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Abstract

Two outdoor trials were conducted in the department of Valle del Cauca, Colombia, in contrasting climatic 
conditions, to evaluate the effect of soil water availability on the gas exchange of four elite genotypes of Eucalyptus 
grandis as follows: 28-3, 18-3, 24A-5 and 19-1, respectively. One trial was conducted on the campus of the 
Universidad Nacional de Colombia located in Palmira, at 994 m.a.s.l. with an average temperature of 23.5°C 
(maximum of 31°C, minimum of 18°C), and 76% relative humidity (RH). The second trial was conducted at the 
nursery of Carton de Colombia S.A., located in Restrepo, at 1450 m.a.s.l. with an average temperature 18°C 
(maximum of 26°C, minimum of 12°C) and 80% RH. A split-plot design with four replicates was used. Treatments 
were field capacity (FC), ½ FC, ¼ FC, and soil waterlogging. At both locations, pot surfaces were covered with 
plastic sheeting to prevent the entrance of rainfall. Significant differences between water regimes, genotypes and 
locations occurred in photosynthesis rate, internal CO

2 of the substomatal cavity (Ci), stomatal conductance, 
and transpiration rate, indicating that E. grandis has physiological defense mechanisms to drought stress such 
as stomata closure, evidenced by a decreasing in photosynthesis rate, stomatal conductance, and transpiration 
rate. A differential response was also observed between genotypes depending on the environment, indicating a 
genotype x environment interaction in terms of plant physiological response. Eucalyptus grandis appears to save 
water under water stress conditions by a decreasing in photosynthesis rate. Excess water is more limiting than 
water deficit.
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Resumen

Se establecieron dos experimentos a la intemperie en sitios con clima contrastantes uno en el campus de la 
Universidad Nacional de Colombia Sede Palmira, Valle del Cauca, Colombia (994 msnm, temperatura promedio 
23.50 C, temperatura máxima 310 C, temperatura mínima 180 C, H.R 76%) y el otro en el vivero de Cartón de 
Colombia S. A, en Restrepo, Valle del Cauca, Colombia (1450 msnm, temperatura promedio 180 C, temperatura 
máxima 260 C, temperatura mínima 120 C, H.R 80%) con el fin de evaluar el efecto de la disponibilidad de agua 
en el suelo cc (capacidad de campo) ½ cc, ¼ cc y saturación sobre el intercambio de gases en 4 genotipos de 
Eucalyptus grandis.  Se empleó un diseño de parcelas divididas con 4 repeticiones, las superficies de las macetas 
fueron cubiertas con tela plástica para evitar la entrada de agua lluvia.  Se presentaron diferencias significativas 
en la tasa de fotosíntesis, Ci (CO

2 interno en la cavidad subestomática), conductancia estomática y tasa de 
transpiración, diferencias entre genotipos y entre localidades, indicando que el E. grandis tiene mecanismos 
fisiológicos de defensa al estrés hídrico, como es el cierre de estomas que se evidencia con la disminución de la 
tasa de fotosíntesis, conductancia estomática y tasa de transpiración, también se presentó respuesta diferencial 
entre los genotipos según el ambiente lo que evidencia la interacción genotipo - ambiente.  Se puede decir que el 
E. grandis economiza el agua cuando está en condiciones de estrés hídrico, disminuyendo la tasa de fotosíntesis 
y que el exceso de agua es una condición más limitante que el déficit.

Palabras clave: Estrés hídrico, Anegamiento Conductancia estomática, fotosíntesis, transpiración.
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Introduction

Eucalyptus grandis W. Hill ex Maiden, commonly 
known as rose gum, occurs naturally in the 
coastal areas of Queensland and New South 
Wales in Australia (between 32 and 17 °S latitude), 
located at 0–900 m.a.s.l. and characterized 
by an average annual rainfall of 1000–1780 
mm, a 3-month dry season, and temperatures 
ranging from a minimum of 5°C to a maximum of 
35°C. The physiological efficiency, productivity, 
adaptability, and multiple uses of this species, 
also known by its synonym Eucalyptus saligna 
var. pallidivalvis Baker et A.C. Sm, makes it 
economically important. In addition, its leaves 
are source of important essential oils used in 
medicine and in manufacturing cosmetics. Its 
main uses, however, lies in its timber for building 
and construction and its short fiber for producing 
printer paper and cardboard (FAO, 1981).

Climate change and global warming trends, 
largely attributed to the increased concentration 
of atmospheric CO2 (from 50 to 60 μmol mol-1 
between 1983 and 2013), make it increasingly 
important to understand plant physiology and 
the overall dynamics of the local environment 
and ecosystems (IPCC, 2013). 

In this understanding of plant physiology, 
one can observe climate change and global 
warming are mainly attributed to the higher 
concentration of atmospheric CO2, since plants 
require it for photosynthesis, therefore, it is very 
important to understand the plant physiology 
and the dynamics of the local environment and 
the ecosystems. This knowledge serves as the 
basis for initiating and implementing plans 
for adaptation and mitigation of the effects of 
climate change on ecological, economic and 
social policies, since trees permanently fix C and 
store it on stems. Due to E. grandis is a rapidly 
growing tree with high production potential, high 
photosynthesis rates and good adaptability to 
adverse weather conditions and should therefore 
be considered when designing CO2 capture 
strategies (Mejía de Tafur, Burbano, García & 
Baena, 2014; Stephenson et al., 2014).

Studies conducted by Rolando & Little (2008), 
in tree nurseries at the Institute for Commercial 
Forestry Research (ICFR) in Pietermaritzburg, 
South Africa, indicated that E. grandis responds 
to water stress by lowering stomatal conductance, 
an indication of stomata closure and, lower 
photosynthesis rate with the subsequent economy 
of water, but at the expense of tree growth (Mejia 
de Tafur, Zapata, Urrego, Ibarra, Leal, 2017). 
Therefore, a research conducted by El-Sharkawy, 
Cock  & Hernández (1985), at the International 
Center for Tropical Agriculture (CIAT) in Palmira, 
Colombia, found that E. deglupta Blume and E. 

citriodora Hook reduced stomatal conductance 
and photosynthesis rate by more than 50% in 
conditions of atmospheric vapor pressure deficit 
(VPD) of 3–4 kPa as compared with the values 
obtained with a VPD of 1.0–1.5 kPa without leaf 
water potential (Ψ) showing direct sensitivity to 
atmospheric moisture.

Whitehead & Beadle (2004), and Almeida, 
Soares, Landsberg & Rezende, (2007), indicate 
that E. grandis has several mechanisms to 
tolerate water stress such as lower leaf area 
index (LAI) in periods of drought, near-vertical 
arrangement of leaves, high stomatal sensitivity 
to VPD, deep rooting ability, and osmotic 
adjustment to maintain turgor in leaves. The 
performance of eucalyptus depends mainly 
on the number of leaves and their health and 
consequently on LAI (Hubbard, Stape, Ryan,  
Almeida & Rojas, 2010; Merchant et al., 2007). In 
the case of E. grandis, the tree retains its leaves 
during the 1-year growing season. However, a 
significant number of leaves survive for more 
than two years (Whitehead & Beadle, 2004), 
which is important because the tree does not have 
to use photoassimilates to form new leaves for 
photosynthesis. The loss of leaves in response to 
water stress also contributes to reduced growth, 
even though water loss simultaneously decreases 
(Mejia de Tafur et al., 2017).

There are Eucalyptus species that are tolerant 
to stress caused by excess water, which forms 
adventitious roots and can be found in swamps 
and in marginal saline areas, although the growth 
of E. grandis decreased under soil saturation 
conditions, some genotypes do present tolerance. 
Research conducted by Close & Davidson (2003), 
in E. nitens, Sena & Kozlowski (1980), in E. 
camaldulensis and E. globulus, and Lima, Jarvis, 
& Rhizopoulou (2003), in E. grandis, E. urophilla, 
E. camaldulensis, E. torelliana and E. phaeotrica, 
show the formation of adventitious roots and 
aerenchyma in response to periods of prolonged 
waterlogging, in addition to reducing the 
photosynthesis rate and significantly decreasing 
plant height and root and leaf production in trees 
of E. robusta (Clemens,  Kirk, & Mills, 1978). 

E. grandis is usually grown in intertropical 
areas, with prolonged and severe seasonal 
droughts that are foreseen to suffer modifications 
in their rainfall distribution patterns. In view 
of the economic and ecological importance 
of this species and its capacity to adapt to 
adverse conditions, this study evaluates the 
photosynthetic response of four genotypes of 
E. grandis under conditions of shortage and 
waterlogging. 
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Materials and methods

Trials were established at two sites located in 
the department of Valle del Cauca, Colombia, 
with bimodal rainfall distribution, with the 
main dry season between June and August and 
the secondary dry season between December 
and March. The first trial was established at 
Universidad Nacional de Colombia, campus 
Palmira, Colombia (3° 30′ 45.13″ N, 76° 18′ 30.25″ 
W), located at 994 m.a.s.l, with an annual rainfall 
of 895 mm, an average temperature of 23.5°C 
(minimum 18–19°C, maximum 29–31°C), 70–76% 
relative humidity (RH), and 4 h day-1 of sunlight 
during the rainy season and 6 h day-1 during 
the dry season. The second trial was established 
at the nursery of Carton de Colombia S.A. in 
Restrepo (3° 49′ N, 76° 07′ W), located at 1450 
m.a.s.l. with an annual rainfall of 1100 mm, an 
average temperature of 18°C (minimum 12°C, 
maximum 26°C), 80% RH, and 5 h day-1 of solar 
radiation.

The response of four elite genotypes of E. 
grandis (28-3, 18-3, 24A-5, and 19-1) to soil 
water availability at field capacity (FC), ½ FC, 
¼ FC, and soil waterlogging was evaluated at 
both sites. Genotypes were selected by Carton 
de Colombia SA for their adaptability to different 
environmental conditions. In Palmira, seedlings 
were planted in pots 60 cm tall and 30 cm in 
diameter using soil from the site. In Restrepo, 
seedlings were planted in pots 90 cm tall and 
57 cm in diameter, using the soil substrate used 
by Carton de Colombia S.A. in the nursery (33% 
sawdust, 33% charcoal, and 33% soil).

Trials were established out in the open, using 
a split-plot design with four replicates, the main 
plot evaluating soil water availability (FC, ½ 
FC, ¼ FC, waterlogging) and the subplots, the 
genotypes (28-3, 18-3, 24A-5, 19-1), for a total of 
64 experimental units per trial. Pots were covered 
with plastic sheeting to prevent the entrance of 
rain water.

The water retention curve was determined in 
both soil and substrate to calculate the volume 
of water to be applied to each treatment. The soil 
waterlogging treatment kept a water surface 1 cm 
deep.  Treatments were induced 15 days after 
planting when plants were 30 cm tall.

A portable ADC LCpro+ open photosynthesis 
system was used to evaluate the photosynthesis 
rate. Assessments were performed on mature, 
fully expanded leaves of branches of the upper 
third of the tree. Readings were conducted 
in Palmira at 26, 34, 46, and 62 days after 
transplanting (DAT) and in Restrepo, at 36, 45, 
80, 100, 131, and 156 DAT, respectively. Trees 
were harvested at 130 DAT in Palmira and at 

213 DAT in Restrepo location to assess biomass 
accumulation in the stems. Data were analyzed 
by ANOVA using SAS ® 9.3 software.  WUE was 
calculated by dividing the transpiration rate per 
photosynthesis rate. 

Results 

During the trials, average atmospheric CO2 
concentration in Palmira was 383 ppm (± 13.6), 
average chamber temperature of 33.27°C (± 
3.82) and average leaf temperature of 35.82 °C 
(± 4.02). In Restrepo, average atmospheric CO2 
concentration was 380 ppm (± 12.5), average 
chamber temperature, 27.42°C (± 3.89), and 
average leaf temperature, 29.59°C (± 3.82). Highly 
significant differences (<0.001) in all response 
variables were found between levels of soil water 
availability in Palmira location (Table 1). 

Table 1. Photosynthetic response of E. grandis to soil water availability in 
Palmira, Valle del Cauca, Colombia (average temperature of 23.5°C). Highly 
significant statistical differences were observed. Data correspond to the 
average of all genotypes per treatment. 

Treatment
Photosynthesis 

rate
(µmol CO2 m-2s-1)

Ci*
(ppm)

Stomatal 
conductance
(mol m-2s-1)

Transpiration
(mmol m-2s-1)

FC 47.10 a** 235.71 b 2.51 a 8.98 a

½ FC 40.19 b 241.89 b 2.44 a 9.41 a

¼ FC 31.49 c 266.10 a 1.53 b 7.29 b

Waterlogging 22.31 d 281.81 a 1.06 b 7.58 b

Average 35.27 256.87 1.89 8.32

LSD (5%)

Pr>F

6.28

(<0.0001)

16.72

(<0.001)

0.86

(0.0029)

1.16

(0.0037)

* Ci: Internal CO2 in the sub-stomatal cavity.

**Values with the same letter are statistically equal.

The highest photosynthesis rate was with the 
FC treatment, followed by the 1/2 FC, 1/4 FC, 
and waterlogging treatments, indicating that E. 
grandis has physiological mechanisms, such 
as stomata closure, that allows it to respond 
to water stress. Differences were found among 
genotypes regarding the different evaluated test 
variables. Genotype 28-3 presented the highest 
photosynthesis rate (38.71 μmol CO2 m

-2s-1) and 
24A-5, the lowest (31.91 μmol CO2 m

-2 s-1). Using 
as reference the average stomatal conductance 
among treatments (1.89 mol m-2s-1) (Figure 1).  

Effect of soil water availability on gas exchange in young 
trees of Eucalyptus grandis W. Hill ex Maiden



552

Figure 1. Gas exchange in E. grandis genotypes in Palmira (average temperature 
of 23.5°C) and Restrepo (average temperature of 18°C), department of Valle 
del Cauca, Colombia. Data correspond to the average of all treatments per 
genotype.

In fact, the average stomatal conductance among 
genotypes (1.78 mol m-2s-1) and the average 
transpiration rate among treatments (8.32 mmol 
m-2s-1) (Table 1) and among genotypes (8.21 mmol 
m-2s-1), the stomatal conductance in genotypes 
28-3 (2.18 mol m-2s-1) and 18-3 (1.92 mol m-2s-1) 
and the transpiration rate of 28-3 (9.18 mmol 
m-2s-1) and 18-3 (8.63 mmol m-2s-1) were higher 
than the overall average, whereas those of 
genotypes 19-1(Conductance 1.63 mol m-2s-1, 
transpiration rate 7.49 mmol m-2s-1) and 24A-5 
(Conductance 1.39 mol m-2s-1, transpiration rate 
7.52 mmol m-2s-1) were lower. In Restrepo, the 
rate of photosynthesis and stomatal conductance 
were significantly lower when the ground was 
waterlogged and thus, the Ci was higher in this 
treatment. The transpiration rate, however, was 
significantly higher at ½ FC, followed by ¼ FC 
and FC, and lower in the waterlogging treatment 
(Tables 2,3).

 Table 2. Effect of water stress on gas exchange in E. grandis genotype 19-1 in Palmira, Restrepo, and Palmira–Restrepo (P+R), Valle del Cauca, Colombia.

Location

Photosynthesis rate (µmol CO2 m-2s-1)

Treatment Average LSD
5%

Pr>F

FC ½ FC ¼ FC Waterlogging

Palmira 48.07 a** 45.88 a 27.17 b 20.25 b 35.34 13.62 < 0.0001

Restrepo 44.53 a 46.18 a 43.17 a 20.72 b 38.65 6.701 < 0.0001

P+R 45.76 a 46.09 a 38.49 b 20.52 b 37.71 6.38 < 0.0001

Ci (ppm)

Palmira 246.63 b 241.83 b 278.33 ab 293.31 a 263.77 46.37 0.0647

Restrepo 210.37 b 212.00 b 217.24 b 291.91 a 232.88 20.91 < 0.0001

P+R 222.98 b 220.52 b 235.12 b 292.49 a 242.77 21.34 < 0.0001

Stomatal conductance (mol m-2s-1)

Palmira 2.64 a 1.62 a 1.89 a 1.10 a 1.81 - 0.3537

Restrepo 2.23 a 2.09 a 2.10 a 1.97 a 2.10 - 0.9747

P+R 2.34 a 1.98 a 2.04 a 1.62 a 2.10 - 0.5665

Transpiration (mmol m-2s-1)

Palmira 9.85 a 8.69 a 6.40 a 6.75 a 7.92 - 0.1544

Restrepo 10.80 a 10.41 a 9.95 a 9.28 a 10.11 - 0.8586

P+R 10.60 a 10.07 a 9.18 a 8.20 a 9.51 - 0.3180

**Values with the same letter are statistically equal.

Table 3. Photosynthetic response of E. grandis to soil water availability in 
Restrepo, Valle del Cauca, Colombia (average temperature of 18 °C). Highly 
significant statistical differences were observed. Data correspond to the 
average of all genotypes per treatment.

Treatment Photosynthesis rate
(µmol CO2 m

-2s-1)
Ci*

(ppm)
Stomatal conductance

(mol m-2s-1)
Transpiration
(mmol m-2s-1)

FC 46.13 a** 211.75 b 2.25 a 10.21 b

11.09 a

10.55 b

8.28 c

10.03

½ FC 45.18 a 210.84 b 2.45 a

¼ FC 43.80 a 216.22 b 2.47 a

Waterlogging 21.65 b 277.83 a 1.86 b

Average 39.19 229.16 2.31

LSD (5%)
Pr>F

3.57
(<0.0001)

10.27
(<0.0001)

0.3397
(<0.0001)

0.3522
(<0.0001)

*Ci: Internal CO2 in the sub-stomatal cavity.

**Values with the same letter are statistically equal

Averaging the data of Restrepo and Palmira 
indicated that the highest photosynthesis rate 
occurs in the FC treatment, followed by the ½ 
FC, ¼ FC, and waterlogging treatments. The 
highest photosynthesis occurred in genotype 
28-3 and the lowest in genotype 24A-5; the 
Ci was higher with lower photosynthesis, and 
transpiration rate was higher in genotypes 24A-
5 and 28-3. Stomatal conductance, on the other 
hand, presented no significant differences. There 
were significant differences in all test variables 
between the Palmira and Restrepo (Tables 1, 
2). The lower transpiration rate could possibly 
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be attributed to the lower VPD in Restrepo due 
to the lower temperature. In other words, E. 
grandis requires less water in Restrepo for its 
physiological functions and is therefore more 
efficient in its use. In Palmira, the genotype 19-1 
the rates of photosynthesis were significantly 
lower in the ¼ FC and waterlogging treatments. In 
Restrepo, all treatments except the waterlogging 

had high rates of photosynthesis, like one another 
(Table 3). This indicates that plant response 
differs depending on environmental conditions, 
evidencing the interrelationship between soil 
water availability x environment on plant 
physiology. In Palmira, genotype 24A-5 showed 
the highest photosynthesis rate at FC, followed 
by ½ FC (Table 4). 

Table 4. Effect of water stress on gas exchange in E. grandis genotype 24A-5 in Palmira, Restrepo, and Palmira–Restrepo (P+R), Valle del Cauca, Colombia.

Location

Rate of photosynthesis (µmol CO2 m-2s-1)

Treatment
Average

LSD
5%

Pr>F
FC ½ FC ¼ FC Waterlogging

Palmira 49.77 a** 34.77 b     26.73 bc 15.79 c 31.76 13.88 <0.0001

Restrepo 44.41 a 38.84 a    40.68 a 23.80 b 36.93 5.550 <0.0001

P+R 46.23 a 37.70 b    36.69 b 21.08 c 35.42 5.080 <0.0001

Ci (ppm)

Palmira 235.36 c 250.92 bc 282.42 ab 285.38 a 263.52 32.23 0.0057

Restrepo 210.37 b 212.00 b  217.24 b 291.91 a 236.00 19.67 <0.0001

P+R 222.47 c 231.23 bc  241.45 b 280.98 a 244.03 17.60 <0.0001

Stomatal conductance (mol m-2s-1)

Palmira 1.90 a 1.92 a    1.43 a 0.89 a 1.53 - 0.4564

Restrepo 2.61 a 2.92 a    2.47 a 2.69 a 2.62 - 0.9841

P+R 2.35 a 2.55 a    2.17 a 2.03 a 2.27 - 0.7987

Transpiration (mmol m-2s-1)

Palmira 8.24 a 8.53 a     6.60 a 7.12 a 7.62 - 0.3658

Restrepo 11.76 a 10.94 a   10.05 a 10.09 a 10.71 - 0.6750

P+R 10.54 a 10.47 a     9.09 a 8.82 a 9.73 - 0.2915

* Ci: Internal CO2 in the sub-stomatal cavity. **Values with the same letter are statistically equal.

The lowest rates were observed in the ¼ FC and 
waterlogging treatments. However, significant 
differences in Ci only occurred between the 
FC and waterlogging treatments. There were 
no significant differences among treatments in 
stomatal conductance and transpiration rate. In 
Restrepo, however, at normal temperatures, the 
photosynthesis rate was only significantly lower 
in waterlogging conditions and therefore the Ci 
was higher. Three groups were formed when 
data of Palmira and Restrepo were combined 
as follows: (1) the FC treatment, presenting the 
highest photosynthesis; (2) the ½ FC and ¼ FC 
treatments; and (3) the waterlogging treatment. 
Therefore, the Ci was lower in the FC treatment. 
As in previous cases, the other response variables 
presented no significant differences among 
themselves. This indicates that excess water is a 
limiting condition for gas exchange and suggests 
the influence of biochemical and/or anatomical 
factors inside the mesophyll in response to water 
stress (Table 4).

In Palmira, genotype 18-3 presented a lower rate 
of photosynthesis at ¼ FC and in the waterlogging 

treatment, higher stomatal conductance at ½ FC 
followed by FC, and transpiration is higher at 
½ FC. In Restrepo, the photosynthesis rate and 
other response variables were only affected by 
waterlogging. The same result was obtained when 
the data from Palmira + Restrepo locations, were 
combined (Table 5). 

Effect of soil water availability on gas exchange in young 
trees of Eucalyptus grandis W. Hill ex Maiden
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Table 5. Effect of water stress on gas exchange in E. grandis genotype 18-3 in Palmira, Restrepo, and Palmira–Restrepo (P+R), Valle del Cauca, Colombia.

Location Photosynthesis rate (µmol CO2 m-2s-1)

Treatment
Average

LSD
5%

Pr>F
FC ½ FC ¼ FC Waterlogged

Palmira 43.76 a** 40.49 a   35.18 ab 22.30 b 35.44 13.49 0.0072

Restrepo 47.44 a 50.62 a 43.53 a 17.56 b 39.79    7.247 <0.0001

P+R 46.10 a 47.79 a 40.96 a 19.14 b 38.50  6.52 <0.0001

Ci (ppm)

Palmira 235.50 b 239.00 b 251.25 ab   280.81 a 251.64 32.31 0.0178

Restrepo 204.96 b 197.90 b 209.15 b   280.93 a 223.24 30.14 <0.0001

P+R  216.07 b 209.64 b 222.10 b   280.89 a 238.18 23.39 <0.0001

Stomatal conductance (mol m-2s-1)

Palmira  2.45 ab 3.91 a    1.05 b 0.77 b 2.05   1.89 0.0113

Restrepo 2.40 a 2.12 a    2.39 a 1.16 b 2.02 0.931 0.0110

P+R 2.41 a 2.77 a    1.98 a 1.04 b 2.05 0.921 0.0007

Transpiration (mmol m-2s-1)

Palmira 8.49 ab 10.20 a    7.90 b      8.21 ab 8.70 2.076 0.1603

Restrepo   9.63 a 10.50 a    9.98 a 6.80 b 9.23 1.860 0.0002

P+R   9.44 a 10.40 a    9.31 a   7.21 b 9.09 1.483 0.0001

* Ci: Internal CO2 in the substomatal cavity. 

**values with the same letter are statistically equal. 

Genotype 28-3 has a lower photosynthesis rate 
in the waterlogging treatment at both sites and, 
thus, higher Ci. There are some differences in 
stomatal conductance and transpiration rate 
among treatments, depending on environmental 

conditions. When data from Palmira and Restrepo 
locations were combined, transpiration rate was 
higher at ½ and ¼ FC without affecting stomatal 
conductance, which suggests tolerance to water 
deficit (Table 6).

Table 6.  Effect of water stress on gas exchange in Eucalyptus grandis genotype 28-3 in Palmira, Restrepo, and Palmira–Restrepo (P+R), Valle del Cauca, Colombia.

Site

Photosynthesis rate  (µmol CO2 m-2s-1)

Treatment
Average

LSD
5%

Pr>F
FC ½ FC ¼ FC Waterlogging

Palmira 46.76 a** 39.59 ab 36.87 ab 31.48 b 38.68   11.77 0.0566

Restrepo 48.29 a 45.12 a 47.64 a 24.74 b 41.45 6.912 <0.0001

P+R 47.78 a 43.63 a 44.63 a 27.21 b 40.81 5.966 <0.0001

Ci (ppm)

Palmira 224.60 b 235.27 ab 252.33 ab 266.80 a 244.75 30.46 0.0283

Restrepo 214.52 b 209.40 b 212.73 b 260.73 a 224.35 20.94 <0.0001

P+R 217.96 b 216.34 b 224.05 b 262.95 a 230.33 17.41 <0.0001

Stomatal conductance (mol m-2s-1)

Palmira 3.28 a 1.54 a 1.88 a 1.86 a 2.14 - 0.3967

Restrepo 1.67 b 2.62 ab 2.89 a 1.64 b 2.21 1.022 0.0265

P+R 2.23 a 2.35 a 2.63 a 1.69 a 2.23 - 0.2048

Transpiration (mmol m-2s-1)

Palmira 10.26 a   9.85 a   8.02 a 8.99 a 9.28 - 0.4865

Restrepo   8.53 b 12.28 a 12.38 a 7.76 b 10.24 2.950 0.0018

P+R   8.91 bc 11.69 a 11.22 ab 8.05 c 9.96 2.428 0.0059

* Ci: Internal CO2 in the sub-stomatal cavity.

**Values with the same letter are statistically equal.
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The photosynthesis rate of four genotypes 
was significantly reduced in the ¼ FC and 
waterlogging treatments when grown in Palmira 
(high temperature), except for genotype 24A-5, 
which also reduced its rate of photosynthesis 
at ½ FC, and genotype 28-3, which only 
presented differences between the FC and the 
waterlogging treatment. When grown in Restrepo, 
genotypes presented statistically similar rates 
of photosynthesis in the FC, ½ FC, and ¼ FC 
treatments, which were higher than those of the 
waterlogging treatment. The effect of temperature 
and genotype on the physiological response of 
the plant to water stress is therefore confirmed 
(Table 7). 

Table 7.Water use efficiency (WUE) in Palmira and Restrepo, Valle del Cauca 
Colombia, and for both sites combined.

Treatment
Palmira Restrepo Palmira+Restrepo

WUE (µmol CO2 / mmol H2O)

FC 5.24 a** 4.52 a 4.88 a

½ FC 4.27 a 4.07 a 4.17 a

¼ FC 4.32 a 4.15 a 4.23 a

Waterlogging 2.94 b 2.61 b 2.77 b

LSD (5%) 1.242 0.8419 0.8559

Pr>F <0.0001 <0.0001 <0.0001

**Values with the same letter are statistically equal.

The WUE model showed significant differences 
among treatments (0.0001). Data indicate the 
plants under waterlogging were less efficient 
in water use as they fix less CO2 per mmol of 
water consumed than other treatments, which 
could be attributed to the fact that the rate 
of photosynthesis decreased more than that 
obtained with the FC treatment (≈50%) than 
the transpiration rate (≈20%), suggesting that 
the plant must adjust its physiology to spend 
proportionately more water as a defense to excess 
water. 

Discussion

The average photosynthesis rate was 35.17 μmol 
CO2 m

-2s-1 in Palmira and 39.55 μmol CO2 m
-2s-1 

in Restrepo, both high values if compared with 
the average values found in C3 species (10–24 
μmol CO2 m-2s-1) and with those found by Osorio 
& Pereira (1994), in E. globulus and E. nitens, and 
Whitehead & Beadle (2004), Mendes, de Paula, 
Scarpinatti & de Paula (2013), and El-Sharkawy 
et al. (1985), in E. deglupta and E. citriodora.

Lima et al. (2003), found in several Eucalyptus 
species (E. grandis, E. urophilla, E. camaldulensis, 
E. torelliana and E. phaeotrica) photosynthesis 
rates between 25–30 μmol CO2 m-2s-1 with 
atmospheric CO2 concentrations of 700 ppm 

(± 30) in the dry season, whereas rates of 
photosynthesis were 10–15 μmol CO2 m-2s-1 at 
normal concentrations of 350 ppm (± 30).

E. grandis has physiological mechanisms, 
such as stomata closure, that allows it to respond 
to water stress. This is confirmed by stomatal 
conductance and transpiration data as these 
were lower with increasing water stress, whereas 
internal CO2 (Ci) was higher with decreasing 
photosynthesis rates (Figure 1) (Mendes et al., 
2013; Mejia de Tafur et al., 2014). 

Stomatal conductance was similar in all 
genotypes, but the transpiration rate was lower 
in genotypes 19-1 and 24A-5, which means 
less water loss due to stomata closure, but at 
the expense of CO2 fixation, which explains the 
lower rate of photosynthesis in the genotypes 
(Figure 1) (Mendes et al., 2013; Osorio & Pereira, 
1994), which confirms the effect of genotype 
and indicating that E. grandis has in place 
physiological mechanisms, which have allowed 
to respond to water stress (Almeida et al., 2007).

Considering that the physiological stress 
caused by waterlogging is due to water absorption 
inhibition by hypoxia and/or anoxia, which 
in turn causes water deficit, it is evident that 
E. grandis has stress defense mechanisms in 
place, closing stomata to reduce water loss by 
transpiration. (Tables 1, 2). (Close, 2003; Clemens 
et al., 1978).

The highest Ci occured under waterlogging and 
in high soil water deficit, which could be attributed 
to either reduction in carboxylation rate of 
Rubisco and/or with an increasing in oxygenation 
reaction (ie. increased photorespiration). This 
is supported by the significant reduction in 
photosynthetic rates. Given these concerns as 
well as stomatal conductance, which was lower 
in the waterlogging treatment, and transpiration, 
which decreased with both water deficit and 
excess water, evidenced in a stomata closure as 
a response mechanism to water stress. (Tables 
1, 2). (El-Sharkawy, Cock & Held, 1984).

The highest photosynthesis rate occurred 
in Restrepo location, in fact, the lowest Ci as a 
faster CO2 fixation leads to quicker depletion and 
therefore less accumulation in the substomatal 
cavity. The lower photosynthesis rate and the 
higher Ci in eucalyptus grown in Palmira, as 
compared with Restrepo location, indicates 
that significant anatomical and/or biochemical 
changes could possibly have occurred inside 
the mesophyll of Palmira-grown trees. Stomatal 
conductance is also higher, which indicates an 
increasing in stomatal opening (El-Saharkawy 
et al., 1984). 

Effect of soil water availability on gas exchange in young 
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Data on Ci show significant differences 
in Restrepo location, being higher in the 
waterlogging treatment, which agrees with 
the lower photosynthesis rate. No significant 
differences were detected among treatments for 
stomatal conductance and transpiration, which 
can be attributed to the influence of biochemical 
and/or anatomical factors within the mesophyll 
on CO2 assimilation (Rolando & Little, 2008; El 
Sahrkawy et al., 1985).

Stomatal conductance and transpiration 
rate were the same in all treatments (Table 
3), indicating that this genotype require more 
water in Palmira conditions due to the high 
temperatures. (Lima et al., 2003).

It can be concluded that the evaluated 
genotypes respond to water supply depending on 
climatic factors and that this response depends on 
the genotype. Data suggest that biochemical and/
or anatomical factors affect the photosynthetic 
response of plants to water stress. In all cases, 
the greatest limitation occurs in the waterlogging 
treatment (El-Sharkawy et.al, 1984,1985).

Overall, Ci values relate to the rate of 
photosynthesis, being higher when photosynthesis 
is lower. Stomatal conductance and transpiration 
rate also present higher values when the plant 
has a good water supply. In principle, one could 
say that in Palmira genotypes 19-1, 18-3, and 
28-3 support water reduction better than 24A-5, 
but in Restrepo location, all genotypes showed a 
similar trend (Tables 2, 3, 4, and 5). (Hubbard 
et.al, 2010).

Likewise, in the waterlogging treatment, the 
photosynthetic capacity is more easily affected 
due to an internal factors , which are related to 
water absorption, transportation, and loss (from 
the stoma outward) in the root–leaf continuum, 
respectively (Table 6) (Hubbard et.al, 2010; El- 
Sharkawy, 2007). 

Conclusions

The results indicate that E. grandis had achieved 
physiological mechanisms, which have allowed 
to defend itself from water stress (both deficit 
and excess), decreasing stomatal conductance 
and transpiration rate, which suggests stomata 
closure, but with the consequent reduction in 
photosynthesis rate. In fact, WUE species is only 
reduced when subjected to excess water, making 
this condition more limiting than water deficit.

Given these concerns, E. grandis responds to 
an increasing concentration of atmospheric CO2, 
soil water availability, and possibly temperature 
with high rates of photosynthesis, making this 
species a good alternative when addressing 
atmospheric carbon fixation.
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