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Abstract: In central Amazonia, annual rainfall distribution is characterized by a short mild dry season 
which is associated with a slight increase in irradiance and decline in relative humidity, but the effect of 
variations in these variables on tree growth is still unclear. The objective of this study was to determine 
how tree growth responds to monthly variations in some climate variables in central Amazonia. Trees of 
Protium hebetatum Daly (18–20 m tall) and Eschweilera collina Eyma (19–27 m tall) were used in the study 
and monthly growth rates were measured during 36 months (2010–2012). We also measured irradiance, 
temperature, rainfall, and relative humidity (RH). Eschweilera and Protium grew at similar rates (0.0557 mm 
month–1). Temperature and irradiance had no effect on tree growth of these species, but there was a trend 
for tree growth to increase with increasing both monthly rainfall and minimum relative humidity. If the dry 
season becomes longer and dryer in response to climate change one can expect that trees currently sensitive 
to mild drought stress will be the more affected.
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Introduction

The Amazon forest is of paramount importance on 
a global scale because of the large amount of carbon 
stored in its vegetation, about 86 Pg (Saatchi et al., 
2007). It has great biodiversity and plays a major role 
in the regional water cycle. Primary productivity of 
tropical forests may be limited by several factors, such 
as nutrient availability, irradiance, rainfall and soil wa-
ter content (Brienen & Zuidema, 2005; Wagner et al., 
2012; Schippers et al., 2015; Stark et al., 2015).

Some studies have shown that in central Amazo-
nia carbon gains tend to be higher in the rainy sea-
son (Malhi et al., 1998; Vieira et al., 2004; Wagner 

et al., 2014). However, there is not conclusive evi-
dence that soil water content is a limiting factor in 
the dry season, as somehow gross primary produc-
tion starts to increase at the end of the dry season 
(Restrepo-Coupe et al., 2013), when soil water con-
tent is still at its lower levels (42% v/v, Malhi et al., 
1998). As photosynthesis rapidly responds to change 
in irradiance, it could be expected that cloudiness re-
duces carbon gain in the rainy season (Graham et al., 
2003). Clouds reflect incoming solar radiation and 
absorb longwave radiation (i.e. alter the energy bal-
ance), and hence reduce the water pressure deficit 
and photosynthetically active radiation (PAR), which 
ultimately leads to reduced transpiration. In central 
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Amazonia cloud cover can reduce solar radiation to 
about 15–17 MJ m–2 day–1 (Culf et al., 1998), and of-
ten some fog events can be observed, particularly in 
the rainy season (Anber et al., 2015). Although the 
solar radiation that reaches the forest is lower in the 
rainy season, there is no evidence that variation in 
PAR over the year affects gross primary productivi-
ty in the Amazon (Malhi et al., 1998; Wagner et al., 
2012). In tropical rainforests, the effect of variation 
of temperatures on tree growth remains to be elu-
cidated. In a tropical rainforest of Costa Rica, tree 
growth may negatively correlate with minimum tem-
peratures, but in French Guiana, temperatures are 
weakly or no correlated with tree growth (Clark et 
al., 2003; Wagner et al., 2012). Understanding how 
tree species respond to variations in the physical en-
vironment is valuable information for modeling tree 
responses to climate changes. In this study, we hy-
pothesize that tree growth is slower in the dry sea-
son and that tree growth is positively correlated with 
precipitation and minimum relative humidity, but 
negatively associated with temperature, and because 
reduced growth is expected in the dry season we 
also hypothesize that increased irradiance in the dry 
season does not lead to increase in tree growth. The 
objective of this study was to determine the effect of 
rainfall, air temperature, relative humidity, and irra-
diance on tree growth in a terra firme rainforest of 
the central Amazon.

Materials and Methods
Study site and plant material

The study was conducted at the Tropical Forest 
Experiment Station (ZF2 Reserve), located about 60 
km north of Manaus (02°36’21” S, 60°08’11” W). The 
study area is a plateau at a pristine terra firme rainfor-
est in central Amazonia with an elevation of about 125 
m above sea level. The annual rainfall is about 2,400 
mm, with a mild dry season (≤ 100 mm per month) 
which extends from June through September (Maren-
co et al., 2014; Dias & Marenco, 2016), and annual 
potential evapotranspiration is about 1300 mm. The 
rainy season begins in November and ends in May, 
October is a transition month. Mean temperature is 
about 26°C. Because of cloudiness, maximum mean ir-
radiance is about 1,000 μmol m–2 s–1 above the canopy, 
and relative humidity (RH) varies from 70% at noon 
to 100% at night (Magalhães et al., 2014; Anber et al., 
2015). The soil type is an Oxisol (Yellow Latosol) of 
clay texture (sand 11%, silt 15% and clay 74%), pH of 
4.0 and low fertility (in mg kg–1): Mehlich–P, 0.84; K, 
29; Ca, 13 and Mg, 14 (Magalhães et al., 2014).

Canopy trees at this area often reach 30 m tall, leaf 
area index ranges between 4.5 and 5.7, and above 

ground biomass is 300–350 t ha–1 (McWilliam et al., 
1993; Malhi et al., 1998; Magalhães et al., 2014). In 
this region biodiversity of trees is very high, up to 280 
species ha–1 (Oliveira & Mori, 1999). Emergent cano-
py trees can reach 45 m; mean tree density (≥ 10 cm 
DBH – diameter at breast height) is 637 trees per ha 
(sample of 70 ha), the great majority (85%) of trees 
has less than 30 cm in diameter; basal area is about 30 
m2 ha–1, and Lecythidaceae and Burseraceae are within 
the most abundant families (Rankin-de-Mérona et al., 
1992). In the region some genera have high species 
diversity (e.g. Protium with 35 species and Eschweileira 
with 20 species); however, most of the tree species, 
such as Eschweilera collina Eyma (Lecythidaceae) and 
Protium hebetatum Daly (Burseraceae) are found at den-
sities of less than one tree per hectare. Indeed, most 
tree species only occur rarely (≤ 1 tree ha–1, Rankin-de-
Mérona et al., 1992). Trees of Protium are often of me-
dium stature (≤ 25 m tall) and particularly appreciated 
by a resinous exudate they produce. This resin is rich 
in aromatic substances. It is used for caulking boats, 
in varnish manufacture and as medicine (Rüdiger et 
al., 2007). In traditional medicine the resin is claimed 
to have healing, anti-inflammatory, and antiparasitic 
properties.

In this study we used two evergreen Amazonian 
species: Protium hebetatum and E. collina (hereinafter 
referred to as Protium and Eschweilera) and five trees 
per species. All the trees shared the same area, a terra 
firme plateau about 125 m asl, and their spatial ranged 
overlapped. These species were selected because their 
importance and the availability of trees in the study 
area. Eschweilera is used the timber industry, the trees 
can reach 30–35 m in height, and its wood density 
is 0.79 g cm–3 (Mori, 1989; Dias & Marenco, 2016; 
Silva et al., 2015). Eschweilera trees used in the study 
had 20.2 cm in diameter (amplitude 12.5 to 30.2 cm), 
height of 22.4 m (18.8–26.6 m), and about 150 years 
of age (100–250, based on annual growth rates), while 
Protium trees had 13.7 cm in diameter (10.7–15.6 cm), 
a height of 19.4 m (17.7–20.5 m), and estimated to be 
200 years old (115–280 years). In both tree species, 
tree growth rates were measured at monthly intervals 
during 36 months (January 2010 to December 2012).

Physical environment and tree growth

Air temperature (Tair), photosynthetically active 
radiation (PAR), relative humidity (RH), and rainfall 
data were daily recorded in 2010–2012 above the for-
est canopy, at the top of a 40-m-tall observation tow-
er (02°35'21"S, 06°06'55"W). Irradiance was meas-
ured using a quantum sensor (Li-190SA, Li-Cor, NE, 
USA), and Tair and RH were measured with a tem-
perature-humidity sensor (Humitter 50y, Oy Vaisala, 
Finland). Both sensors were connected to a data log-
ger (LI-1400, Li-Cor, Lincoln, NE, USA), which was 
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set up to log data every 15 min for irradiance (data 
collected between 05h30 and 18h30) and every 30 
min for Tair and RH (data collected day and night). 
PAR data were integrated over time to obtain daily 
PAR values (mol m–2 day–1). Rainfall data were record-
ed using a rain gauge (Em5b, Decagon, WA, USA). 
Tree diameter at breast height (DBH, i.e. 1.3 m above 
the ground) was measured at monthly intervals dur-
ing 36 months (2010–2012) by using stainless steel 
dendrometric bands installed three years before the 
beginning of the experiment. The increment in tree 
girth was measured using digital calipers (0.01 mm 
accuracy, Mitutoyo Sul Amaricana, Sao Paulo, Brazil). 
In addition, in 2011 and 2012 we also measured soil 
water content (after drying the soil samples at 105°C) 
of undisturbed soil samples collected (100 to 200 mm 
depth) in the wet and dry season (26 samples per sea-
son), as previously described (Marenco et al., 2014).

Statistical analyses

To assess differences between species and monthly 
growth rates, and the interaction between these vari-
ables, we conducted a repeated-measures analysis of 
variance using the following hierarchical model:

Yijk = µ + αi + ßj + γk + (αß)ij + (αγ)ik + (ßγ)jk + 
(αßγ)ijk + εijk,

where µ is a constant, αi, ßj, and γk represent the 
effect of i-th species, j-th years, and k-th months, 
(αß)ij, (αγ)ik, (ßγ)jk, and (αßγ)ijk denote the effect of 
the interactions, and εijk indicates the error term. To 
describe the association between climate variables 
(temperature, relative humidity, irradiance and rain-
fall) principal component analysis was used, and in 
this analysis, the growth rates of both species were 
used as supplementary variables. The climate vari-
able more closely associated with tree growth rates 
were plotted against tree growth to observe the 
trends. Statistical analyses were carried out using R 
statistical packages (R Development Core Team).

Results

During the study period mean temperature was 
25.7°C, mean minimum and maximum tempera-
tures (Tmin, Tmax) were 22.2 and 30.5°C, respectively 
(Fig. 1). The mean relative humidity was 85.8%, and 
ranged from 50% at midday to 98% at night. Daily 

Fig. 1. Monthly variation of air temperature (A), photosynthetically active radiation (PAR, B), relative humidity (RH, C), 
and rainfall (D) recorded at the top of a 40 m tall tower at the ZF2-Reserve in central Amazonia. The open circle, solid 
circle and the square represent maximum, mean and minimum values of temperature (A) and RH (C). Each symbol 
represents the mean (±SD ) recorded for the same month between 2010 and 2012
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PAR ranged from 22.3 to 27.8 mol m–2 day–1, with a 
mean of 25.2 mol m–2 day–1. Mean annual rainfall was 
2,845 mm and mean monthly rainfall ranged from 
84.8 mm in July to 457.5 mm in April (Fig. 1). Soil 
water content (SWC) was lower in the dry season 
(0.40 v/v) than in the rainy season (0.46 v/v, p = 
0.012). The association between tree growth and soil 
water content (2011–2012) was not significant (p > 
0.05, data not shown). As maximum RH was always 
quite close to 100% (at night) we only used the min-
imum RH (recorded at midday) to assess its effect 
on tree growth, as it is the minimum rather than the 
maximum RH that can eventually limit photosyn-
thesis. As RH was usually high at night, occasion-
ally some fog events (often dissipating by 07:30 h) 
were observed early in the morning. The axis 1 and 
2 (factors 1,2) explained 45.2 and 22.9% of the total 

Table 1. Repeated measures analysis of variance of the effect of year, month and species on monthly tree growth in diam-
eter. The same tree [five replications (r) per species] was repeatedly measured for three years (2010–2012) at 1-month 
intervals (January to December). Bold numerals indicate significance

Source of Variation d.f. Sum of squares Mean square F value P value
Species (S) 1 0.218285 0.218285 3.46933 0.099530
Error [S (R-1)] 8 0.503347 0.062918
Year (Y) 2 0.011495 0.005748 0.30748 0.739549
Year*Species 2 0.015741 0.007870 0.42104 0.663425
Error [S(R-1) [Y-1)] 16 0.299084 0.018693
Month 11 0.481696 0.043791 5.07001 0.000004
Month*Species 11 0.228214 0.020747 2.40203 0.011731
Error [S (R-1) [M-1)] 88 0.760071 0.008637
Year*Month 22 0.294928 0.013406 1.14797 0.301332
Year*Month*Species 22 0.110776 0.005035 0.43118 0.988384
Error [S(R-1) [Y-1) [M-1)]] 176 2.055307 0.011678
Total 359

Fig. 3. Rainfall (filled circle) and soil water content (SWC, 
open circle) over time (A) and mean monthly growth 
in diameter (MGD) in Eschweilera (B) and Protium (C) 
in a terra firme rainforest at the ZF2-Reserve in cen-
tral Amazonia. The SWC (panel A) is for the year 2011 
and 2012, whereas rainfall data correspond to the mean 
(±SD) of three years (2010–2012). In panels B–C, each 
value represents the mean of five trees repeatedly meas-
ured for 36 months, and in these panels, the boundaries 
of the box indicate the 25th and 75th percentile, the 
solid line within the box shows the median, the outliers 
are indicated by dots

Fig. 2. Principal component analysis of the climate varia-
bles, with monthly tree growth of Eschweilera (Esch) and 
Protium (Prot) as supplementary variables
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variance (Fig. 2). One can see in this figure that tree 
growth rates of both species were more related with 
rainfall intensity and minimum relative humidity. In 
Fig. 2, it also showed that there was no association 
between tree growth and maximum temperature or 

PAR. Also, there was no relationship between tree 
growth and mean temperature (p > 0.05, data not 
shown).

There was no significant difference between spe-
cies or years on monthly growth rates (Table 1), and 
across species a mean value of 0.0557 mm month–1 
was found (Fig. 3). The interaction between spe-
cies and months was significant (p = 0.011). Thus, 
the growth rate trend is shown separately for each 
species. Eschweilera tended to grow faster during the 
wettest months of the year, particularly in Novem-
ber, December, January and February (Fig. 3A). The 
growth of Eschweilera steadily increased up to about 
250 mm per month; thereafter, it tended to remain 
stable up to about 400 mm and then it tended to de-
cline (Fig. 4A). Protium, on the other hand, grew at 
almost the same rate over time (Fig. 4B). As the PCA 
analysis suggested some association between rain-
fall and minimum relative humidity (RHmin) and 
monthly growth in diameter (MGD), a two-dimen-
sional plot was constructed to shown a general trend 
of the tree growth of both species combined versus 
RHmin and rainfall. In Fig. 6 one can see that tree 
growth tends to increase with increasing both rain-
fall and minimum relative humidity. 

Discussion

Climate conditions recorded in this study are 
similar to that previously recorded in the same area 
(Dias & Marenco, 2016; Marenco et al., 2014). Our 
PAR values, however, are lower than those reported 
by Malhi et al. (1998), but in that year (1995/1996) 
annual rainfall intensity was lower (2130 mm) that 
the rainfall values we measured.

In tropical forests, high rainfall intensity in the 
rainy season is often associated with reduction in 
the levels of irradiance in response to cloudiness 
(Mulkey et al., 1996; Wagner et al., 2014). Therefore, 
it can be expected that an increase in irradiance leads 
to increase in tree growth (Graham et al., 2003; Stark 
et al., 2015). Thus, absence of an effect of irradiance 
on tree growth seems to be contrary to expectations 
as it has been found that supplemental artificial light 
applied to forest canopy to compensate reduction in 
irradiance caused by cloud cover can improve carbon 
gain (Graham et al., 2003). However, if we take into 
account that in the central Amazon some clouds still 
cover the sky in the short dry season, thereby avoid-
ing high variation over the year (in the study peri-
od: 24.8 –rainy season–versus 25.9 mol m–2 day–1 in 
the dry season), we can reach to the conclusion that 
changes in irradiance intensity across rainfall sea-
sons are not too large to affect tree growth. Indeed, 
our results agree with those reported by Malhi et al. 
(1998) who find no significant effect of variation in 

Fig. 5. Monthly growth in diameter (MGD) across species 
plotted against monthly rainfall and minimum relative 
humidity (RHmin). One can see that MGD tends to in-
crease with rainfall and RHmin, the two variables more 
closely associated with tree growth in the Principal 
components analysis

Fig. 4. Monthly growth in diameter (MGD) plotted against 
monthly rainfall intensity in Eschweilera collina (A) 
and Protium hebetatum (B). The dashed line shows a 
smoothed trend drawn through the points
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irradiance over time on carbon gain in central Ama-
zonia. Nevertheless, our findings do not support the 
hypothesis that irradiance is not a limiting factor of 
tree growth in the rainy season in central Amazo-
nia. This is because in this region variations in dai-
ly mean irradiance are not too large across rainfall 
seasons. For example, between September 1995 and 
August 1996, Malhi et al. (1998), found a mean val-
ue of about 16 MJ m–2day–1 (or 33.2 mol m–2 day–1, 
assuming a conversion factor to PAR of 0.45/0.217) 
with little variation over the year. For comparison, 
Mulkey et al. (1996) reported 14–15 MJ m–2 day–1 in 
the rainy season against 20–23 MJ m–2 day–1 in the dry 
season of a tropical dry forest.

Relative humidity was particularly high at night, 
which significantly reduces VPD and thereby leaf 
transpiration. It is well-known that the living tissues 
of leaves do not absorb water vapor from the atmos-
phere. Indeed, leaves can even lose water to quite 
humid air (Bennett, 1879). Although the dead leaf 
tissue of Tillandsia usneoides (a rootless epiphyte) can 
absorb water vapor from the atmosphere, such tissue 
hydration has no effect of leaf physiology (Martin et 
al., 2013). On the other hand, condensed water drop-
lets (fog) can substantially contribute to the water 
balance of plants in those regions where long-du-
ration fog events often occur (Burgess & Dawson, 
2004). Nevertheless, because of their short duration, 
the contribution of these transient radiation-fog 
events to the water balance of the forest ecosystem 
in central Amazonia seems to be negligible (Bastable 
et al., 1993). The values of SWC we recorded (0.40 
to 0.46 v/v) are quite close to the values of 0.42 v/v 
(in the dry season) and 0.47 v/v (rainy season) re-
ported by Malhi et al. (1998). In the Yellow Latosols 
(ferrasol the international soil classification system) 
of this region, the permanent wilting point – PWP 
(water content at a tension of 1500 kPa) is often 
found at SWC of 0.30 v/v (Ranzani, 1980; Marques 
et al., 2004), which is lower that the SWC we record-
ed in the dry season (p < 0.001). Even in soil with 
high SWC, stomatal closure can occur, particularly 
at midday, when the loss of water by transpiration 
exceeds the capacity of xylem to transport water 
from the roots to the leaves. This could explain the 
trend to reduced growth rates observed in Eschweilera 
in the dry season. The tallest trees were observed in 
this species, which  can be one of the reason for the  
variation of tree growth over time we found in this 
species (Fig. 4), as transpiration is higher in tallest 
trees – they are more exposed to windy conditions.

We failed to detect any effect of temperatures on 
tree growth. Absence of response to temperature 
indicates that daily temperatures are within the 
optimal range for photosynthesis. Perhaps for this 
reason, some results have shown opposite direc-
tions. Clark et al. (2003), for example, reported that 

trees of some species can grow slowly as the mini-
mum temperature increases. Wagner et al. (2012), 
on the other hand, found that minimal temperature 
is slightly positively correlated with tree growth in 
French Guiana. They also reported no effect of maxi-
mum temperature on tree growth.

In both species we recorded negative changes in 
diameter (decrements), which is not unexpected in 
measurements made at monthly interval throughout 
the year. This often occurs at midday or in the dry 
season due to pole contraction in response to water 
loss by transpiration (Zweifel et al., 2000). Under se-
vere dryness, the trunk of Adansonia sp. can contract 
up to 3 cm by the end of the dry season (Chapotin et 
al., 2006). Stem shrinking has been reported previ-
ously in the Amazon region (Gourlet-Fleury & Houl-
lier, 2000; Vieira et al., 2004).

In this study we found that Eschweilera tended to 
grow a little faster than Protium, but the high varia-
tion in growth rate along the year makes it difficult 
to detect significant difference between species (p 
= 0.099). This is because trees do not often grow 
at constant rates over time (Breitsprecher & Bethel, 
1990; Clark & Clark, 1994; Baker et al., 2003). Al-
though a sampling time of 36 months provided quite 
useful information, more robust data could be ob-
tained increasing the sampling size (number of trees 
or number of species) or increasing the sampling 
time (i.e. a period longer than three years). A limita-
tion of small sample size (10 trees) is the difficulty of 
exploring all the random variations in soil and topog-
raphy conditions of a given area. To reduce the effect 
of random variation in soil characteristics, the study 
area was circumscribed to a plateau (120–130 masl) 
with rather similar soil conditions. 

In several studies it has been reported a positive 
correlation between rainfall and tree growth in the 
Amazon region (Dünisch et al., 2003; Vieira et al., 
2004; Wagner et al., 2012). However, some species 
are rather unresponsive to variation in rainfall over 
time (e.g. Parkia pendula, Grogan & Schulze, 2012). 
Evergreen trees, for example, can only show a short 
interruption in growth rates at the end of the dry 
season (Worbes, 1999). In other tropical rainfor-
ests, there is only a positive correlation between 
tree growth and rainfall in some months of the year 
(Brienen & Zuidema, 2005). Tree growth can also 
vary from year to year and in some species annual 
rainfall may show no correlation with the annual 
growth patterns of trees (Clark & Clark, 1994). In 
an evergreen rainforest of India, it seems to be a lag 
between the peak in rainfall and the maximum tree 
growth rates (Pelissier & Pascal, 2000). Most mod-
els predict that the dry season will extend in large 
areas (eastern-central) of the Amazon (Duffy et al., 
2015). If these models are correct, it seems plausible 
to assume that some species will be more affected 
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than others by more prolonged dry periods. Varia-
tions in growth rates among species can be related to 
the ability of trees to develop tap roots large enough 
to explore the deepest layer of the soil during the dry 
season. Tree species adapted to low water availabil-
ity allocate more carbon to the root system, so that 
they are able to explore the deepest layer of the soil 
(Canadell et al., 1996). 

Although temperature and irradiance are critical 
factors in plant functioning, variations in tempera-
ture and irradiance did not influence the monthly 
growth in diameter of the studied species, suggest-
ing that over the year such variations are not large 
enough to affect their growth rates. If the dry season 
becomes longer (as predicted by climate models), it 
seems plausible to conclude that trees that are rather 
sensitive to mild dry seasons are more likely to be 
more affected by a prolonged dry season.
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