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Despite multiple studies of the impact of climate change on temperate tree species, experiments on tropical and
economically important tree crops, such as cacao (Theobroma cacao L.), are still limited. Here, we investigated the
combined effects of increased temperature and atmospheric carbon dioxide concentration ([CO2]) on the growth,
photosynthesis and development of juvenile plants of two contrasting cacao genotypes: SCA 6 and PA 107. The factorial
growth chamber experiment combined two [CO2] treatments (410 and 700 p.p.m.) and three day/night temperature
regimes (control: 31/22 ◦C, control + 2.5 ◦C: 33.5/24.5 ◦C and control + 5.0 ◦C: 36/27 ◦C) at a constant vapour pressure
deficit (VPD) of 0.9 kPa. At elevated [CO2], the final dry weight and the total and individual leaf areas increased in both
genotypes, while the duration for individual leaf expansion declined in PA 107. For both genotypes, elevated [CO2] also
improved light-saturated net photosynthesis (Pn) and intrinsic water-use efficiency (iWUE), whereas leaf transpiration (E)
and stomatal conductance (gs) decreased. Under a constant low VPD, increasing temperatures above 31/22 ◦C enhanced
the rates of Pn, E and gs in both genotypes, suggesting that photosynthesis responds positively to higher temperatures
than previously reported for cacao. However, dry weight and the total and individual leaf areas declined with increases in
temperature, which was more evident in SCA 6 than PA 107, suggesting the latter genotype was more tolerant to elevated
temperature. Our results suggest that the combined effect of elevated [CO2] and temperature is likely to improve the
early growth of high temperature-tolerant genotypes, while elevated [CO2] appeared to ameliorate the negative effects
of increased temperatures on growth parameters of more sensitive material. The evident genotypic variation observed
in this study demonstrates the scope to select and breed cacao varieties capable of adapting to future climate change
scenarios.

Keywords: abiotic stress, cacao, carbon dioxide, leaf gas exchange, vapour pressure deficit.

Introduction

Cacao (Theobroma cacao L.) is an important commodity crop
for the production of chocolate, cosmetics, beverages and other
derivative products (Lima et al. 2011). An estimated 4,818,000
tonnes of cacao beans were produced in 2021/2022, mainly
by smallholder farmers in tropical regions of Africa, Asia and
America (ICCO 2023). As with all crops, cacao has the potential
to be negatively affected by climate change. The concentration
of atmospheric carbon dioxide ([CO2]) has been increasing

since the beginning of the Industrial Revolution, and under the
Shared Socioeconomic Pathways 3–7.0, this has been predicted
to reach the region of 700 p.p.m. by 2080 (IPCC 2021).
Cumulative emissions of CO2 and other greenhouses gases
are resulting in an increase in global temperatures, leading to
changes in weather patterns. Both [CO2] and air temperature
are important climatic factors affecting plant growth and devel-
opment (Ainsworth and Long 2005, van der Kooi et al. 2016).
In C3 plants, elevated [CO2] generally has positive effects on
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2 Mateus-Rodríguez et al.

plant growth (expressed as greater dry matter accumulation) as
a result of enhanced photosynthesis and improved plant water
status due to partial stomata closure as well as greater light-use
efficiency (Conroy et al. 1990, Drake et al. 1997, Ainsworth and
Long 2005, Leakey et al. 2009). Like in other tropical woody
species, temperature plays a critical role in cacao growth and
development (De Almeida and Valle 2007, Lahive et al. 2019).
Balasimha et al. (1991) reported that the optimal temperature
for photosynthesis in cacao plants grown under field conditions
ranged from 31 to 33 ◦C, above which photosynthesis declined.
Temperature increases above optimum can negatively affect
plant growth and accelerate the development rate, potentially
reducing final productivity (Hatfield and Prueger 2015). Other
impacts of high temperatures include lower photosynthetic
efficiency due to reduced Rubisco activity, increased photores-
piration and stomatal closure due to higher vapour pressure
deficit (VPD) (Krause et al. 2015, Slot and Winter 2016). Thus,
physiological and developmental responses of cacao plants to
changes in temperature vary according to whether they are
subjected to temperatures above or below the optimal range
(Raja Harun and Hardwick 1988, Hadley et al. 1994, Hebbar
et al. 2020). For example, shoot growth rate and the number
of leaf flushes were higher at a day temperature of 30 ◦C
compared with cacao plants grown at a cooler temperature of
23.3 ◦C (Sale 1969). A temperature of 30 ◦C also increased
the leaf number and leaf area (Sale 1968). Similarly, when com-
paring the growth responses to temperature regimes of three
cacao-growing areas (Bahia, Brazil; Tafo, Ghana; Lower Perak,
Malaysia) simulated in a greenhouse experiment, the highest
growth rate was observed under the Malaysian (warmest)
conditions of 32.5/22.5 ◦C maximum/minimum (Daymond and
Hadley 2004). Furthermore, some genotypes appeared to be
more responsive to temperature changes than others. Studying
the effects of temperature and VPD on cacao, Raja Harun
and Hardwick (1988) reported that temperatures ranging from
20 to 30 ◦C did not markedly affect photosynthesis, but at
temperatures above 30 ◦C, photosynthesis decreased; however,
the authors suggested that this response was an indirect
effect of VPD-induced stomatal closure limiting carbon uptake.
Recently, Hebbar et al. (2020), Mensah et al. (2022) and
Ríos-Bolívar et al. (2022) have also shown that increasing
temperature above 30 ◦C reduced the photosynthesis and
growth of cacao plants. However, VPD was again not controlled
in these studies, which is likely to have influenced the photosyn-
thetic responses. Research is needed to understand the direct
temperature response in cacao independent of VPD and to
determine the potential optimum temperature for physiological
performance.

In cacao, positive effects of elevated [CO2] on young cacao
plants have been demonstrated (Baligar et al. 2005, 2008,
2021a, 2021b, Lahive et al. 2018). Cacao seedlings grown
at elevated [CO2] (∼700 p.p.m.) exhibited enhanced mineral

nutrient uptake and increased shoot and root growth compared
with plants grown at ambient [CO2] (380 p.p.m.) (Baligar et al.
2005). Baligar et al. (2008) reported a 33% increase in
photosynthesis with [CO2] raised from 85 to 680 p.p.m., without
significant changes above 680 p.p.m.. The authors also noted
that elevated [CO2] led to a 65% decrease in stomatal conduc-
tance (gs). Increased intrinsic water-use efficiency (iWUE) at
elevated [CO2] in cacao has been observed as a consequence
of enhanced photosynthesis rather than decreases in gs (Lahive
et al. 2018). Recently, Baligar et al. (2021a) also reported
differences between genotypes in dry weight, root length,
height, leaf area, specific leaf area (SLA), relative growth rate,
net assimilation rate and nutrient uptake among seven young
cacao genotypes grown in elevated [CO2].

Under non-limiting water conditions, elevated [CO2] may
significantly mitigate negative effects of warming, particularly in
some C3 crops (Lee 2011). For example, DaMatta et al. (2018)
reported that improved photosynthetic functioning under [CO2]
enrichment limited high temperature-induced reductions in pho-
tosynthesis in Coffea arabica and Coffea canephora. However,
Kumari et al. (2019) demonstrated that, depending on the
cultivar, the improvement in growth and yield at elevated [CO2]
can be counteracted by high temperatures in pea (Pisum
sativum). Similarly, Zuidema et al. (2020) working with the sub-
tropical forest species Toona ciliata reported that the effects of
elevated [CO2] on tropical tree growth could be less stimulatory
at warmer temperatures than commonly expected. Despite the
economic importance of cacao, there is little information on the
combined effects of increased temperature and [CO2] on cacao
physiology. Here, under conditions of constant high humidity
(controlled at kPa), we explore how elevated temperature and
[CO2] affect the growth and physiology of two contrasting cacao
genotypes. We tested the hypotheses that: (i) growth parame-
ters and leaf-level photosynthetic traits (Pn, E, gs and iWUE) are
negatively affected by predicted temperature increases of +2.5
and +5.0 ◦C above the current average temperature where
cacao is cultivated in West Africa (Max/Min of 31/22 ◦C);
(ii) growth parameters and leaf-level photosynthetic traits are
enhanced at elevated [CO2]; and (iii) elevated [CO2] can
ameliorate the possible negative effects of high temperature on
growth parameters and leaf-level photosynthetic traits of cacao.
The responses of two genotypes belonging to two different
genetic groups were compared in the present study.

Materials and methods

Plant material

Two contrasting juvenile cacao genotypes: SCA 6, from the
genetic cluster Contamana, and PA 107, from the genetic cluster
Marañon (Motamayor et al. 2008), were used as the basis of the
study. Seeds of PA 107 were provided by the Cocoa Research
Institute of Ghana (CRIG) and were raised in 1-L pots containing
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Elevated CO2 and temperature effects on cacao 3

a mixture of sand, gravel and vermiculite (1:2:2 v:v:v) from 11
June to 2 October 2018 in the International Cocoa Quarantine
Centre (ICQC, R) greenhouses at the University of Reading.
The plants were maintained under tropical conditions (day/night
temperature regime of 25–32/20 ◦C, respectively) at ambient
[CO2] and were irrigated six times daily with a modified Long
Ashton nutrient solution for cacao (End 1990). The nutrient
solution contained per litre of water: potassium nitrate (KNO3;
0.43 g), ammonium nitrate (NH4NO3; 0.39 mL of 18%w/w),
potassium sulphate (K2SO4; 0.120 g), magnesium sulphate
(MgSO4; 0.24 g), potassium dihydrogen phosphate (KH2PO4;
0.15 g), iron as EDTA (0.03 g) and boric acid (H3BO3; 0.01 g),
manganese sulphate (MnSO4; 0.001 g), zinc sulphate (ZnSO4;
0.02 g), ammonium molybdate ((NH4)6Mo7O24; 0.001 g) and
copper sulphate (CuSO4; 0.001 g). The pH was maintained at
5.7 through injection of acid into the nutrient mixing tank. The
acid stock tank contained nitric acid (2.5 L) and phosphoric acid
(H3PO4) (1.25 L) mixed into 80 L of water.

On 3 October 2018, the plants were transferred to a
temperature-controlled glasshouse at the Crops and Environ-
ment Laboratory, University of Reading (51◦26′15.89′′ N, 0◦,
56′2.73′′W), for acclimatization and were transplanted into 5-
L pots filled with the same substrate and were subjected to
the same irrigation regime. The environmental conditions in
the glasshouse were set to a day/night temperature regime of
32/19 ◦C. Supplementary lighting (using 400 W high pressure
sodium lamps) was used to extend the day length to 12 h
and to increase ambient light levels; shade screens were used
when light levels exceeded 648 μmol m−2 s−1. The SCA 6
plants that were produced through in vitro propagation using
the somatic embryogenesis method (Guillou et al. 2018) were
provided by Nestlé Research Centre in Tours, France. These
plants were transferred to the UK on 25 July 2018 and were
maintained in the same temperature-controlled glasshouse at
the Crops and Environment Laboratory at the University of
Reading. On 15 August 2018, plants were transplanted into
5-L pots filled with the same sand, gravel and vermiculite
substrate; irrigation regimes and environmental conditions were
maintained as described for the PA 107 plants.

Experimental conditions and treatments

The experiment started on 10 October 2018 and continued
for 88 days. Plants of SCA 6 and PA 107 of similar height
and stem diameter were transferred into 12 growth cabinets,
each with a growth area of 1.5 m2 and 2000 L growth volume
(model HGC 1514; Weiss Gallenkamp, UK) (Figure 1a–c) in the
Crops and Environment Laboratory, University of Reading. Tem-
perature, relative humidity, lighting and [CO2] were monitored
using SpecView SCADA control software (SpecView Ltd, East
Sussex, UK).

Nine plants per genotype were placed randomly in each half
of the cabinet (see Figure S1 available as Supplementary data

Figure 1. Growth cabinets used for the experiment (a and b), juvenile
cacao plants (c) and fertigation control (d).

at Tree Physiology Online) and were repositioned fortnightly
within each cabinet throughout the experiment to minimize the
environmental variation associated with specific positions within
the cabinet. An automatic drip system (Figure 1d) irrigated the
plants four times per day (06:00, 11:00, 15:00 and 18:00 h)
for 5 min at each irrigation (each pot received 2/3 L per day)
by using the same modified Long Ashton nutrient solution as
used in the glasshouses. Each cabinet was set to provide a 12-h
photoperiod through high frequency fluorescent lamps (Master
TL5 HO 54 W/840 cool white, Philips Lighting, Amsterdam,
The Netherlands) with light intensity at the upper canopy level
maintained at an average of 450 μmol m−2 s−1 PAR. The
PAR at canopy height was measured regularly with a portable
light meter (SKR 100, Skye Instruments Ltd, Llandrindod Wells,
UK). The plant growth rate differed between treatment; so, as
the plants grew taller, the canopy height in each cabinet was
adjusted by lowering the shelves to maintain a constant distance
between the top of the plants and the light source and therefore
a similar light intensity across the cabinets.

The experimental design comprised of three temperature and
two [CO2] treatments in a factorial design (6 treatment combina-
tions in total) as follows: [CO2]: ambient (target of 410 p.p.m.)
and elevated (target of 700 p.p.m.), day/night temperature:
T1 (31/22 ◦C, control), T2 (33.5/24.5 ◦C, control + 2.5 ◦C)
and T3 (36/27 ◦C, control + 5.0 ◦C), the control simulating the
average diurnal temperature regime across the cacao-growing
region in Ghana (data obtained from the Ghana Meteorological
Service). Each treatment combination was replicated in two
different cabinets (see Figure S1 available as Supplementary
data at Tree Physiology Online), and the plants were considered
as replicates within each cabinet. The temperature regimes
were set to follow a daily sine wave temperature profile; the
maximum and minimum temperatures were maintained from
13:00 to 15:00 h and from 03:00 to 07:00 h, respectively. A
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4 Mateus-Rodríguez et al.

Table 1. Average temperatures (◦C), CO2 concentration (p.p.m.) and VPD (kPa) logged throughout the 88 days of the experimental period.

Treatments Temperature (◦C) [CO2] (p.p.m.) VPD (kPa)

Temp (◦C) [CO2]

31/22 Ambient 25.9 (±0.1) 460.5 (±1.8) 0.93 (±0.005)
Elevated 25.9 (±0.1) 696.7 (±1.9) 0.91 (±0.001)

33.5/24.5 Ambient 28.4 (±0.1) 434.3 (±2.2) 0.91 (±0.001)
Elevated 28.4 (±0.1) 701.1 (±2.7) 0.92 (±0.001)

36/27 Ambient 30.9 (±0.1) 486.4 (±1.7) 0.91 (±0.001)
Elevated 30.9 (±0.1) 699.4 (±4.2) 0.91 (±0.001)

constant VPD of 0.9 kPa was maintained across the temperature
treatments to avoid the confounding effect of varying evap-
orative demand between temperature treatments (Balasimha
et al. 1991). Environmental variables in the growth cabinets
are summarized in Table 1. The [CO2] achieved for the elevated
treatment were very close to the target but was slightly higher
than the target in the ambient treatment (Table 1).

Leaf gas exchange measurements

Instantaneous net photosynthesis rate (Pn, μmol m−2 s−1), tran-
spiration rate (E, mmol m−2 s−1) and stomatal conductance (gs,
mol m−2 s−1) were measured on the youngest fully expanded
and hardened leaf from three plants per genotype in each cabi-
net using a portable infrared gas analyser fitted with an artificial
light attachment and an internal CO2 source (LCpro-SD, ADC
BioScientific, Great Amwell, Herts, UK). Measurements were per-
formed on Days 27, 55 and 72 between 09:00 and 13:00 h at
696 μmol PAR m−2 s−1, which can be considered as saturating
for cacao (Baligar et al. 2008, Lahive et al. 2018); [CO2] was
set to the growth concentration (i.e., ∼410 and 700 p.p.m. for
ambient and elevated CO2 treatments, respectively), and the
temperature was set to correspond to the maximum temperature
treatments of the cabinets being measured (either 31, 33.5 and
36 ◦C). The VPD was maintained at ∼0.9 kPa across the range
of temperatures, and the flow rate in the cuvette was set to
200 μmol s−1. Intrinsic water-use efficiency (iWUE, μmol mol−1)
was calculated as the ratio of Pn to gs.

Chlorophyll fluorescence parameters

The maximum quantum efficiency of photosystem II (measured
as Fv/Fm ratio) and the performance index (PI) were measured
using a Handy PEA chlorophyll fluorimeter (Hansatech Instru-
ments Ltd, Norfolk, UK) on the same leaves as used for gas
exchange measurements. The leaves were dark-adapted using
specialized clips for at least 30 min before the measurements
were made.

Measurements of leaf traits

Leaf length (cm) and chlorophyll content (μg cm−2) were
measured twice weekly for the first 30 and 46 days of
development, respectively, on the first newly emerged leaf

of a flush, on three plants per genotype in each cabinet.
Leaf length was recorded using a measuring tape. Chlorophyll
content was measured using a CL-01 portable chlorophyll meter
(Hansatech Instruments Ltd). The readings were converted to
chlorophyll content (μg cm−2) using the linear regression for
cacao: c = (1.945 × chlorophyll meter reading) + 11.392), as
reported by Daymond et al. (2011).

Flushing interval and the number of expanded leaves per
flush were recorded three times per week on three plants per
genotype in each cabinet. Flushing interval was measured as the
number of days between the unrolling of the last leaf of a flush
and the unrolling of the first leaf of the subsequent flush (Lahive
2015). Stomatal density (SD, stomata mm −2) was determined
before the last destructive harvest. Leaf epidermal imprints
were taken from the abaxial surface using clear nail varnish
and adhesive cellophane tape on three plants per genotype
per cabinet. Three images per imprint were examined, and
digital images obtained using a Leitz Dialux 20 light microscope
with a Leica DFC450 digital camera attached by using Leica
Application suite version 4.6.2 (Leica Microsystems, Wetzlar,
Germany). ImageJ version 2.2 analysis software (Rueden et al.
2017) was used for image processing and to count stomata per
unit area at 400× magnification.

Dry weight determinations

Destructive harvests were performed at the beginning (n = 3
per genotype) and at the end of the experiment (Day 88; n = 6
per genotype per treatment combination). Plants harvested at
the beginning were representative of plants going into the
experiment. At each harvest, the plants were cut at the base
of the stem; the total leaf number and fresh weight (g) of roots
(after washing to remove residues from the substrate), stems
and petioles and leaves were recorded. Dry weights (g) were
recorded after the samples were dried to a constant weight in
a ventilated drying oven at 70 ◦C for at least 48 h. Above-
and below-ground dry weight allocation was calculated as a
percentage of total plant dry weight. The leaf area (cm2) of fresh
samples was measured using a WD3 WinDIAS leaf image anal-
ysis system (Delta-T Devices Ltd, Cambridge, UK). The specific
leaf area (SLA) (cm2 g−1) was calculated as the ratio of total
leaf area to total leaf dry weight. Dried subsamples of leaves

Tree Physiology Volume 00, 2023

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/advance-article/doi/10.1093/treephys/tpad116/7284227 by guest on 08 N

ovem
ber 2023



Elevated CO2 and temperature effects on cacao 5

were ground to a fine powder for laboratory determinations of
leaf carbon and nitrogen concentration using a LECO CNH628
Series Elemental Analyser (LECO Corporation, MI, USA).

Statistical analysis

All analyses and figure preparation were carried out using the
open-source statistical software R, version 4.0.4 (R Core Team
2021). The experiment was considered to be a completely
randomized, split plot design with three factors, with the combi-
nation of [CO2] and temperature (growth cabinets) as the main
plots and genotypes as sub-plots. Before statistical analyses,
the data were first checked for normality and homoscedasticity
by Shapiro–Wilk and Levene’s tests. T-tests were performed
between cabinets with the same treatment combination, and no
effects of the growth cabinet were observed. In all analyses,
test results were considered to be significant at P < 0.05. A
Bonferroni post hoc test was used to compare group means,
where ANOVA determined significant effects. A repeated mea-
sures ANOVA was performed through the aov function in the
stats R package to evaluate the effects of [CO2], temperature
and genotype over time on chlorophyll content. For leaf length,
a four-parameter generalized logistic function was used to
describe the growth increase over time by using the drm
function from R package drc (Ritz et al. 2015) according to
the following equation:

W = a + d

1 + exp (−b (T − c))
,

where W is leaf length, T is time in days, a is the upper
asymptote of leaf growth, d is the lower asymptote of leaf
growth, c is the time (T) value with a response half-way
between a and d, while b is the correspondent slope around
the inflexion point. Regressions were performed across the
treatments, and the maximum leaf length and time to reach
95% of the maximum leaf length were calculated from the
equation. Subsequently, effects of genotype, temperature and
[CO2] on these parameters were compared using ANOVA. For
flushing interval, number of leaves per flush, SD, leaf nitrogen
concentration and leaf carbon:nitrogen ratio (C:N), a three-way
ANOVA was used to test the main effects of [CO2], temperature
and genotype and their interaction using aov function from
the stats R package. To test the treatment effects on the gas
exchange parameters (Pn, E, gs and iWUE) and Fv/Fm and
PI, a linear mixed-effect model was employed using the lmer
function from the nlme R package (Pinheiro et al. 2023) with
[CO2], temperature and genotypes as fixed factors and day of
measurement as a random factor.

Results

Photosynthesis and gas exchange parameters

Overall, light-saturated net photosynthesis rate (Pn) was slightly
higher in PA 107 (3.91 (±0.14) μmol m−2 s−1) compared with

SCA 6 (3.64 (±0.11) μmol m−2 s−1) (P < 0.05; Figure 2a).
Elevated [CO2] had a positive effect on Pn in both genotypes
(P < 0.001); the increase was 69% greater in plants grown at
elevated compared with ambient [CO2]. A significant increase
of 23 and 37% in Pn was observed with an increase in tem-
perature from 31/22 to 33.5/24.5 and 36/27 ◦C, respectively
(P < 0.001). There was no significant interaction between the
treatments for Pn.

Leaf transpiration (E) increased by 67% from 31/22
to 33.5/24.5 ◦C and 141% from 31/22 to 36/27 ◦C
(P < 0.001), while gs increased by 43 and 82% across
the same temperature range (P < 0.001) (Figure 2b and c).
At the two highest temperatures, E and gs declined under
elevated [CO2]; the interaction between temperature and [CO2]
was significant for E (P < 0.05). No differences between
genotypes or other interactions for E and gs were observed.
Overall, iWUE was higher in PA 107 (96.98 (±3.31) μmol
mol−1) compared with SCA 6 (88.44 (±3.19) μmol mol−1)
(P < 0.05; Figure 2d). There was a positive effect of elevated
[CO2] on iWUE in both genotypes (86% higher in plants grown
at elevated compared with ambient [CO2] (P < 0.001). Overall,
an increase in temperature from 31/22 to 36/27 ◦C resulted in
a decline in iWUE by 22% (P < 0.001). There was no significant
interaction among treatments for iWUE (Figure 2d).

A slightly higher Fv/Fm ratio was observed for PA 107
compared with SCA 6 (0.74 (±0.01) and 0.72 (±0.01),
respectively) (P < 0.05) (Figure 2e). Similarly, PI was greater in
PA 107 (1.07 (±0.07)) compared with SCA 6 (0.85 (±0.07))
(P < 0.01) (Figure 2f). There were no significant effects of
[CO2] or temperature on Fv/Fm and PI.

Plant growth and leaf traits

Elevated [CO2] had a positive effect on final plant dry weight
(P < 0.01). Plants grown at elevated [CO2] accumulated, on
average, 29% more dry weight than those grown under ambient
[CO2] (Figure 3a). The effect of temperature on plant dry weight
varied between genotypes (P < 0.05 for temperature∗genotype
interaction). In PA 107, final plant dry weight was 30% greater
at 33.5/24.5 ◦C compared with the control; with a further
increase in temperature, the changes in plant dry weight were
not significant. By contrast, in SCA 6, the final plant dry weight
was lower at 33.5/24.5 ◦C (12%) and 36/27 ◦C (28%)
compared with the control (31/22 ◦C), particularly at ambient
[CO2]. There was no significant interaction between [CO2] and
temperature for either genotype (Figure 3a).

Overall, the below-ground dry weight allocation declined sig-
nificantly with increased temperature (P < 0.05) (Figure 3b).
Root weight ratio (root dry weight/total plant dry weight; Hunt
et al. 2002) declined by 11% as temperature increased from
31/22 to 33.5/24.5 ◦C; no further changes in root weight ratio
were observed at 36/27 ◦C. Increased temperature resulted in
a 13% reduction in root:shoot ratio (data not shown); no clear
effects of [CO2] or genotype were noted on root:shoot ratio. The
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6 Mateus-Rodríguez et al.

Figure 2. Light-saturated net photosynthesis rate (Pn) (a), transpiration rate (E) (b), stomatal conductance (gs) (c), iWUE (d), maximum quantum
efficiency (Fv/Fm) (e) and PI (f) measured on two juvenile cacao genotypes grown under two [CO2] and three temperatures. Error bars show the
standard error of the mean (n = 6). [CO2] treatments are ambient (grey bar) and elevated (black bar). Temperature treatments are 31/22 ◦C (T1),
33.5/24.5 ◦C (T2) and 36/27 ◦C (T3).

effect of temperature on leaf and stem weight ratio (leaf dry
weight/total plant dry weight, stem dry weight/total plant dry
weight) varied between genotypes (P < 0.05 and P < 0.01,
respectively) (Figure 3b). In PA 107, there was a decline in leaf
weight ratio and an increase in stem weight ratio with increasing
temperature. In SCA 6, there were no clear trends in stem or
leaf weight ratio with increasing temperature. There were no
significant effects of [CO2] on dry weight allocation in either
genotype (Figure 3b).

Leaf area showed a similar response to the treatments as
total dry weight. The genotype PA 107 had a significantly
higher final leaf area (P < 0.001) (Figure 4a) than SCA 6
(7191.5 (±283.3) cm2 and 4224.9 (±215.8) cm2, respec-
tively; Figure 4a). The effect of temperature on final leaf area dif-
fered between genotypes (P < 0.05 for temperature∗genotype
interaction; Figure 4a). In SCA 6, the leaf area declined with
increasing temperature at ambient [CO2]. However, in PA 107,
the leaf area increased by 25% at 33.5/24.5 ◦C compared
with the control with no further significant change at 36/27 ◦C.
There was also a significant interaction between temperature
and [CO2] on the final leaf area (P < 0.05; Figure 4a); greater

leaf area at elevated [CO2] was evident at the two higher
temperatures, whereas at the control temperature, no difference
between [CO2] treatments was observed.

Mean individual leaf area was significantly higher in PA 107
compared with SCA 6 (423.6 (±14.9) and 220.5 (±11.9)
cm2, respectively; P < 0.001; Figure 4b). Increasing tempera-
ture from 31/22 to 36/27 ◦C resulted in a 22% overall decrease
in individual leaf area (P < 0.01). Conversely, elevated [CO2]
resulted in a 12% increase in individual leaf area (P < 0.05)
(Figure 4b). There were no interactions between treatments in
relation to the individual leaf area. The SLA was not affected
by [CO2] and temperature treatments but was higher in PA
107 than SCA 6 (210.1 (±5.7) and 185.9 (±6.1) cm2 g−1,
respectively) (P < 0.01) (Figure 4c).

The increase in leaf length for each treatment combination for
both genotypes is shown in Figure 5, and the final leaf length
reached (fitted logistic regression parameter ‘d’) is presented in
Table 2. A significant interaction between genotype and temper-
ature was observed on the final leaf length (P < 0.001). In SCA
6, the final leaf length decreased with increasing temperature,
while for PA 107, the final leaf length was unaffected by
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Elevated CO2 and temperature effects on cacao 7

Figure 3. Final dry weight (a) and dry weight allocation (b) measured on two juvenile cacao genotypes grown under two [CO2] and three temperatures.
Error bars show the standard error of the mean (n = 6). In (a), [CO2] treatments are ambient (grey bar) and elevated (black bar). Temperature
treatments are 31/22 ◦C (T1), 33.5/24.5 ◦C (T2) and 36/27 ◦C (T3). In (b), bars represent leaf weight ratio (LWR—light green), stem weight ratio
(SWR—dark green) and root weight ratio (RWR—brown).

temperature. The effect of [CO2] on leaf length was inconsistent
between genotypes and temperature (Figure 5). For example,
at 36/27 ◦C, the leaf length was higher at elevated [CO2] for
PA 107, whereas for SCA 6, it was higher at ambient [CO2].
For both genotypes, the time to reach 95% of full leaf size
was reduced as temperature increased (P < 0.001; Table 2).
A significant interaction between [CO2] and genotypes was
observed (P < 0.05) such that, for PA 107, the time to reach
95% of the maximum leaf length decreased significantly from
16.9 (±0.9) days at ambient [CO2] to 13.6 (±0.7) days at
elevated [CO2], whereas for SCA 6, there were no significant
differences between CO2 treatments.

Flushing interval and the number of leaves per flush were
not affected by elevated [CO2] (Table 2). Flushing interval
decreased from 32 (±1.2) days at 31/22 ◦C to 27 (±0.8)
and 25 (±0.8) days at 33.5/24.5 and 36/27 ◦C, respectively
(P < 0.001). Flushing interval was, on average, 2 days longer
in SCA 6 in comparison with PA 107 (P < 0.001). There
were no significant interactions between treatments in relation
to flushing interval. Overall, PA 107 produced fewer leaves
per flush (17 (±1)) than SCA 6 (20 (±1)) (P < 0.001;

Table 2). Leaf number per flush also increased from 16 (±1)
at 31/22 ◦C to 20 (±1) leaves at 33.5/24.5 ◦C (±1) and 19
(±1) leaves at 36/27 ◦C (P < 0.01). There were no significant
interactions between the treatments on leaves per flush. The
SD was significantly lower in PA 107 (994 (±20) stomata
mm−2 compared with SCA 6 (1310 (±26) stomata mm−2)
(P < 0.001). There was also an overall reduction in SD from
1205 (±34) stomata mm−2 in plants grown at ambient [CO2]
to 1099 (±34) stomata mm−2 in plants grown at elevated
[CO2] (P < 0.001). The SD did not differ between 31/22 ◦C
(1066 (±35.1) stomata mm−2) and 36/27 ◦C (1121 (±37.5)
stomata mm−2) but was significantly higher (P < 0.01) in
both genotypes (1269 (±45) stomata.mm−2) at 33.5/24.5 ◦C.
There were no significant interactions between treatments on SD
(Table 2).

A significant interaction was observed between [CO2],
temperature and genotype for leaf nitrogen concentration
(P < 0.05) (Table 2). For PA 107, leaf nitrogen concentration
was significantly higher at 31/22 ◦C (2.67 (±0.04) %)
compared with 33.5/24.5 ◦C (2.44 (±0.07) %), whereas
no effect of elevated [CO2] was observed. By contrast, for SCA
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8 Mateus-Rodríguez et al.

Figure 4. Total leaf area (a), individual leaf area (b) and SLA (c) measured on two juvenile cacao genotypes grown under two [CO2] and three
temperatures. Error bars show the standard error of the mean (n = 6). [CO2] treatments are ambient (grey bar) and elevated (black bar). Temperature
treatments are 31/22 ◦C (T1), 33.5/24.47 ◦C (T2) and 36/27 ◦C (T3).

6 differences in leaf N concentration across the temperature
treatments varied according to [CO2]. At ambient [CO2], the
highest nitrogen concentration was observed at 31/22 ◦C (2.74
(±0.01) % compared with 2.08 (±0.07) % and 2.42 (±0.04)
% at 33.5/24.5 and 36/27 ◦C, respectively). At elevated
[CO2], no differences in the leaf N concentration across the
temperatures were observed. A significant interaction between
[CO2], temperature and genotype was also observed for the
leaf C:N ratio (P < 0.05) (Table 2). In PA 107, C:N was higher
at 33.5/24.5 ◦C (19.1 (±0.5)) compared with 31/22 and
36/27 ◦C (17.5 (±0.3) and 17.6 (±0.4), respectively), while
no significant effect of elevated [CO2] was observed. However,
in SCA 6, C:N in plants grown at elevated [CO2] increased by
27% (at 31/22 ◦C) and 11% (at 36/27 ◦C) compared with
those grown at ambient [CO2], whereas no effects of elevated
[CO2] was observed at 33.5/24.5 ◦C.

Leaf chlorophyll content increased over the experimental
period (P < 0.001) on average from 13.1 (±0.1) μg cm−2 at
10 days after emergence to 36.2 (±1.1) μg cm−2 at 46 days
after emergence (see Figure S2 available as Supplementary
data at Tree Physiology Online). Overall, leaf chlorophyll content
was significantly higher for PA 107 compared with SCA 6

(P < 0.001) (27.5 (± 0.5) and 23.9 (±0.3) μg cm−2,
respectively). This difference was statistically significant from
Day 31 (P < 0.05). There were no differences between tem-
perature regimes, [CO2] or their interaction on leaf chlorophyll
content.

Discussion

Effect of temperature and elevated [CO2] on photosynthetic
traits

The increase in photosynthetic rate and stomatal conductance
across the range of temperatures studied up to 36/27 ◦C,
combined with the maintenance of chlorophyll fluorescence
parameters (Fv/Fm and PI), suggests that supra-optimal tem-
peratures for cacao were not experienced in this study. This
was contrary to our hypothesis based on earlier studies that
have reported optimum temperatures for net photosynthesis in
cacao of 33 ◦C (Balasimha et al. 1991) above which there is
a decline. Such a decline is thought to occur, in part, due to
increases in respiration and/or stomatal closure as a protective
mechanism to reduce water loss in response to the increased
evaporative demand experienced with increases in temperature.
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Elevated CO2 and temperature effects on cacao 9

Figure 5. Increase in leaf length for PA 107 (a) and SCA 6 (b) grown under two [CO2] and three temperature regimes. Curves based on four-parameter
generalized logistic equations were applied to each treatment combination (n = 6). Temperature treatments are T1—31/22 ◦C, T2—33.5/24.5 ◦C
and T3—36/27 ◦C. [CO2] treatments are ambient (black solid lines) and elevated (blue dashed lines).

Previous studies in cacao have shown that photosynthesis
declines as VPD increases with temperature (Raja Harun and
Hardwick 1988, Hernandez et al. 1989, Baligar et al. 2008),
which is coupled with decreased stomatal conductance (Sena
Gomes and Kozlowski 1987, Raja Harun and Hardwick 1988,
Hernandez et al. 1989, Baligar et al. 2008). In the present
study, VPD was maintained constant across the temperature
treatments (0.9 kPa) in order to remove the confounding
effect of VPD and to explore the direct effects of temperature.
These results suggest that the previously reported optimum
temperature range for photosynthesis in cacao is likely to have
been misinterpreted due to the confounding effect of VPD.
More studies are required to understand the impact of VPD on
photosynthetic functioning in cacao in combination with different
temperatures. Due to the short-term nature of the current study
(88 days), thermal acclimation to the highest temperature was
not considered; however, this should be included in future
longer-term studies.

Irrespective of temperature, photosynthesis increased signif-
icantly in plants grown at elevated [CO2] compared with those
grown under ambient conditions; the average increase observed
here of 68% (Figure 2a) is somewhat higher than the range of
10–56% reported in other studies (Lahive et al. 2018, Hebbar
et al. 2020, Baligar et al. 2021a). However, gs and E declined

in plants grown under elevated [CO2] at the higher temperature
regimes. This is largely consistent with Drake et al. (1997)
(albeit most notable at the higher temperatures) whose meta-
analysis indicated this feature in plants grown under short-term
[CO2] enrichment. The observed increase in iWUE at elevated
[CO2] was driven by the reduction in stomatal conductance.
Increases in WUE at elevated [CO2] have previously been
observed in cacao seedlings (Lahive et al. 2018, Hebbar et al.
2020, Baligar et al. 2021a). Here, we have shown that in spite
of the small decreases in iWUE with increased temperatures, this
was counter-balanced by the effect of elevated [CO2]. Therefore,
elevated [CO2] could potentially improve the water status of
cacao plants under warmer conditions.

Leaf traits, such as SD and nitrogen content, can potentially
influence photosynthetic performance. The SD was highest
at the intermediate temperature of 33.5/24.5 ◦C (Table 2).
Increases in SD have been considered to be an adaptive
mechanism to the increased evaporative demand in warm
environments (Jumrani et al. 2017), while reductions in SD
have resulted from morphological adjustments in order to pre-
vent water loss at the highest temperatures (Caine et al.
2019). Such a reduction in SD might also lead to decreases in
stomatal conductance and photosynthesis rates (Xu and Zhou
2008). However, in this study, SD was not correlated with gas
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Elevated CO2 and temperature effects on cacao 11

exchange parameters. The constant VPD maintained across the
temperature treatments in this study may account for this lack of
correlation. The observation of a 9% decrease in SD in leaves
of plants grown at elevated [CO2] is consistent with a survey
conducted by Woodward and Kelly (1995) who showed that, in
many species, there was a reduction in SD under elevated [CO2].
However, SD responses to elevated [CO2] in cacao have not
shown a conclusive trend. Increases in SD of ∼9% were seen
in leaves of young Amelonado cacao plants grown at elevated
[CO2] under glasshouse conditions, while there was no overall
change observed in six mature cacao clones grown under similar
conditions (Lahive et al. 2018, 2021).

The effect of elevated [CO2] and temperature on leaf C:N
differed between the two genotypes (Table 2), these changes
being driven by leaf nitrogen content. Similar genotypic dif-
ferences in the leaf nitrogen content have also been noted
among a set of eight cacao clones grown under greenhouses
conditions (Daymond et al. 2011). Here, the changes in the leaf
nitrogen content may have resulted in the variation in chlorophyll
content observed between genotypes (see Figure S2 available
as Supplementary data at Tree Physiology Online). In this study,
irrespective of genotype, the leaf nitrogen content decreased in
plants grown at elevated [CO2]. Previous studies have shown
similar reductions in the leaf nitrogen content in response
to elevated [CO2] in cacao (Lahive et al. 2018) and other
species (Coleman et al. 1993, Feng et al. 2015, Ainsworth
and Long 2021). This reduction has been explained as a
dilution effect of accumulated non-structural carbohydrates from
the increased photosynthesis (Ainsworth and Long 2005, Sun
et al. 2012). Uddling et al. (2018) provide further explanation
for the reduced leaf nitrogen concentration at elevated CO2,
including decreased Rubisco demand, decreased transpiration-
driven mass flow of N towards roots and inhibited shoot nitrate
assimilation. However, the fact that photosynthesis increased
at elevated [CO2] despite the decline in leaf nitrogen may
indicate enhanced nitrogen-use efficiency under elevated [CO2].
Increased nitrogen-use efficiency is associated with greater
Rubsico efficiency, with less nitrogen investment required to
achieve similar or higher photosynthesis rates (Leakey et al.
2009). Thus, this can be important in particular growing regions
where cacao is cultivated under low-fertility soils.

Effect of elevated [CO2] and temperature on growth and
biomass

Independent effects of temperature and [CO2] on the dry weight
and leaf area have been reported in young cacao plants, with
significant reductions when temperature increases above an
optimal level for growth (Sale 1968, Sena Gomes and Kozlowski
1987, Hebbar et al. 2020), and there are significant enhance-
ments with increasing [CO2] (Baligar et al. 2005, 2021a,
2021b, Lahive et al. 2018, Hebbar et al. 2020). Here, evidence
was found for different sensitivities to increasing temperature

between the two genotypes; at the highest temperature and at
ambient [CO2], the dry weight and leaf area of SCA 6 decreased
relative to the control temperature, whereas little change was
evident in PA 107. However, while dry weight and leaf area
increased at higher temperatures and at elevated [CO2] in PA
107, in SCA 6, the negative effect of the highest temperature
observed at ambient [CO2] was compensated by exposure
to elevated [CO2]. A compensatory effect of [CO2] to high
temperature was reported by Hebbar et al. (2020), working on
a single genotype. Here, the results suggest that [CO2] elevation
within the range predicted in the latter part of this century
may ameliorate the negative impact of higher temperatures
in some genotypes and stimulate growth in others. While no
clear effects of elevated [CO2] were observed in dry weight
allocation patterns (Figure 3b), the root:shoot ratio declined at
the highest temperature. Sena Gomes and Kozlowski (1987)
also previously reported a decrease in root:shoot ratio when
cacao seedlings were grown at temperatures above 22.2 ◦C.
The fact that we have also observed such a shift in dry
weight allocation with increased temperatures under elevated
[CO2] implies that young cacao plants may be less adapted
to future climate change conditions if water and nutrients are
limiting.

Overall, the increase in dry weight and leaf area under
elevated [CO2] was not as great as that of photosynthesis.
Although not measured here, leaf respiration has been shown to
be higher in cacao at elevated [CO2] (Lahive et al. 2021) and so
may explain this disparity. Similarly, higher respiration rates often
observed at higher temperatures may also have been a factor
in the lack of correlation between the generally positive effects
of increased temperature on photosynthesis and its negative or
neutral impact on growth (Dusenge et al. 2019).

The two genotypes also exhibited different morphological
responses to increased temperature; much larger reductions in
the final leaf length were observed for SCA 6 compared with PA
107 (Figure 4). It has been suggested that plants at elevated
temperatures tend to produce smaller leaves in order to offset
the water loss due to the higher transpiration (Qaderi et al.
2006) or as a thermoregulatory adaptive trait (Tserej and Feeley
2021). Despite higher temperature leading to the production
of smaller leaves, leaf growth rate was higher (especially in PA
107) with leaves reaching their final length more quickly under
warmer conditions (Table 2). The faster rate of leaf production
at higher temperatures was coupled with a reduction in flushing
interval. Previous observations in cacao have demonstrated a
reduction in flushing interval, with increases in temperature both
in controlled environment growth chambers (Sale 1968) and
under field conditions (Sena Gomes et al. 1987, De Almeida
and Valle 2007). Similar observations have been made for some
tropical fruits (Menzel and Simpson 1988, Utsunomiya 1992).
Here, we have shown that such a reduction is maintained at
elevated [CO2].
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Conclusions

We provide evidence that the interaction between elevated
[CO2] and increasing temperatures on the growth and
physiological responses of two cacao genotypes indicates the
importance of considering multiple factors when assessing
the impacts of climate change on crop performance. We have
shown that, in the absence of other stresses, notably VPD,
photosynthetic rate responds positively to higher temperatures
than previously reported in cacao. However, the impact of
temperature and [CO2] on growth varied between the two
genotypes studied here, highlighting the influence of genotype
in response to climate change and the importance of evaluating
a range of germplasm under future climate scenarios. The results
imply that, under non-limiting water and nutrient conditions,
elevated [CO2] increases biomass production in juvenile cacao
plants under warmer conditions for high-temperature-tolerant
cacao genotypes and compensates for the negative effects
of a temperature increase (5 ◦C above current West African
conditions) for more temperature-sensitive genotypes.

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.
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