximum is reached. The
difference between the tree diameter maximum and the
following minimum is called daily amplitude (dA),
whereas the difference between two consecutive tree
diameter maxima is described as daily radial increment
(dR). In case of cambial dormancy and net water loss, the
stem diameters can show a net decrease and dR becomes
negative. If the previous diameter maximum is exceeded,
the tree shows positive increment which may indicate the
formation of new cells. However, a positive dR is not
automatically related to cambial activity. After longer
drought phases, the stem resaturates over several days
which causes positive dR without cambial activity. Due to
the occurrence of data gaps in some data series, we only
show data for one selected individual from each studied
forest type.

To evaluate the interrelation of stem diameter incre-
ment, cambial activity and wood formation, microcores
were collected with an increment puncher (Forster et al.
2000) in monthly intervals. From these cores, thin sections
of ca. 20-um thicknesses were cut with a microtome. These
thin sections were stained with solutions of safranin red
and astra blue to indicate the distribution of ligneous and
living wood anatomical tissues.

Data analyses

To quantify different phases of tree growth behaviour
during the year, we separated one complete annual cycle
into phases defined by the phenological status of Tabebuia
(foliated, leafless) and by the prevailing climatologi-
cal conditions (dry period, humid period) (Table 1).
Thus, three climate—growth phases in the tropical lower
montane forest and four phases in the dry forest were
outlined, respectively. Within these phases, averages of
important climatic parameters were calculated. Besides,
the spread of daily stem diameter variations (dA values)
and cumulative radial increment (dR) within these
phases were calculated as measures of tree growth
dynamics and tested for significant differences by a
Tukey test.



Trees (2011) 25:39-48

43

Table 1 Average climatic conditions and stem diameter variations
during three phenological phases of 7. chrysantha in the tropical
lower montane forest

Phase 1 Phase II Phase III
(01 July to 30 (01 Oct to 30 (01 Dec 2007
Sep 2007) Nov 2007) to 30 June 2008)
MT (°C) 13.1 17.3 16.2
MP/D (mm) 3.7 5.5 4.7
RH (%) 81.8 81.4 83.5
VPD (hPa) 2.7 3.7 2.9
max dA (mm) 0.11 0.09 0.13
cum dR (mm) —0.06 —0.35 1.9
Phenology Leafless Foliate Foliate

MT mean temperature, MP/D mean precipitation per day, RH relative
humidity, VPD vapour pressure deficit, max dA maximum daily
amplitude, cum dR cumulative daily radial change

Results
Intra-annual growth dynamics of T. chrysantha

In Fig. 2, stem diameter changes from one individual
T. chrysantha tree in the RBSF tropical lower montane
forest during the 3.5-year long period from April 2006 to
August 2009 are shown. The dendrometer curve demon-
strates a seasonality of cambial activity, as indicated by the
steplike appearance of stem increments. The stem diameter
remained rather constant or even decreased during the
leafless period and the short drier period ‘Veranillo del
Nifio’ from July to December. Afterwards, the tree needs
several weeks or even months to reach the pre-leafless stem

diameter. Wood anatomical characteristics were used as an
additional source of information on seasonal growth.
Annual growth boundaries of 7. chrysantha consist of a
marginal parenchyma band less than three cell rows wide
which seems to be formed at the beginning of the growing
period (Fig. 3). However, in some of the microsections, the
parenchyma bands are difficult to detect, which might
indicate the formation of a missing or partly missing ring
(see below). Vessels of T. chrysantha are solitary or
arranged in clusters or tangential bands with encircled
aliform, confluent axial parenchyma. As the alignment of
the microsections demonstrates, 7. chrysantha at RBSF
shows cambial activity and the formation of new xylem
cells during April and August (Fig. 3). During climate—
growth phase I (July 2007 to September 2007), Tabebuia
was leafless despite rather cool and humid climatic con-
ditions with increased cloudiness and rather low incoming
radiation levels. The ranges of dA vary between 0.016 and
0.11 mm. Phase II is marked by less humid conditions, a
higher portion of westerly winds, causing less cloudiness
and a higher amount of incoming radiation at the study site.
As a result, the dA values of the re-foliated tree vary
between 0.02 and 0.09 mm. In the cloudy and humid phase
III, mean temperature was 16.2°C, average relative
humidity was 83.5% and average vapour pressure deficit
reached 16.5%. In this phase, dA varied between 0.02 and
0.13 mm. Net growth of Tabebuia was restricted to phase
III, when cumulative radial change (dR) was positive
(1.9 mm for tree 554) (Fig. 4).

In the dry forest (bosque seco deciduo), growth of
Tabebuia closely follows the external climatic forcing
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Fig. 4 Fluctuation of daily amplitude of T. chrysantha no. 554 in the
three growth phases July 2007 to June 2008. The box extends from the
25th percentile to 75th percentile, with a line at the median (50th
percentile)

which is dominated by the strong seasonality of precipi-
tation (Fig. 5) (Balselv and @llgaard 2002). The first heavy
rains at the onset of the wet season in January caused
rehydration of the stem of the studied tree to compensate
for the shrinkage that occurred during the previous dry
season (May to December). This phase lasted for around
4 weeks. After rehydration was accomplished and leaf
flushing had occurred (E. Cueva, personal communication
2009, Figs. 5, 6), the resumption of cambial activity started
around mid-February, when the tree exceeded its maximum
diameter of the previous year. The phase of stem increment
continued after the end of the rainy period and extended
into the following dry season. Unfortunately, a data gap
occurred during the transition from the rainy to the dry
season in 2008, so we were not able to exactly date the end
of the stem increment phase (Fig. 5). During the late dry
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season (starting May/June), the cambium was dormant and
stem diameters decreased or remained on a ‘plateau’ until
the onset of the next rainy season. However, stem diame-
ters did not shrink beyond the diameter reached in previous
May, indicating that the irreversible production of new
cells had resulted in net increment. We separated the period
May 2007 to April 2008 into four climate—growth phases
(Table 2). During phase I (May 2007 to August 2007),
Tabebuia was foliated and dry climatic conditions pre-
vailed. The range of dA varies between 0.03 and 0.3 mm.
Phase II (September 2007 to December 2007) was marked
by leafless Tabebuia trees and dry conditions with high
incoming radiation. Single rainfall events during the dry
season caused short-term tree diameter expansions due to
rehydration. As a result, dA of the leafless tree varied
between 0.0 and 0.2 mm. In the cloudy and humid phase III
(January 2008), ranges of dA varied between —0.02 and
0.1 mm. Phase IV (February 2008 to April 2008) was
marked by re-foliated Tabebuia trees and ongoing wet
conditions. Ranges of dA varied between 0.0 and 0.15 mm.
Net growth of T. chrysantha was restricted to phases III
and IV, when cumulative radial change (dR) was positive,
whereas phases I and II were characterized by stem
shrinkage or almost constant stem diameter values,
respectively (Table 2).

Inter-annual variation of tree growth related to climate
variability

Figure 7 demonstrates the inter-annual variability of sea-
sonal T. chrysantha growth in response to precipitation and
vapour pressure deficit during October and November 2006
and 2007. During the ‘Veranillo del Nifio’ situation in
2006, mean precipitation per day was 1.6 mm, whereas
during the same season in 2007, when no ‘Veranillo del
Nifo’ occurred, mean precipitation was 5.5 mm/day. In the
middle of October 2006, a series of nine consecutive
rainless and sunny days occurred. Due to high vapour
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pressure deficit, 7. chrysantha reacted with drastic stem
shrinkage and needed several rainy days to recover to its
stem diameter from the beginning of the dry event. In
comparison, the stem diameter only slightly decreased
during October/November 2007, when no more than four
consecutive rainless days were registered.

Discussion and conclusions

As shown by the wood anatomical sample series,
T. chrysantha forms annual growth rings in both studied
environments. By combining high-resolution dendrometer
measurements and wood anatomical studies, it was possi-
ble to time the seasonality of cambial dormancy, stem
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increment and the formation of characteristic wood tissues
that demarcate the annual growth boundary. While the
length of the active growth period varied in different years
between 3 and 7 months at the RBSF, it was only
2-4 months in the dry forest. Interestingly, 7. chrysantha
showed no net growth or even stem shrinkage during the
seasonal phases I and II (Table 1) in the tropical lower
montane forest. This is a clear indication for seasonal
cambial activity even in such a humid environment.
A similar behaviour was found for another deciduous tree
species, Cedrela montana (Meliaceae) in the RBSF tropical
lower montane forest (Briduning et al. 2009).

In the dry forest, daily amplitudes were largest during
phase I (dry, foliated) and smallest during phase II (dry,
leafless) and not significantly different during phases III
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Table 2 Average climatic conditions and stem diameter variations
during four phenological phases of T. chrysantha in the dry forest

Phase I Phase II Phase I1I Phase IV
(01 May to (01 Sep to 31 (01 Jan to 31 (01 Feb to 30
31 Aug 2007) Dec 2007) Jan 2008) Apr 2008)
MT (°C) 16.3 16.1 13.9 19.9
MP/D (mm)  0.07 0.09 3.4 8.5
RH (%) 76.8 73.8 90.1 93.3
VPD (hPa) 4.3 4.8 1.7 1.2
max dA (mm) 0.3 0.2 0.1 0.15
cum dR (mm) —1.8 —0.05 2.2 0.4
Phenology Foliate Leafless Leafless Foliate

MT mean temperature, MP/D mean precipitation per day, RH relative
humidity, VPD vapour pressure deficit, max dA maxima daily amplitude, cum
dR cumulative daily radial change

and IV (dry/humid, leafless) (Fig. 8). During the dry sea-
son, potential transpiration is very high due to high tem-
peratures and vapour pressure deficit; whereas transpiration
is strongly reduced during the humid period and when
T. chrysantha is leafless. During phase III, even days
without shrinkage phases occur since the stems are in a
water saturated state (Deslauriers et al. 2007).

Although the seasonal phases of cambial activity were
well synchronized among individuals within one forest
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Fig. 8 Fluctuation of daily amplitudes of 7. chrysantha no. 9 in the
four growth phases May 2007 to April 2008. The box extends the 25th
percentile to 75th percentile, with a line at the Median (50th
percentile). The circles are outliers, the stars are extreme values.
Letters on top of the graph indicate statistically significant (p < 0.05)
differences between the daily amplitudes as indicated by a Tukey test

type, absolute growth rates varied remarkably between
almost 0 and 2.0 mm/year at RBSF and 1.8 and 4.8 mm/
year in the dry forest. Thus, the length of the period of
cambial activity is not the only factor determining absolute
growth amounts. However, it has to be taken into account
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that the diameters at breast height of our two sample trees
were 52.8 cm for tree 554 (RBSF site) and only 19.8 cm
for tree 9 at the dry forest site, respectively. Thus, a part of
the higher growth rates of the dry forest individual might
also be a result of its younger age. Beside age, social status
can influence growth rates (Brauning et al. 2008b; Volland-
Voigt et al. 2009). Although our results do not provide yet
enough data about absolute growth rates, they document
first findings on seasonal tree growth behaviour in two
different tropical environments. However, they have to be
substantiated by longer observation periods and by inclu-
sion of additional trees of different diameter classes. As
already reported by Kozlowski and Winget (1964), several
trees of the same species may respond differently to the
same drought event. Nevertheless, our first results indicate
that in both environments, available moisture strongly
influences tree growth in both forest types, which was not
expected for the humid RBSF environment.

Beside environmental conditions, phenological status and
water-storage capacity are important aspects for tree growth
(Borchert and Pockmann 2005; Liittge and Hertel 2009).
Both dehydration and rehydration in deciduous hardwood
species such as T. chrysantha indicate a low water-storage
capacity under dry conditions and a higher water-storage
capacity during humid times. Species with a wood anatomy
showing paratracheal and extensive wood parenchyma are
drought avoiders (Borchert and Pockmann 2005). However,
deciduous trees such as 7. chrysantha are potentially drought
tolerant. T. chrysantha is able to replenish its water reserves
quickly under humid conditions and even during single
rainfall events in dry periods (Borchert et al. 2005). The
range of dA correlates to the daily transpiration during dry
periods (Borchert and Pockmann 2005), when incoming
radiation increases water pressure deficit and hence tree
transpiration (Brduning et al. 2008b).

Our results correspond to observations of Reich and
Borchert (1982). Obviously, T. chrysantha is able to
reduce the impact of seasonal drought by adaptive
mechanisms such as leaf shedding and utilization of soil
water reserves. Tabebuia trees survive 8 months of
drought in the tropical dry forest and also grow under
almost perhumid wet conditions in the tropical montane
rain forest. The species, therefore, has a wide ecologic
potential and competitive basis and a wood anatomical
structure that enables it to survive under such different
climate conditions. Our results about the seasonal
dynamics of growth and ring boundary formation provide
a basis for the interpretation of larger wood samples like
increment cores or wood disks, provided that individual
trees of the same species show synchronized growth
patterns that can be merged to site chronologies. A recent
study on Cedrela montana at RBSF (Brauning et al. 2009)
has shown that cross-dating of increment curves and

chronology development in south Ecuadorian tropical
forests are possible. Finally, we intend to reconstruct
rainfall history in two different climatic regimes along a
humidity gradient in southern Ecuador to analyse the
variability of the interplay between two atmospheric cir-
culation patterns. This effort is justified by the highly
sensitive reactions of 7. chrysantha to short-term drought
events (longer than ca. 5-7 days). Thus, inter-annual cli-
mate variability like the occurrence of ‘Veranillo del
Nifo’ has a strong effect on growth dynamics even in the
humid environment of a tropical lower montane forest.
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