
Int J Biometeorol
DOI 10.1007/s00484-006-0029-8

ORIGINAL ARTICLE

J. Bendix . J. Homeier . E. Cueva Ortiz . P. Emck .
S. -W. Breckle . M. Richter . E. Beck

Seasonality of weather and tree phenology in a tropical evergreen
mountain rain forest

Received: 8 October 2005 / Revised: 3 February 2006 / Accepted: 16 February 2006
# ISB 2006

Abstract Flowering and fruiting as phenological events of
12 tree species in an evergreen tropical mountain rain forest
in southern Ecuador were examined over a period of 3–
4 years. Leaf shedding of two species was observed for
12 months. Parallel to the phenological recordings,
meteorological parameters were monitored in detail and
related to the flowering and fruiting activity of the trees. In
spite of the perhumid climate of that area, a high degree of
intra- and inter-specific synchronisation of phenological
traits was apparent. With the exception of one species that
flowered more or less continuously, two groups of trees
could be observed, one of which flowered during the less
humid months (September to October) while the second
group started to initiate flowers towards the end of that
phase and flowered during the heavy rains (April to July).
As reflected by correlation coefficients, the all-time series
of meteorological parameters showed a distinct seasonality
of 8–12 months, apparently following the quasi-periodic

oscillation of precipitation and related cloudiness. As
revealed by power spectrum analysis and Markov
persistence, rainfall and minimum temperature appear to
be the only parameters with a periodicity free of long-term
variations. The phenological events of most of the plant
species showed a similar periodicity of 8–12 months,
which followed the annual oscillation of relatively less and
more humid periods and thus was in phase or in counter-
phase with the oscillations of the meteorological param-
eters. Periods of unusual cold or dryness, presumably
resulting from underlying longer-term trends or oscillations
(such as ENSO), affected the homogeneity of quasi-12-
month flowering events, fruit maturation and also the
production of germinable seeds. Some species show
underlying quasi-2-year-oscillations, for example that
synchronise with the development of air temperature;
others reveal an underlying decrease or increase in
flowering activity over the observation period, influenced
for instance by solar irradiance. As Ecuador suffers the
highest rate of deforestation in South America, there is an
urgent need for indigenous plant material for reforestation.
A detailed knowledge of the biology of reproduction in
relation to governing external factors (mainly climate) is
thus required.
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Introduction

To date, our understanding of the phenology, such as the
periodicity of flowering and fruiting, or the shedding and
flushing of leaves, of tropical rain forest trees is still
limited. Aspects that have been addressed in this respect are
the incidence of rhythmic cycles (Mikich and Silva 2001),
the influence of climatic triggers and day-length as
proximate factors, and the intra- and inter-specific
synchronisation of phenological events (Borchert et al.
2005; Ims 1990; Poulin et al. 1999), these being ultimate
factors that regulate plant life and plant-animal interactions
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(Frankie et al. 1974; Lobo et al. 2003; Opler et al. 1980;
Stiles 1977; Wright et al. 1999). A study of the complex
relationships between plant structures, vegetative develop-
ment and the incidence of flowering of selected tropical
trees has been presented by Borchert (1983).

In contrast to habitats subjected to a regular cycle of dry and
wet seasons (Daubenmire 1972; Shukla and Ramakrishnan
1982), the synchronisation of phenological events may not a
priori be expected in perhumid evergreen tropical rain forests
lacking well-developed xeric periods, and, due to the high
degree of species diversity, may also be difficult to examine.
The proportion of trees and shrubs that show continuous
flowering and fruiting appears to be small, as distinct peaks of
flowering and fruiting are observed in the course of the year
(Opler et al. 1980). A comprehensive 4-year study of the
phenology of flowering and fruiting in a Philippine
submontane rain forest found 34 tree species that reproduced
once a year, 13 that reproduced continuously, 3 supra-
annually and 7 irregularly (Hamann 2004). In a lowland
Dipterocarp forest in Malaysia, Sakai et al. (1999) found that
35% of 257 species flowered only during mass flowering,
19% flowered supra-annually, 13% annually and only 5%
more or less continuously.

With regard to climate as the triggering and synchronis-
ing master control factor of phenological cycles, a thorough
physiological or ecological understanding is still lacking,
although even in the perhumid regions changes between
less and more humid seasons occur regularly. Species that
flower during the wet season will fruit during the
subsequent drier months, which will favour seed dispersal,
while germination can take advantage of the rainy season
following. On the other hand, species flowering during the
drier months will find a broad spectrum of pollinators,
including wind, and may still be able to ripen their seeds
before the peak of the following wet season.

Various hypotheses have been presented over the last
few decades addressing individual elements of the climate
as proximate factors that trigger seasonality in the equa-
torial tropics. Cloudiness appears to play an important role
because most of the meteorological cues that may have an
impact on plant development, e.g. global radiation, UV-B
intensity, rainfall and air temperature, are coupled with the
occurrence and frequency of clouds. Higher doses of UV-B
are known to affect flowering as well as the germination of
pollen (Caldwell 1968; Tevini and Teramura 1989; Flint
and Caldwell 1984; Caldwell et al. 1998). Wright et al
(1999) attributed the seasonality of plant reproduction in
the tropical forests of Panama to a shortage of assimilates
during the rainy season when PAR is low, and Hamann
(2004) reported that nearly all canopy tree species in a
submontane rain forest (Philippines) flowered during the
peak of solar irradiance. Numata et al. (2003) showed that
the flower induction of tropical canopy trees was triggered
by prolonged drought, high solar radiation and abnormally
low temperatures. They presumed that a drop in nocturnal
air temperatures due to cloudlessness, and thus enhanced
radiation emission, is the most plausible cue for a supra-
annual synchronisation of flowering. Considering changes
in the light climate as the proximate factor that triggers

periodicity in the aseasonal tropics, a differentiation must
be made between direct and diffuse global radiation. The
ratio of diffuse to direct global radiation increases under a
cloudy sky (Graham et al. 2003). As a consequence, the
light microclimate of sub-canopy trees improves, whereas
that of canopy trees deteriorates as compared to clear sky
conditions under which the proportion of direct radiation is
higher (Endler 1993). Another potential factor explaining
phenological phases could be the state of the saturation
deficit of air (Wright and Cornejo 1990). However, many
of these observations still require confirmation, as claimed
by Sakai (2002), because the link between climate and
reproductive cycles can be modified by biotic factors, such
as low pest pressure combined with a maximum activity of
pollinating insects during times of maximum solar
irradiance (Hamann 2004), or competition for pollinators
(Lobo et al. 2003).

To date, comprehensive studies of reproduction phenol-
ogy in relation to climate have been performed only in
tropical lowland rain forests (Frankie et al. 1974; Croat
1975; Opler et al. 1980; Newstrom et al. 1994; Hamann
and Curio 1999; Sakai et al. 1999; Schöngart et al. 2002;
Hamann 2004). Unfortunately, investigations of the
phenological aspects of tropical mountain rain forests are
scarce (e.g. Koptur et al. 1988). Hence, the current study
aims to provide new insights into the phenological cycles
and their relations to abiotic factors for a little-known
ecosystem. In detail, the paper deals with the relationships
of phenologically synchronised periods of selected tropical
tree species to the relevant elements of weather cycles in a
tropical mountain rain forest in southern Ecuador. Under-
standing these parameters is critical to understanding
biodiversity accruement and to guarantee the biodiversity
preservation of an evergreen tropical forest. It is of
particular importance for Ecuador, the country which is
at the present time suffering the highest annual rate (4%)
of deforestation in the whole of South America (Miller
1998). Reforestation of abandoned agricultural areas with
indigenous trees could help to rehabilitate biodiversity.
Hence, the current investigation of periodicities in weather
and tree phenology is indispensable for producing
sufficient plant material in tree nurseries for reforestation
purposes.

Materials and methods

Study area

The study area (location of the central research station: 3°
58′18″S, 79°4′45″W) termed “Reserva Biológica San
Francisco”, verges on the Podocarpus National Park in
the Cordillera Real in the eastern part of the southern
Ecuadorian Andes (Fig. 1). Geographical details of this
region in the upper valley of the Rio San Francisco
between the provincial capitals Loja and Zamora have been
presented by Beck and Müller-Hohenstein (2001). The
natural vegetation of the deeply incised valley is an
evergreen forest covering the slopes from the valley bottom



(in the research area 1,800 m a.s.l.) up to the tree line
(∼2,700 m a.s.l.). This forest has been widely cleared for
farming purposes on the south-exposed slopes, while it
appears more or less intact on the slopes with a northern
aspect. However, aerial photographs show that patches of
the lowest part of this forest were also cleared during the
course of the past century. Thus at least parts of the present
forest must be considered as secondary forest. The area of
the phenological studies reported here extends from 1,850
to 2,300 m a.s.l.

Botanical surveys and structural analyses of the forest
have been presented by Bussmann (2001), Homeier et al.
(2002), and Müller-Hohenstein et al. (2004). Based on tree
species patterns, Homeier et al. (2002) described five major
forest types for the Reserva Biológica San Francisco that
relate to altitudinal ranges and differ in forest structure.
Following current classification systems for Ecuador the

investigated forest can be categorised as “bosque de
neblina montano”, montane cloud forest (Valencia et al.
1999) or as “bosque siempreverde montano Iluvioso”,
evergreen montane forest (Balslev and Øllgaard 2002). In
total, more than 250 species of trees have been identified so
far in this forest and plant families such as the Lauraceae,
Melastomataceae and Rubiaceae reveal an above average
representation in the species list (Bussmann 2001; Homeier
2004). Most of the tree species are evergreen; however, the
highly diverse spectrum of trees also contains a few
deciduous species, such as Tabebuia chrysantha, Cedrela
montana and at least one Ficus species.
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Fig. 1 Study area and location of meteorological stations. MS Meteorological station

Table 1 Investigated species and number of regularly inspected individuals in the Reserva Biológica San Francisco in southern Ecuador

Tree species Number of individuals examined

1999–2002 2000–2003

Cedrela montana Moritz ex Turcz. (Meliaceae) – 16
Clethra revoluta (Ruiz & Pav.) Spreng. (Clethracae) 22 38
Heliocarpus americanu L. (Tiliaceae) 21 25
Inga spec. (Mimosaceae) – 8
Isertia laevis (Triana) B.M. Boom (Rubiaceae) 23 30
Myrica pubescens Humb. & Bonpl. ex Willd. (Myricaceae) 12
Piptocoma discolor (Kunth) Pruski (Asteraceae) 25 27
Tabebuia chrysantha (Jacq.) G. Nicholson (Bignoniaceae) 21 23
Vismia tomentosa Ruiz & Pav. (Clusiaceae) 16 21
Graffenrieda emarginata (Ruiz & Pav.) Triana (Melastomataceae) 29 –
Purdiaea nutans Planchon (Cyrillaceae) 22 –
Viburnum obtectum H.Vargas (ined.)(Caprifoliaceae) 18 –

The investigation period for the current study was July 1999 to March 2003
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Fig. 2 Climate at three weather stations indicated in Fig. 1 for the time
period 1998–2003. TAir temperatures (extremes, average amplitudes,
monthlyaverages),Pmonthlyandannual sumsof precipitation (mm),E
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(Rollenbeck et al. 2006), ΔTd average oscillation range of daily air

temperature, ΔTa annual fluctuation range of monthly temperature
averages, Tmed monthly average of air temperature, Tmin med monthly
average of minimum temperature, Tmin abs Absolutemonthlyminimum
temperature for the observational period, Tmax med monthly average of
maximum temperature, Tmax abs absolute monthly maximum tempera-
ture for the observational period



Botanical field survey

Table 1 shows the investigated tree species and respective
numbers of regularly inspected individuals. For identifica-
tion and nomenclature The Flora of Ecuador (Harling and
Andersson 1973) and the collections of the National
Herbarium of Ecuador (QCNE, Quito, Ecuador) were used.
Images of the investigated species have been entered in the
visual plants database (http://www.visualplants.de). Adult
and to all appearances healthy individuals on different
microsites (including gorges and ridges) between 1,850
and 2,300 m a.s.l. were selected for the study. To minimise
scattering of the data, individuals that were overly attacked
by pests or obviously suffering from a stressful microhab-
itat were not included. The trees were tagged and their
phenological state was routinely examined every 2 weeks
(every 4 weeks for Graffenrieda, Purdiaea and Viburnum)
for 3.5 years and the percentage of flowering and fruiting
individuals of each species was noted. Flowering com-
prises floral bud initiation, anthesis and floral persistence
(Rathcke and Lacey 1985). However, when observing
tropical trees, the crowns of which reach heights of 15 m
and more, only the blossoming phase could be clearly
distinguished. Since the transition from flowering to
fruiting is gradual, fructification was recorded only when
fruits became visible.

Meteorological equipment and data analysis

Meteorological data of the research area was collected by
several automatic weather stations (ECSF-, TS1-, and
Cerro del Consuelo-meteorological stations, see Fig. 1) and
included the observation of wind, soil/air temperature,
humidity, rainfall (tipping bucket rain gauge) and solar
irradiance (Richter 2003). The longest available time series
of the ECSF meteorological station was used for data
analysis as detailed in the results. Additionally, several
direct and indirect weather data collectors (including a
scanning X-band weather radar on the top of Cerro del
Consuelo and a vertically scanning K-band doppler rain
radar profiler) were operated to investigate the spatial-
temporal dynamics of fog, clouds and rain (Bendix et al.
2004a, 2006; Rollenbeck and Bendix 2006). Overlapping

time series of meteorological and phenological data range
from July 1999 to March 2003. The seasonality of weather
and phenology is examined by standard time series analysis
including numerical filters and power spectrum analysis
(for methodological details, see Blackman and Tukey
1958; Andel 1984; Olberg and Rákóczi 1984; Bendix et al.
2000). Single Markov persistence is estimated as presented
by Klaus (1977). A Markov persistence of unity means that
the data sample is related to the markedness of the variable
in the year before. It points out that the data series is
embedded in a longer-term trend/oscillation and hence the
significance of calculated periods must be tested against a
red noise spectrum. Otherwise (zero Markov persistence),
short-term (here seasonal) oscillations dominate and their
significance has to be tested against a white noise
spectrum. The possible relations between flowering,
fruiting and leaf shedding within meteorological cycles
were studied by moving correlations analysis. It should be
stressed that interactions between climate, tree phenology
and other external factors not considered in this study can
be rather complex. Hence, the correlations presented just
point to the most likely phenological triggers, bearing in
mind that multiple factors could contribute to the observed
phenological pattern. A stepwise multiple regression could
be helpful to determine which factors explain the largest
amount of variation; however, its application is complicat-
ed due to the different time lags between meteorological
variables and phenology (Table 5). Hence, this procedure
was not used in the current study.

Results

Climate of the study area

A synoptic overview of the climate of Ecuador has been
presented by Bendix and Lauer (1992) and more
specifically for the southern part of the country by Richter
(2003) and Bendix et al. (2004b). The research area has a
tropical humid climate with annual precipitation from
around 2,000 mm at 1,850 m a.s.l. up to more than
6,000 mm at 3,100 m a.s.l. with an extremely wet season
from April to July and a less humid period from September
to December (Fig. 2).

Table 2 Cross-correlation of meteorological parameters and southern oscillation index (SOI) for the phenological observation period from
July 1999 to January 2003

Meteorological parameter Ta Tamin Tamax Ts Rad Prec SOI

Ta 1
Tamin 0.12 1
Tamax 0.59 −0.14 1
Ts 0.57 0.24 0.31 1
Rad 0.78 −0.26 0.64 0.40 1
Prec −0.46 0.01 −0.48 −0.19 −0.55 1
SOI 0.32 −0.08 0.18 −0.14 0.40 −0.23 1

Ta Air temperature, Tamin minimum air temperature, Tamax maximum air temperature, Ts soil temperature, Rad solar irradiance, Prec
precipitation

http://www.visualplants.de


Most of the precipitation results from the well-developed
Atlantic trade winds by forced lifting and condensation in
the eastern Andean ranges. Hence, cloudiness is high
throughout the year especially in the elevated parts of the
study area, with average cloud frequencies of ∼70%
(Bendix et al. 2004a,b). While the advective easterly air
stream dominates the climate between April and mid-
October, westerly winds may cause short periods of sunny
days from November to March with significantly enhanced

solar irradiance especially in the lower regions (ECSF) of
the study area (Fig. 3).

However, this period is also humid due to an intensi-
fication of local convective processes. With respect to the
temperature regime, the investigated mountain forest
belongs to the “Tierra templada” and the “Tierra fria”,
with mean annual air temperatures of between 19° and
13°C (Richter 2003). During the relatively dry months the
average temperature increased slightly, while an equally
small decrease was observed during the main rainy season.
The wind data show that the most elevated parts of the
study area (Cerro del Consuelo) are affected by quasi-
permanent easterlies with high wind speeds, whereas the
lower regions of the San Francisco valley are influenced
mainly by the diurnal regime of the mountain-valley breeze
system that is characterised by relatively low wind speeds
(Fig. 2).

Meteorological situation of the phenological
observation period

The weather in the study area during the entire observation
period is presented in Fig. 4.

All time-series show a distinct seasonality of meteorolog-
ical parameters that apparently follows the quasi-periodic
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oscillation of precipitation (and related cloudiness), which
peaks in May to August and shows significant minima from
October to January in all years investigated. Solar irradiance
is especially high during phases of lower precipitation and
this consequently leads to higher average air and soil
temperatures. This is also reflected by the correlation
coefficients in Table 2. Only weak trends were observed
for most of the meteorological parameters, with the
exception of soil temperature (Ts) which is consistently
negative. However, especially high soil temperatures and a
longer period of increased solar irradiance were recorded
between June 1998 and March 1999, which corresponds to
the 1998/1999 La Niña event. It is well known that generally
only weak correlations between ENSO (El Niño-Southern
Oscillation) and the climate of the eastern Andean ranges
exist in Ecuador [relative low correlation to southern
oscillation index (SOI) values in Table 2; see also Bendix
2000, 2004; Vuille et al. 2000]. However, the time series
points to an increase of irradiance and especially soil
temperature as well as a slight reduction of rainfall during the
transition from El Niño 1998 to La Niña 1999.

The periodicity of weather elements over the phenolog-
ical observation period (July 1999 to January 2003) was
tested by power spectrum analysis (Fig. 5, Table 3). The
occurrence of simple Markov persistence (Briggs and
Ruppert 2005) reflects the importance of longer periods in
the variance spectrum of the time series and/or underlying

trends. In this case, the significance of periods was tested
against a red noise spectrum. Otherwise, a white noise
spectrum was used. Figure 5 shows that spectral variance
analysis is characterised by a reduced resolution for lower
frequencies.

All meteorological parameters except soil temperatures
revealed significant periods. This means that the climate of
the study area exhibits a clear seasonality. Rainfall and
minimum temperature appear to be the only factors that
were free of long-term variations, whereas all the other
time series showed additional periods of lower frequency
or trends. A periodicity of 8–12 months is observed for
most of the meteorological parameters and is especially
well established for rainfall. Significant periods of greater
frequency (5–8 months) were also recognised.

Flowering

The records of flowering of the examined 404 individuals
of 12 tree species (see Table 1) show distinct periodicity on
the one hand but also differences in the maximum extent of
flowering between species (Fig. 6). High flowering
percentages (>90%) were found for Piptocoma, Myrica,
Isertia, Heliocarpus, Purdiaea and Viburnum, while
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Table 3 Significant periods (months) of meteorological parameters;
values in brackets indicate high but not-significant variance
explanations

Meteorological parameter 95% 99% Markov persistence

Ta 5, (12) – y
Tamin 8, 12 – n
Tamax 5 6 y
Ts – – y
Precipitation – 8, 12 n
Solar irradiance 5, 12 – y

Ta Air temperature, Tamin minimum air temperature, Tamax
maximum air temperature, Ts soil temperature

Table 4 Significant periods (month) of flowering elements; values
in brackets indicate high but not-significant variance explanations

Tree species 95% 99% Markov persistence

Clethra revoluta 12 8 y
Graffenrieda emarginata 2.3, 8, (12) – y
Heliocarpus americanus – 8, 12 n
Isertia laevis (21) 8, 12 y
Piptocoma discolor 12 6, 8 y
Purdiaea nutans 8, 12 – y
Tabebuia chrysantha 5, 6, 8 – y
Viburnum obtectum 8 – y
Vismia tomentosa – 6, 8, 12 y
Cedrela montana – 6, 9 y



Graffenrieda, Clethra, Tabebuia and Cedrela showed
maximum rates lower than 80%.

Power spectrum analysis confirmed the occurrence of
distinct flowering periods (Table 4, Fig. 7) for all species
except Myrica, of which male flowers could be found all
year round.

Most species show a significant periodicity of 8–
12 months as was also observed for the meteorological
time series. The flowering cycles of Heliocarpus were, in
contrast to all other species, not modulated by underlying
long term oscillations (Table 4, Fig. 7). High significance
for an 8- to 12-month oscillation was also found for Vismia
and Isertia. Due to the shorter time series, the 6-month
periodicity (=harmonics of 12-month cycle) of Cedrela
clearly indicates a yearly cycle of flowering (cf. Fig. 6). A
long term oscillation (quasi 21 months) appears on top of
the 8- to 12-month period of Isertia as indicated by a

relatively high variance explanation. The time series of
Vismia (Fig. 6) shows that the result of power spectrum
analysis is probably related to a 24/25-month oscillation of
increased flowering activity (2000, 2002). An 8- to 12-
month periodicity was also found for Clethra and
Purdiaea, but with decreasing flowering activity towards
the end of the observation period. This refers also to an
underlying long-term oscillation.

Viburnum also exhibited a significant 8- to 12-month
oscillation. However, the periodicity is not as clear as for
the above mentioned tree species. Viburnum and Purdiaea
showed a trend of decreasing flowering activity from 2001
onwards. Some significant periods of Graffenrieda,
Piptocoma and Tabebuia were shorter than the 8- to 12-
month oscillation but power spectrum analysis indicated
longer term trends of flowering activity. Figure 6 reveals
that the flowering of Graffenrieda is modulated by the
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same supra-periodic tendency as Purdiaea. Tabebuia and
Clethra showed an inverse supra-periodic behaviour with
an increase of flowering activity at the end of the
observation period (2002).

Weather cycles and flowering

If meteorological parameters are to trigger phenological
cycles, the time series of flowering frequency and weather
characteristics should be synchronisable, allowing for a
species-specific time-lag between climate event and
phenological response. A comparison of time series and
power spectrum analysis suggests a synchronisation of
flowering with the incidence of wetter and less wet periods,
with an oscillation of 8–12 months. One group of trees
(Piptocoma, Tabebuia, Cedrela, Myrica and Purdiaea)
flowered during the less humid period of the year, while
others (Clethra, Heliocarpus, Isertia, Viburnum and
Vismia) started to flower during the more humid season
(austral winter). Clethra and Heliocarpus reveal peaks of
flowering in the months of highest rainfall at ECSF (May to
July). Heliocarpus and Viburnum also started flowering
activity in that month, but flowering lasted until September
when the rainfall began to decline. Vismia showed less
clear flowering intervals but maximum activity was
generally increased in the main rainy season of the austral
winter.

Moving correlation analysis (Δt=1 month) was used to
uncover possible relations between single meteorological
parameters and the flowering response of individual tree

Table 5 Correlation and time-lag for the highest correlation coefficient between flowering and meteorological parameters (July 1999–
January 2003). Highest |r| values are italicised

Tree species

Meteorological
parameter

Cedrela Clethra Graffenrieda Heliocarpus Isertia Piptocoma Purdiaea Tabebuia Viburnum Vismia

Taavg 11, 0.66 5, 0.53 7, 0.21 6, 0.65 3, 0.63 10, 0.68 11, 0.59 10, 0.76 5, 0.53 2, 0.67
Tamin 2, 0.52 2, 0.32 4, 0.45 3, 0.50 1, 0.44 1, −0.56 10, 0.37 7, 0.416 1, 0.30 7, −0.34
Tamax 10, 0.68 6, 0.50 8, 0.31 7, 0.58 5, 0.44 10, 0.37 1, 0.43 11, 0.52 6, 0.55 3, 0.31
Ts 1, 0.42 10, −0.51 2, −0.36 10, −0.55 3, 0.56 5, 0.22 12, 0.52 2, −0.41 5, 0.33 6, 0.40
Irradiance 10, 0.63 5, 0.60 10, 0.46 6, 0.71 4, 0.56 11, 0.48 1, 0.59 10, 0.73 6, −0.61 3, 0.53
Precipitation 4, 0.65 11, 0.69 2, 0.40 11, 0.65 11, 0.69 4, 0.41 5, 0.54 3, 0.56 12, 0.53 9, 0.38

Taavg Average air temperature, Tamin minimum air temperature, Tamax maximum air temperature, Ts soil temperature
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species, and the respective time-lag. The maximum
correlation and the best correspondence for the time-lags
are presented in Table 5 for every meteorological element
in relation to the investigated tree species. An example of
moving correlation analysis is given for two tree species
with an inverse behaviour in comparison to wet-season and
less wet-season flowering (Fig. 8). The flowering intensity
of Clethra yields the highest positive correlation with a
time lag of 11 months to precipitation (Table 5), indicating
that the peaks of flowering are almost perfectly synchro-
nised with periods of increased rainfall. In contrast
Purdiaea flowered nearly in phase with air temperature
and solar irradiance (high positive r at a time-lag of
6 months, Table 5) i.e. during the drier period.

Isertia also reveals a clear synchronisation with rainfall
(Table 5). Although not entirely in phase, band pass filter
analysis reveals that the flowering frequency of both tree
species takes place in a quasi 12-month cycle, where
maximum flowering intensity precedes maximum precip-
itation by 1–2 months (Fig. 9). This observation suggests
that climatic factors other than precipitation could also
trigger flowering.

Other conceivable meteorological parameters are solar
irradiance and temperature, which are both inversely
related to rainfall. This results from the fact that the second
highest correlation between flowering and rainfall is solar
irradiance (Clethra) or air temperature (Isertia, Table 5).
Band pass filtered values in Fig. 10 show that the onset of
flowering is nearly in phase with the maximum of solar
irradiance for both tree species.

Graffenrieda, Heliocarpus and Viburnum revealed the
highest positive correlation between flowering intensity
and solar irradiance (Table 5). The time lag of 6 months for
Heliocarpus means that flowering is nearly counter-phased
to irradiance: flowering starts in the month in which
irradiance begins to decrease (Fig. 11). The performance of
Graffenrieda is less obvious, since all correlation coeffi-
cients are relatively low, and flowering intensity decreased
considerably during the period of observation.

Another group of trees showed a maximum positive
correlation of flowering with the average air temperature
(Cedrela, Piptocoma, Purdiaea, Tabebuia, Vismia,
Table 5). The flowering of Cedrela was clearly correlated
with periods of higher air and soil temperatures during the
period of reduced rainfall. Although the meteorological
time series analysis (Fig. 4, Table 2) reveals that there is
no perfect correspondence of air temperature and
precipitation with the dominant 8- to 12-month oscilla-
tion, Purdiaea showed the highest positive correlations to
this oscillation of precipitation and irradiance. From
Fig. 12, it is obvious that the initiation of flowering is
generally correlated with lower temperatures. The
decrease in amplitude of the filtered temperature series
towards the end of the observation period (2002/2003) is
also displayed for the filtered flowering series. The
prolonged flowering period in 2001/2002 (October to
March), which may be related to the lowest average
temperature (August 2001) of the entire observation
period, is particularly remarkable. The flowering of
Tabebuia and Piptocoma seems also to be initiated by
decreasing temperatures, although flowering activity was
less well in phase (Fig. 12).

Three types of underlying long-term oscillations or trends,
as indicated by the Markov persistence, can be distinguished
upon low pass filtering of the time series: (1) Heliocarpus,
which revealed no long-term oscillations as also observed
for the climate element precipitation. The regular annual
oscillation with maximum flowering during the very wet
season (March to September) also applies for Isertia and
Tabebuia. (2) A nearly 2-year oscillation is discernible for
Vismia and Piptocoma, which is nearly in phase with, or
completely opposite to the oscillation of air temperature
(Fig. 13). High flowering percentages of Vismia corre-
sponded to increased air temperatures which peaked in
November 1999 and 2001, but not in 2000 and 2002. The
counter-current 2-year oscillation ofPiptocoma suggests that
its flowering activity responds positively to lower spring
temperatures. The warmer years are apparently related to the
westerly mode of the Quasi-Biennial Oscillation (QBO) and
the colder years to the easterly QBO mode. Warming in late
2001 was concomitant with the weakening of the extended
La Niña cold phase (1999–mid 2001) and the onset of a
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central Pacific El Niño event (2002/2003, McPhaden 2004).
Graffenrieda, like Piptocoma, belongs to the quasi 2-year
oscillation type (Fig. 6), but the highest percentages of
flowering also correlated with significant cold events such as
in JJA 1999 and 2001. (3) Purdiaea exhibited a decline in
flowering activity after the austral spring of 2000 and was
slightly out of line with the 12-month oscillation; Viburnum
performed similarly. Such a decline could be associated with

a general decrease in the solar irradiance peaks after the year
2000.

Seasonality of fructification

Due to the differing species-specific time-spans required
for seed-set and fruit ripening, the annual phases of fruiting
were wider and in most cases not as clearly defined as for
flowering (Fig. 14).

Nevertheless, a differentiation between groups of trees
can again be made with respect to fructification (Fig. 14).
Piptocoma and Tabebuia were found fruiting during the
less humid season, i.e. in NDJ. Another group of trees
consisting of Cedrela, Clethra, Heliocarpus, and Vismia
exhibited maximum fruiting predominantly during the wet
season. Fruiting trees of Isertia were present all year round;
however, with a pronounced minimum in February/March
(in February 2001, no fruiting trees were found).

Power spectrum analysis shows that the clarity of
periods of fruiting is less pronounced in comparison to
flowering activity but generally shows the same tenden-
cies. A short period of fructification does not, however,
necessarily mean a high percentage of simultaneously
fruiting trees. Tabebuia, for example, shows a narrow
window (about 3 months) of fructification, and simulta-
neously only a low percentage of fruiting trees (usually less
than 50%).

Moving correlation analysis reveals that flowering and
fruiting activity is well correlated for most tree species, an
exception possibly being Purdiaea (Table 6).

Table 6 also shows the time required for seed set and
fruit production with an average of 3–4 months for most of
the tree species. Vismia, on the other hand shows a long
fruiting period of 8 months (in 2002), but no flowers or

7 9 1 3 5 7 9 1 3 5 7 9 1 3 5 7 9 1
1999

11 11 11 11

0

20

40

60

80

100

2000 2001 2002 2003

0

20

40

60

80

100

0

20

40

60

80

100

Clethra revoluta

Graffenrieda emarginata

Purdiaea nutans

Heliocarpus americanus

Isertia laevis

Viburnum obtectum

Vismia tomentosa

Cedrela montana

Piptocoma discolor

Tabebuia chrysantha

Fig. 14 Periods of fruiting of 12 tree species of the evergreen mountain forest in the Rio San Francisco valley. Fructification was quantified
as percent of fruiting trees of the respective sample (see Table 1)

Table 6 Relation between flowering and fruiting based on moving
correlation

r Time span between flowering
and fruiting (months)

Clethra revoluta 0.47 4
Graffenrieda
emarginata

0.73 3

Heliocarpus
americanus

0.74 3

Isertia laevis 0.56 6
Piptocoma
discolor

0.84 3

Purdiaea
nutans

0.21 4

Tabebuia
chrysantha

0.72 3

Viburnum
obtectum

0.65 6

Vismia
tomentosa

0.64 7

Cedrela
montana

0.8 4

r Correlation coefficient



fruits in 2001. Moving cross-correlation analysis of
meteorological parameters and fruiting data revealed the
same tendency as shown for flowering in Table 5, but with
generally lower correlation coefficients.

Seasonality of leaf shedding

A correlation of phenological activity with seasonal events
is best exemplified by patterns in leaf fall and leaf flushing
(Frankie et al. 1974). In an evergreen forest such
phenomena are difficult to quantify. Two of the deciduous
tree species presented here, Tabebuia chrysantha and
Cedrela montana shed their leaves predominantly during
the heavy rains and presented as more or less leafless
during the less humid months (September to December).
Tabebuia produced new foliage in November after flower-
ing, while Cedrela developed flowers after the flushing of
new leaves (Fig. 15).

Moving correlation analysis (Table 7) confirms that leaf
shedding of the deciduous species relates best with the
rainfall cycles and, in the case of Tabebuia, to solar
irradiance.

Tabebuia starts leaf shedding immediately after the
major rain period in July, and Cedrela follows slightly later.
The shedding frequency of Tabebuia culminated approxi-
mately 2 months before the incidence of the annual
maximum of solar irradiance. The maximum leaf shedding
of Cedrela coincided with the maximum period of solar
irradiance (October to November).

Discussion

The data presented in this paper show a high degree of
species-specific synchronisation of phenological events of
the investigated tree species in a tropical mountain rain
forest. These events follow quasi-annual oscillations,
which in general coincide with an 8–12 month oscillation
of most meteorological parameters. To date, this has also
been reported for several more or less perhumid lowland
forests of the paleo- and the neo-tropics (Daubenmire
1972; Frankie et al. 1974; Shukla and Ramakrishnan 1982;
Mikich and Silva 2001; Sakai 2002; Hamann 2004). The
question is which meteorological parameters or combina-
tion of elements as proximal factors induce flowering or
leaf shedding and thereby cause synchronisation and
proper placement in the changing weather conditions
during the course of a year. In many tree species, to switch
from vegetative growth to flower production requires a
signal in which drought or shortage of soil moisture is
involved (Borchert 1983; Reich and Borchert 1982).
Nevertheless, peaks in humid periods and, in a few cases,
also continuous reproduction have been observed (refer to
Frankie et al. 1974; Hamann 2004).

In the tropical mountain rain forest of southern Ecuador,
the synchronisation of reproduction generally follows two
different response types, each represented by several
species: one group starts reproduction with the onset of
the less humid period of the year (e.g. Tabebuia,
Piptocoma, Purdiaea), while the other commences flower-
ing shortly before (Isertia, Clethra), or with, the onset of
the rainy season (Vismia, Heliocarpus, Graffenrieda).

The question as to whether rainfall as such can be a
meteorological trigger for the phenological cycle of these
species, as induced by correlation analysis e.g. for Clethra
and Isertia, and as partly stressed for tropical lowland
forests (Frankie et al. 1974; Opler et al. 1980) must be
discussed carefully: the climate in the study area is more or
less perhumid, and thick humus layers as well as an
effective interflow from the wetter upper parts of the
mountains may provide extensive soil-water storage for the
short rainless phases. A seasonal deficiency of moisture is
therefore less probable as a proximate synchronising factor.
However, rainfall is an indicator for clouds, which reduce
solar irradiance, alter the spectral composition of radiation,
affect air and soil temperature, and may also have an
impact on the activity of insects (Wright and van Schaik
1994). Floral control by the daily photoperiod and light

Table 7 Correlation and time-lag for the highest correlation
coefficient between leaf shedding and meteorological parameters
(August 2000–January 2003)

Tabebuia Cedrela

Taavg 3, 0.56 2, 0.54
Tamin 6, 0.47 5, 0.58
Tamax 2, 0.46 1, 0.59
Ts 7, 0.51 6, 0.47
Irradiance 2, 0.63 1, 0.53
Precipitation 9, 0.66 9, 0.64

Highest |r| values are italicised. Taavg Average air temperature, Tamin
minimum air temperature, Tamax maximum air temperature, Ts soil
temperature
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Fig. 15 Leaf shedding (percentage of leafless individuals) of two deciduous species of the study area, August 2000–January 2003



quality and annual oscillation of PAR is well known (e.g.
Simpson and Dean 2002; Boss et al. 2004) also for tropical
trees (Zipparro 2004), and therefore the shading effect of
clouds (Graham et al. 2003) combined with a change in the
spectral composition due to an increase in the proportion of
diffuse radiation (Nann and Riordan 1991; Nunez et al
1994) is suggested as a conceivable hypothesis to explain
the synchronisation of flowering. The activity of insects,
pollination, fruit ripening, and fruit or seed dispersion as
ultimate factors (Ims 1990) also greatly depends on
meteorological conditions. Most of the investigated species
produce conspicuous flowers that are pollinated by
specialised animals (bats, insects, birds; Dziedzioch et al.
2003; Wolff et al. 2003), which find intervals of drier
conditions for their interaction with the plants even during
the months of maximal rainfall. Flowering of (female)
Myrica, as the only obligatory wind-pollinated species, is
well positioned in the less humid period of the year.
Clethra and Isertia start flowering 1–2 months in advance
of the heavy rains. In this case factors other than cloudiness
must be considered as triggers of flower production even if
maximum flowering extends into the peak of precipitation.
Correlation analysis for Clethra and Isertia showed the
second highest correlation coefficients with solar irradiance
and temperature, respectively. Hence, it is not surprising
that the onset of the flowering of both species is clearly
related to the maximum of solar irradiance.

Oscillations of the flowering of Graffenrieda and Helio-
carpus were contrary to solar irradiance: flowering activity
peaked when irradiance was below ∼13MJm−2 day−1, which
is >5 MJ m−2 day−1 less than the radiation peak in the drier
season (November). A relationship between flowering and
low average temperatures during the cloudy and humid
periods is observed especially for Heliocarpus. Low
temperatures as the trigger of the flowering and fruiting of
tropical trees have also been reported by Numata et al. (2003).

Some trees apparently respond to thermal oscillations of
the air temperature, which exhibit an increase of the daily
temperature range (i.e. higher day and lower night
temperatures) during the less humid and a decrease during
the overly wet months. Although a thermal response is
typical also for dry forests, a recent review paper shows
that it is frequently linked with the periodicity of rainfall
(Singh and Kushwaha 2005).

Piptocoma belongs to the group of trees that regularly
flower during the less humid months. It requires 3–
4 months from flowering to maturation of the achenes,
which are dispersed predominantly by wind but also by
pigeons. Thus flowering, as well as seed dispersal, both
dependent on dry weather, are well positioned in the less
humid period of the year. From laboratory studies with the
model plant Arabidopsis, a modifying effect of temperature
on the control of flowering by the quality of light has been
suggested (Blázquez et al. 2003). Appreciating the entirely
different situation of a laboratory model plant and the
trees in a tropical forest, lowering of the minimum
temperatures in the course of the less wet months in
addition to changes in the light climate could also
contribute to the synchronisation of flowering. Likewise,

the flowering of Tabebuia and Purdiaea is generally
initiated by low air temperatures but with different intensity
thresholds.

Although reasonably good correlation coefficients were
obtained with precipitation, proximate factors for leaf
shedding are less obvious than for flowering. Nevertheless,
an influence of the climate is likely, as the example of
Tabebuia chrysantha shows: whilst this species drops all of
its leaves during, or at the end of, the heavy rains, when
there is still ample moisture in the soil, and appears
completely leafless during the early less wet phase
(September to November), the same species in Costa
Rica was reported to shed its leaves early in the year and to
enter the leafless phase at the beginning of the wet season
(Frankie et al. 1974; see also Reich and Borchert 1982).
With respect to the ultimate factors, the stagnation of stem
growth due to a complete replacement of the foliage was
observed only with the deciduous species Tabebuia and
Cedrela. In both species, annual growth rings could also be
demonstrated in the wood (Homeier 2004). Of the
evergreens, a rhythmicity of stem growth concomitant
with a maximum of leaf shedding could not be observed.

For most tree species, the entire phenological periodicity
could not be completely established over the observation
period of 3 – 4 years. The extent to which individual
species participated in a phenological event seems to be
triggered by irregular meteorological events which are,
however, most likely a result of underlying longer term
cycles or trends that could not yet be fully resolved by the
relatively short phenological and meteorological time
series. A significant decrease of flowering was, for
example, observed for Tabebuia in 2001, which can be
explained by specific low temperatures. An absence of
flowering and/or the production of germinable seeds in one
or two of the years studied was observed for Vismia and
Piptocoma. Vismia did not flower in 2001 and Piptocoma
flowered only negligibly (Fig. 6). Consequently, there were
no fruits of Vismia in 2001 and only a few fruits of
Piptocoma (Fig. 7), which, however, did not germinate.
Interestingly, the ample seed production of Piptocoma late
in the year 2000 also did not result in germinable seeds. An
unusually long period of cold occurred between 31 October
and 13 November 2000, following a short breakdown of
the easterly air flow between 24 and 26 October. An air
stream from the north-west, overflowing the easterlies,
even temporarily interrupted the diurnal mountain-valley
breeze system. During that 2-week episode, nocturnal
temperatures repeatedly dropped to about 6°C. Cold as a
factor responsible for the failure to produce germinable
seeds is in line with an appreciation of the altitudinal range
of Piptocoma and Vismia. Both are typical representatives
of the lower, i.e. warmer montane forest, which does not
occur above 2,100 m (Piptocoma) and 2,300 m a.s.l.
(Vismia), and thus may indeed be sensitive to unusually
low temperatures.

Isertia also showed a reduced flowering frequency in the
colder period of 2001, whereas flowering intensity was
higher during the preceding and following years. This
underlying quasi 24-month oscillation is also present in air



and soil temperature. Flowering of Purdiaea, Viburnum
and Piptocoma declined consistently from the year 2000
onwards, which is in general coincidence with a decrease
of peak phases in solar irradiance after 2001. The flowering
of Vismia is related to soil temperature, and the dominant
flowering peak in early 2000 occurs after a phase of
significant increased soil temperature during the La Niña
event in 1999.

To summarise, it can be concluded that phenological
activity of the investigated trees generally follows an
annual oscillation connected with relatively less and more
humid periods. However, the extent to which most of the
investigated species produce flowers and fruits is clearly
modified by apparently irregular events, which most likely
result from underlying oscillations of lower frequency (as
e.g. ENSO) or trends. Hence, longer time series are
required to examine the influence of these events in future
studies.
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