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A B S T R A C T

Temperature is a crucial factor influencing the growth of forest plantations, and a key variable used in process-
based models of forest productivity. In the present study, we evaluated the relationship between temperature
and growth of seven Eucalyptus genotypes in eight sites across a 3500 km latitude gradient in South America.
From 18 months after planting until 72 months of age, climatic data and tree diameter increments at breast
height (1.3 m above ground level) were monitored in each site intensively (every 15-30 days). The optimum
temperature to growth varied among genotypes, ranging from 18 to 22 °C. The minimum annual temperature
required for growth was 6 °C, while the maximum was 31 °C. The results at a monthly scale indicate that the
minimum temperature to growth is between 7 °C and 23 °C, while the monthly maximum temperature is be-
tween 15 °C and 31 °C. When we used annual temperature or large temporal scales, we potentially minimize the
effects of climate on plant metabolism; this should be taken into account in process based-models. The study
results enhance our understanding of the influence of air temperature on tree growth dynamics. The Eucalyptus
genotypes most planted in Brazil and Uruguay have specific thermal demands for growth maintenance and
different optimal temperatures for maximum growth. Understanding variation in growth under different climatic
conditions would facilitate accurate prediction of forest productivity based on thermal requirements. In addition,
the data presented here could facilitate tree breeding by enhancing phenotypic analyses based on ecophysio-
logical factors during the selection process.

1. Introduction

Temperature is a crucial factor influencing tree biological processes
that are essential for growth. Previous research has found that tem-
perature has a direct effect on photosynthesis and, therefore, on trees
growth rate (Farquhar et., 1980; Farquhar and von Caemmerer, 1982;
von Caemmerer, 2000). Temperature also is one of the main drivers
used in process-based models such as BIOMASS (McMurtrie
et al.,1990), CARBON (Bassow et al., 1990), ECOPHYS (Rauscher et al.,
1990), TREE BGC (Korol et al., 1995), 3-PG (Landsberg and Waring,
1997) and CABALA (Battaglia et al., 2004). The models above can be
used to predict plant growth, make inferences about the potential
physiological mechanisms by which temperature influences tree
growth, and to understand how temperature influences plant pro-
ductivity based on weather conditions.

Temperature influences quantum efficiency directly (Farquhar
et al.,1980; Giuliani et al., 2016). However, the application of models

based on quantum flux requires specialized knowledge and growth
model parameterization, at least on an hourly basis. Researchers have
bridged the gap between hours and years by conducting empirical
analysis such as those found in Yin et al. (1995), Gustafson et al. (2017),
and Wu et al., (2020). Such empirical appeal is based on the assumption
of a specific limiting temperature range, which is used to predict net
photosynthetic production. It has been implemented in models such as
Regional Hydro Ecologic Simulation System (Tague and Band, 2004),
MAESPA (Duursma and Medlyn, 2012), Individual-based Forest Land-
scape and Disturbance (Seidl et al., 2012), 3-PGmix (Forrester and
Tang, 2016), the big-leaf model (Ueyama et al., 2016; Farquhar et al.,
1980), and Forest Landscape Models (McKenzie et al., 2019). All the
above models explore the radial growth of trees and attempt to describe
plant productivity at daily, monthly, annual, and seasonal scales.

Air temperature varies dramatically at time and space across the
South American continent. Northern Brazil, which includes an ex-
tensive equatorial area, has average air temperature ranging from 23 °C

https://doi.org/10.1016/j.foreco.2020.118248
Received 13 January 2020; Received in revised form 11 May 2020; Accepted 16 May 2020

⁎ Corresponding author.

Forest Ecology and Management 472 (2020) 118248

Available online 09 June 2020
0378-1127/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2020.118248
https://doi.org/10.1016/j.foreco.2020.118248
https://doi.org/10.1016/j.foreco.2020.118248
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2020.118248&domain=pdf


in winter to 33 °C in summer, with an annual mean of 27 °C. Southern
and southeastern Brazil (Santa Catarina, Paraná, São Paulo, Minas
Gerais states) faces air temperatures relatively high depending of local
altitude and distance from ocean. However, in highlands of the central
region of Santa Catarina and Paraná, the temperatures are low, with an
annual mean temperature of 17 °C, ranging from 13 °C in July and
20.5 °C in January (Alvares et al., 2013a,b).

In its native range (Australian region) of Eucalyptus species com-
prises tropical to temperate regions whose bioclimatic traits are pretty
similar with Brazil. In Australia, in the equatorial region, the average
annual temperature is higher than 25 °C, and temperature overflow
occurs mainly in the summer months (December and January) when
the average temperature is higher than 28 °C (Flores et al., 2016).
Unique Eucalyptus phenology outside its native environments could
offer insights into the capacity of species and genotypes to tolerate and
adapt to different climatic conditions (Booth et al., 2015).

Numerous studies have investigated climatic requirements in
Eucalyptus species growth. The responses of physiological processes
over time to weather conditions can occur at different scales, ranging
from sub-hourly (Downes et al., 1999), daily (Aspinwall et al., 2019),
biweekly (Sette Jr. et al., 2016), monthly (Hay et al., 1999; Lim et al.,
2020), to annual scales (Naidoo et al., 2010). However, forest

plantation productivity is often assessed annually, mostly because data
collection at high resolutions has considerable operational and financial
cost demands, which has prevented the examination of tree growth
responses to weather conditions at high resolutions.

The objective of this study was to determine the temperature
thresholds for stem growth at high resolution in clonal Eucalyptus stands
in Brazil and Uruguay. In addition, this study explores the differences
between warm sites and cool sites at a rotation time scale intending to
determine the minimum and maximum threshold temperatures for tree
growth. The results of this study could enhance further studies on cli-
mate issues, particularly concerning thermal requirements. For ex-
ample, predict future spatial-temporal growth habits following in-
creases or decreases in the air temperature. Also, determining
temperature ranges could improve productivity predictions in new
planting sites and facilitate regionalization of Eucalyptus genotypes.

2. Material and methods

2.1. Study area

The study was conducted in 8 sites established by the TECHS Project
(Tolerance of Eucalyptus Clones to Hydric, Thermal and Biotic Stresses,
(Binkley et al., 2017, 2020). The air temperature gradient of sites used
comprise the major annual mean temperatures in different regions in
Brazil and Uruguay. In the project, there were gaps of a few months
across sites; however, the strategy could not adequately reveal differ-
ences in the phenological traits of Eucalyptus genotypes primarily be-
cause of the challenge of coordinating the same schedule across several
organizations. We aimed to reveal the effect of climatic variability be-
tween tropical (within Equator and Tropic of Capricorn) and Sub-
tropical (below Tropic of Capricorn) regions on tree growth along a
climatic gradient that covers a broad temperature range in South
America. The sites also have a large annual temperature range, with
temperatures ranging from 10 °C to a little more than 26 °C (Fig. 1).

Tree seedling were provided by company nurseries members of
TECHS project. Plantation date of experimental plots were between
April/2013 and September/2014. Soil characteristics considerably in-
fluence tree growth performance, and there were substantial variations
in soils across the sites studied (Table 1). Each study site consisted of
eight rows with 10 plants per row in a 3 × 3 m array for a total plot
area of 720 m2. All plots received a similar amount of fertilizer. All sites
were fertilized intensively during the first year (70 kg N ha−1, 45 kg P
ha−1, 85 kg K ha−1, 500 kg Ca ha−1, 90 kg Mg ha−1, 40 kg S ha−1, 3 kg
B ha−1, 1 kg Cu ha−1, and 1 kg Zn ha−1). In the cover fertilization, they
were 2–4 applications within 12 months of planting. In addition, her-
bicides were used to prevent competition from weeds. More details
about the study design are available in Binkley et al. (2017).

Fig. 1. Geographical distribution of TECHS sites and annual mean temperature
in Brazil and Uruguay.

Table 1
Locations of the 8 TECHS sites, soil characteristics (0–40 cm depth) and Köppen climate classification system.

Site City State/Country Clay (%) Silt (%) Sand (%) Köppen Climate1

16 Paysandu - / Uruguay 25.00 29.00 46.00 Cfa
20 Mogi Guaçu Sao Paulo / Brazil 41.33 16.29 42.38 Cwa
22 Telêmaco Borba Paraná / Brazil 55.81 22.72 21.47 Cwb
23 Otacílio Costa Santa Catarina / Brazil 42.85 27.73 29.43 Cfb
25 Conchilas - / Uruguay 37.00 42.00 21.00 Cfa
29 Urbano Santos Maranhão / Brazil 8.76 4.60 86.65 Aw
30 Bocaiuva Minas Gerais / Brazil 76.38 14.05 9.57 As
31 Eunápolis Bahia / Brazil 24.53 2.86 72.62 Aw

1Köppen Climate Classification System = Cfa (humid subtropical zone with hot summer and without dry season), Cfb (humid subtropical zone with temperate
summer and without dry season), Cwb (humid subtropical zone with temperate summer and dry winter), Cwa (humid subtropical zone with hot summer and dry
winter), As (tropical with dry summer), and Aw (tropical with dry winter).
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Table 2
Location of the TECHS sites with the location of the meteorological stations of the National Institute of Meteorology (INMET) or Instituto Nacional de Investigación
Agropecuaria (INIA).

Site State/Country Meteorological Station in Situ (S) Meteorological Station INMET or INIA* (I) S ↔ I

Lat Long Alt Lat Long Alt Distance

degrees meters degrees meters kilometers

16* Uruguay −32.2 −57.8 50 −34.3 −57.7 72 112.9
20 Sao Paulo - Brazil −22.4 −47.0 633 −22.0 −47.0 633 17.7
22 Parana - Brazil −24.2 −50.5 888 −24.0 −50.0 1106 31.4
23 Santa Catarina- Brazil −27.5 −50.1 870 −27.0 −51.0 982 53.5
25* Uruguay −33.3 −57.9 37 −34.3 −57.7 47 103.8
29 Maranhao - Brazil −3.4 −43.1 81 −4.0 −43.0 91 46.7
30 Minas Gerais - Brazil −17.3 −43.8 848 −17.0 −44.0 646 64.6
31 Bahia - Brazil −16.3 −39.6 200 −16.0 −39.0 88 47.6

Fig. 2. The monthly minimum temperature – minT (A), the monthly maximum temperature – maxT (B), the monthly mean temperature – meanT (C) and monthly
accumulated precipitation – PPT (D) during each month from 2012 (January) to 2018 (July).
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2.2. Weather station network and climate condition records for Eucalyptus
genotypes

Meteorological data were recorded using in situ weather stations (S)
installed near the each experimental field. Temperature sensors were
located 2 m above the ground. Climate data was processed rigorously
according to Elli et al. (2019). All meteorological data were inter-
polated with meteorological data from other meteorological stations (I)
provided by the National Institute of Meteorology (INMET) or Instituto
Nacional de Investigación Agropecuaria (INIA), which are managed by
the Brazilian and Uruguayan governments, respectively (Table 2).

In the study sites, from 2012 to 2018, the monthly minimum tem-
peratures ranged from 6 to 24 °C, while the monthly maximum tem-
peratures ranged from 14 to 38 °C. The monthly mean temperature
ranged from 10 to 29 °C, and the monthly accumulated precipitation
(PPT) ranged between 4.80 mm and 2010 mm (Fig. 2).

Eucalyptus genotypes were classified based on the climate of the
origin of the clone (Binkley et al. 2017) so that there were three gen-
otypes based on climatic origins: Plastic Clone (C3 and K2), Tropical

Clone (B2 and P7), and Subtropical Clone (F6, I9, J1). The genetic di-
versity highlighted the need to match genotypes with local site condi-
tions (Table 3).

2.3. Tree growth evaluation

Diameter at breast height (DBH at 1.30 m above the ground) was
measured in all trees in the plots (80 trees) every six months from
12 months to 75 months after planting. Using the data in the in-
ventories, we selected six trees (two trees per diameter class) and then
investigated Eucalyptus genotype growth at high-resolution scales (bi-
weekly or monthly), monitoring from 15 months to 70 months of age.
We did not evaluate all trees in the plots considering the time and
operational constraints.

We applied the model proposed by Schumacher and Hall (1933) to
estimate the wood volume for each genotype at each site. The model
was fitted using the complete forestry inventories obtained every six
months (Equation (1)).

Table 3
Absolute temperature ranges where the genotypes were planted from 2012 to 2018.

Clone Genotype Clone type Sites minT2 (°C) maxT3 (°C) meanT4 (°C)

B2 E. urophylla × E. grandis Tropical 20 and 29 10.9 37.3 24.47
C3 E. grandis × E. camaldulensis Plastic 20, 22 and 30 10.9 31.9 21.2
F6 E. benthamii Subtropical 16 and 25 6.4 32.1 18.1
I9 E. dunnii Subtropical 16, 23 and 25 6.4 32.1 17.1
J1 E. benthamii Subtropical 16, 23 and 25 6.4 32.1 17.1
K2 E. saligna Plastic 16, 20, 22, 23, 25 and 29 6.4 37.3 20.1
P7 E. urophylla × E. tereticornis Tropical 20, 22, 29, 30 and 31 11.0 37.3 22,9

2minT = Minimum Temperature, 3maxT = Maximum Temperature and 4meanT = Mean Temperature.

Fig. 3. DBH and Volume adjusted for bi-weekly/monthly monitoring of DBH according to age for each Eucalyptus genotype from 2012 to 2018. DBH: diameter at
breast height.

Table 4
Coefficient of optimized support regression curve for annual temperature range for Eucalyptus genotypes planted in Brazil and Uruguay followed by the respective
standard deviation (± ) about the 12 months of the year.

Clone
0 1 2

minT (°C) optT (°C) maxT (°C)

B2 −16.4410 ±33.66 1.5949 ±2.69 −0.0365 ±0.06 16.64 21.87 27.1
C3 −4.7462 ±11.35 0.5333 ±0.93 −0.0124 ±0.02 12.55 21.56 30.56
F6 −1.8971 ±6.28 0.3158 ±0.57 −0.0086 ±0.02 7.57 18.35 29.13
I9 −1.5380 ±5.19 0.2718 ±0.75 −0.0073 ±0.03 6.95 18.65 30.34
J1 −1.2706 ±4.08 0.2429 ±0.60 −0.0065 ±0.02 6.29 18.68 31.07
K2 −1.6327 ±6.08 0.2891 ±0.52 −0.0080 ±0.01 6.99 18.18 29.36
P7 −5.1532 ±2.37 0.5665 ±0.19 −0.0130 ±0.00 12.97 21.71 30.44
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=V DBH Ht e0 1 2 (1)

Where: V = volume (m−3 tree−1); DBH = diameter at breast (cm);
Ht = total height of the tree (m); 0, 1 and 2 = parameters; and
e = random error

Logarithmic transformation allows the estimation of the parameters
in (1) using ordinary least square regression (Mattos et al., 2020). The
final model is:

= + + +ln V ln DBH ln Ht e( ) ( ) ( )0 1 2 (2)

Therefore, the calculation of wood volume biweekly/monthly was
carried out through the interpolation of the volume calculated using
Equation (1), and the DBH obtained every six months. The Thin-Plate
Spline model (TPS), as defined by Bookstein (1989), was used to in-
terpolate DBH based on volume (Equation 3); therefore, the volume
data every six months was adjusted for estimating volume at high re-
solution. The models used to estimate wood volume at high resolution
were based on site-specific predictions, i.e., we used a site-by-predictor
matrix with a column for each clone. The method is ideal for examining

the effect of continuous predictors. In the present case, the dependent
variable, DBH, in centimeters (x), is used as a function of the volume
expressed in cubic meters per tree (y).

= + +I f x y fxx fxy fyy dx dy[ ( , )] ( 2 ) .
R

.
2 2 2

2 (3)

All statistical analyses were carried out using R (R Core Team,
2014). DBHs of 6 trees, monitored at high resolution (15 or 30 days),
were adjusted based on the forest inventory collected every six months
and then, they were adjusted using the “Tps” function in the 'field'
package (Nychka et al., 2019).

2.4. Threshold temperature for tree growth

The temperature responses of each genotype were based on a
quadratic function. The equation provides the threshold of plant growth
rate as a function of temperature, returning a value in the 0–1 range,
where 1 corresponds to a theoretical maximum growth rate under en-
tirely unconstrained conditions. The value is also referred to as the

Fig. 4. Annual temperature range for Eucalyptus genotypes planted in Brazil and Uruguay.
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Growth Rate Modifier (GRM), which is defined as an adjustment of the
maximum growth via a bordering sign of the potential productivity, is
able to reach additionally until 50% of the final yield. The second de-
gree function (Equation (4)) consists of a simple curve that has three
parameters (β0, β1, and β2). The function has a single maximum or a
minimum, but without an inflection point and the parameter used to
describe the threshold temperature needs to be larger than zero
(β2 > 0). Consequently, the optimum (optT), minimum (minT), and
maximum (maxT) temperatures were determined using Equations 5, 6,
and 7.

= + +f x x x( ) 2
2

1 0 (4)

=optT 41
2

2 0 (5)

=
+

minT
optT( )

2
1

2 (6)

=maxT
optT( )

2
1

2 (7)

3. Results and discussion

Tree volume varied considerably among the eight sites studied,
ranging from 0.05 m3 tree−1 to 0.4 m3.tree−1 (Fig. 3). Genotype, en-
vironment, and interaction between neighboring plants influenced the
volume per tree of Eucalyptus, and more competitive clones (C3 and K2
recommended for the tropical region) were more productive under high
temperatures (> 25 °C), and less competitive clones (F6, I9 and J1)

could optimize their productivity when air mean temperature was<
25 °C. Although all genotypes were present at each study site, the
productivity and vigor of the clones was influenced by the character-
istics of the site. The aim of the present study was not to determine
which site had the highest levels of productivity. Instead, we are in-
terested in quantifying thermal thresholds for the genotypes most
planted under tropical and subtropical climatic conditions.

The Quadratic Polynomial at the annual scale indicated that the
minimum average temperature required for the growth of the geno-
types studied was 6.3 °C. The function illustrates the general relation-
ship between output (GRM) and the input (temperature). The lowest
difference between the minimum thermal demands of the Eucalyptus
genotypes studied was 10.4 °C. Table 4 lists the parameters and annual
cardinal temperature determined in the present study. Some clones (F6,
I9, J1, and K2) began to grow from 6.3 °C, while other clones adapted to
high temperatures (B2) and only initiated growth at a minimum
average annual temperature of 12.6 °C. Low temperatures are common
in regions classified as subtropical (Cwa), where the mean temperature
is lower than 16 °C (Sites 16, 23, and 25). Maximum growth can be
achieved in temperatures ranging between 18.2 °C and 21.9 °C. A dif-
ference of 4.0 °C between annual maximum temperatures tolerated by
trees is sufficient to limit the growth of clones that are more sensitive
when compared to more resistant clones. Although some clones (C3, J1,
I9, and P7) stopped growing at around 31 °C, other clones (B2, F6, and
K2) stopped growing at around 28 °C, which was mostly associated with
tropical regions (Aw). Therefore, for growth to be maintained, the
maximum average temperature of the air should be less than 28 °C. In a
study by Watt et al. (2014), approximately 45 km south of Los Angeles

Fig. 5. Monthly temperature range requirements for the growth of Eucalyptus in Brazil and Uruguay.
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in the Bio-Bio region of Chile, researchers observed that the optimum
air temperature for E. camaldulensis × E. globulus was 26.9 °C and
ranged from 15.4 to 18.7 °C for other four species/crosses. In the study,
mean minimum temperatures ranged from 6.6 to 7.4 °C, while the mean
maximum temperatures ranged from 21.1 to 29.8 °C.

The relationship becomes clear when we analyze the hump function
of each genotype in the same plot. Thus, we gather all the temperature
ranges into a single image, which allows the visualization of differences
in temperature ranges among the different genotypes (Fig. 4). All
functions regard limits range of the data observed, and the limits re-
present the conditions under which tree growth begins or stops. The
limit of the vertex simulation was established as the potential yield of
plants, which depends on the amount of solar radiation, and the factor
is influenced directly by mean air temperature, which regulates stomata
opening and closing, and, in turn, the increase or decrease in tree
biomass or wood volume in a forest during a particular period.

The Annual temperature threshold for tree growth is in one of the
inputs in the process-based tree growth or productivity models. Its
parameterization with regard to the growth of trees, such as Eucalyptus,
requires the investigation of the growth of eucalyptus plantations based
on analyses at contrasting sites and based on contrasting genotypes. For
example, in the 3-PG model, the beta function was used to establish an

annual pre-defined minimum (7.5 °C), optimum (15 °C), and maximum
(35 °C) temperature ranges for Eucalyptus globulus. The lack of in-
formation on some genotypes that support such models used threshold
temperatures similar (8, 25, and 35 °C, respectively, according to
Almeida et al. (2004). Later, a temperature modifier was fitted for
process-based models (Gupta and Sharma, 2019).

Based on daily average temperatures and the high-resolution tree
growth data recorded in the present study, monthly temperature ranges
for different Eucalyptus genotypes were determined (Fig. 5). Although
numerous studies have described cardinal temperatures for numerous
agronomic crops and plant species, there is little information on the
thermal requirements of Eucalyptus plantations, particularly with re-
gard to tropical and subtropical regions of South America. Overall, it
has remained unclear whether tree growth responses to short-term
(sub-monthly) weather patterns provide more insights than growth
responses at annual time scales. In the present study, we present dif-
ferences in monthly temperature range requirements for some Eu-
calyptus genotypes. Such sub-annual insights could be particularly im-
portant where forest plantations are cultivated under relatively short
rotations, such as in Brazil.

The minimum thermal requirements for Eucalyptus clones in South
America were as low as 15 °C in the coldest month (June, July, August).
Conversely, we estimated lower temperature thresholds between
December and March, so that the differences in threshold temperatures
across genotypes were lower than 10 °C. Tropical clones (B2 and P7)
exhibited such a trend, in contrast to the subtropical clones (F6, I9, and
J1) and the plastic clones (C3 and K2). Under climate change scenarios,
potential increases in air temperature could reduce or increase
Eucalyptus productivity, which would be more pronounced among the
least productive stands.

Temperature ranges influence essential biological processes. In ad-
dition, their efficiency could be reduced or enhanced by shifts in tem-
perature, which could also depend on other factors such as precipitation
( Asfaw et al., 2018). In Eucalyptus, thermal stimulus activates the
Eucgr.B03930 gene; furthermore, proteins involved lignin biosynthesis
are stimulated differentially across species (Costa et al., 2017). In ad-
dition, E. globulus requires low temperature for growth, while high
temperatures stimulate E. grandis growth.

High temperatures in combination with drought stimulate stomatal
closure, reduce carbon uptake, and induce the storage of non-structural
carbon (starch and sugars) with ensuing effects on metabolic activity,
defense against pathogens, and osmoregulation, to facilitate survival
(McDowell et al., 2011). Conversely, low temperatures reduce net
photosynthesis and biomass accumulation per plant (Liu et al., 2019).
Consequently, wood production and growth would depend on stimuli
(high or low temperature) that activate such biosynthetic pathways,
while the magnitude of stimulus required varies across species (Costa
et al., 2017). Increases in temperature do not always increase pro-
ductivity (Gustafson et al., 2017). The effect of temperature is modu-
lated in part by water supply in the soil (Hatfield and Prueger 2015).
The temperature ranges of Eucalyptus genotypes that are most planted
in tropical and subtropical regions in South America are listed in Tables
5A and 5B.

4. Conclusion

The annual range of favorable temperature of Eucalyptus genotypes
in tropical and subtropical regions of South America is 6–31 °C.
However, the most planted Eucalyptus genotypes demand monthly op-
timal temperatures in the 18–22 °C range to achieve maximum growth.
Such data could be used to optimize process-based prediction models.

The clones classified as F6, I9, and J1 exhibited the highest growth
potential over a wide climatic range in South America. Conversely,
some genotypes (B2, C3, and P7) had higher thermal requirements,
which are recommended for growth under tropical conditions where
the mean temperatures are closer to 20 °C. Growth projections based on

Table 5A
Monthly temperature range requirements for Eucalyptus growth in Brazil and
Uruguay.

B2 C3 F6 I9 J1 K2 P7

Minimum Temperature (°C)
January 22.33 19.46 14.93 15.59 15.95 16.09 15.90
February 22.60 20.40 15.52 17.13 16.07 16.76 15.99
March 21.55 19.19 19.11 16.15 15.38 17.90 15.54
April 18.97 17.70 12.44 12.16 12.49 14.57 15.34
May 18.20 14.72 11.69 9.21 9.05 10.50 14.29
June 16.66 12.97 7.99 6.93 7.08 7.35 12.15
July 16.48 12.98 9.32 9.47 8.66 7.64 13.17
August 16.94 15.55 10.76 8.66 10.07 9.86 11.76

September 18.36 15.78 11.58 11.62 11.38 10.85 14.73
October 19.95 16.45 8.93 11.39 12.78 13.23 14.64
November 20.86 17.37 16.67 14.67 12.28 15.94 17.29
December 18.85 19.03 13.99 13.99 12.76 13.86 16.80

Optimum Temperature (oC)
B2 C3 F6 I9 J1 K2 P7

January 24.69 23.95 22.19 23.03 23.60 22.44 23.49
February 24.75 23.97 23.07 23.64 23.17 22.58 23.30
March 23.94 23.08 23.42 22.57 22.18 22.41 22.46
April 22.67 22.27 18.28 17.76 18.41 20.69 21.68
May 21.44 21.00 17.76 15.92 16.25 18.94 22.21
June 18.88 20.38 12.65 12.18 12.35 17.71 20.57
July 20.15 20.35 12.75 12.36 12.20 17.99 21.67
August 21.52 21.70 15.03 13.30 13.90 18.89 20.70

September 22.20 21.78 15.72 14.95 15.23 19.47 21.59
October 22.97 23.37 14.33 15.48 16.42 21.74 22.35
November 24.34 23.38 21.37 18.66 18.32 22.72 23.99
December 22.22 24.25 21.04 20.26 19.99 21.57 23.48

Maximum Temperature (°C)
B2 C3 F6 I9 J1 K2 P7

January 27.06 28.43 29.44 30.48 31.24 28.78 31.08
February 26.89 27.54 30.62 30.15 30.28 28.39 30.60
March 26.33 26.97 27.73 29.00 28.99 26.91 29.37
April 26.37 26.84 24.12 23.36 24.32 26.81 28.02
May 24.67 27.28 23.83 22.64 23.45 27.38 30.12
June 21.09 27.80 17.32 17.43 17.62 28.07 28.99
July 23.82 27.72 16.17 15.25 15.75 28.33 30.17
August 26.10 27.86 19.30 17.95 17.74 27.92 29.63

September 26.04 27.79 19.85 18.27 19.08 28.10 28.45
October 25.99 30.30 19.73 19.57 20.06 30.25 30.07
November 27.82 29.39 26.08 22.65 24.36 29.51 30.69
December 25.59 29.47 28.09 26.54 27.23 29.28 30.16

Genotypes: B2 (E. urophylla × E. grandis); C3 (E. grandis × E. camaldulensis); F6
(E. benthamii); I9 (E. benthamii); J1 (E. benthamii); K2 (E. saligna); P7 (E.
urophylla × E. tereticornis).
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future climate scenarios showed a trend to enhance phenotypic ana-
lyzes.

The results of the present study could facilitate growth modeling
activities aimed at supporting the selection or recommendation of ap-
propriate species for cultivation in different localities. Inter- and in-
traseasonal variations should be added to the models to enhance tree
growth predictions. Finally, the patterns of growth responses to tem-
perature reported in the present study could facilitate decision-making
with regard to the regionalization potential of Eucalyptus species.
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Table 5B
Quadratic function parameters for the establishment cardinal temperatures of the growth rate modifier for Eucalyptus in Brazil and Uruguay.

Month Parameters B2 C3 F6 I9 J1 K2 P7

January
0

−109.2910 −27.6419 −8.4045 −8.5843 −8.4992 −11.4570 −8.5774

1
8.9340 2.3924 0.8483 0.8324 0.8049 1.1101 0.8154

2
−0.1809 −0.0500 −0.0191 −0.0181 −0.0171 −0.0247 −0.0174

February
0

−131.2570 −44.1801 −8.3382 −12.1868 −9.6144 −13.9289 −9.0809

1
10.6892 3.7705 0.8095 1.1155 0.9159 1.3214 0.8647

2
−0.2160 −0.0787 −0.0175 −0.0236 −0.0198 −0.0293 −0.0186

March
0

−97.6753 −34.3460 −28.7008 −11.4154 −9.6744 −23.8971 −9.6576

1
8.2426 3.0630 2.5369 1.1007 0.9627 2.2229 0.9503

2
−0.1722 −0.0664 −0.0542 −0.0244 −0.0217 −0.0496 −0.0212

April
0

−36.6783 −22.8083 −8.7264 −9.0338 −8.6509 −10.5053 −10.7820

1
3.3249 2.1380 1.0630 1.1294 1.0481 1.1130 1.0875

2
−0.0733 −0.0480 −0.0291 −0.0318 −0.0285 −0.0269 −0.0251

May
0

−43.1538 −10.1558 −7.6252 −4.6216 −4.1060 −4.0308 −6.8604

1
4.1200 1.0620 0.9720 0.7061 0.6288 0.5310 0.7077

2
−0.0961 −0.0253 −0.0274 −0.0222 −0.0194 −0.0140 −0.0159

June
0

−72.2925 −6.5623 −6.3648 −4.4009 −4.5002 −1.9394 −5.0030

1
7.7656 0.7422 1.1640 0.8872 0.8908 0.3328 0.5843

2
−0.2057 −0.0182 −0.0460 −0.0364 −0.0361 −0.0094 −0.0142

July
0

−29.1053 −6.6041 −13.0821 −17.3961 −10.9177 −2.0381 −5.5233

1
2.9878 0.7470 2.2130 2.9775 1.9545 0.3386 0.6025

2
−0.0741 −0.0184 −0.0868 −0.1204 −0.0801 −0.0094 −0.0139

August
0

−21.1304 −11.5425 −11.3149 −7.3113 −12.1347 −3.3563 −4.3985

1
2.0570 1.1566 1.6382 1.2516 1.8895 0.4605 0.5224

2
−0.0478 −0.0266 −0.0545 −0.0470 −0.0680 −0.0122 −0.0126

September
0

−32.2557 −12.1071 −13.3299 −19.3539 −14.7038 −4.0704 −8.9688

1
2.9952 1.2031 1.8226 2.7250 2.0632 0.5201 0.9240

2
−0.0675 −0.0276 −0.0580 −0.0912 −0.0678 −0.0134 −0.0214

October
0

−56.5798 −10.3985 −5.9897 −13.3687 −19.4388 −5.4694 −7.3848

1
5.0135 0.9755 0.9745 1.8574 2.4901 0.5941 0.7502

2
−0.1091 −0.0209 −0.0340 −0.0600 −0.0758 −0.0137 −0.0168

November
0

−48.3542 −14.0953 −19.2421 −20.9183 −8.2040 −10.1673 −11.7605

1
4.0560 1.2911 1.8923 2.3496 1.0046 0.9825 1.0634

2
−0.0833 −0.0276 −0.0443 −0.0630 −0.0274 −0.0216 −0.0222

December
0

−42.3616 −20.5818 −7.9094 −9.5167 −6.6302 −6.7980 −11.3818

1
3.9018 1.7796 0.8469 1.0388 0.7632 0.7226 1.0550

2
−0.0878 −0.0367 −0.0201 −0.0256 −0.0191 −0.0168 −0.0225

Genotypes: B2 (E. urophylla × E. grandis); C3 (E. grandis × E. camaldulensis); F6 (E. benthamii); I9 (E. benthamii); J1 (E. benthamii); K2 (E. saligna); P7 (E.
urophylla × E. tereticornis).
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foreco.2020.118248.
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