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ABSTRACT.   The elevated CO2 concentration causes drastic changes in the world's climatic conditions, affecting the
growth and development of plants in their natural settings. Hence, scientists have been exploring this field to understand 
better the current trend of plant responses toward the intervention of elevated CO2, and this systematic review created
a generalized body of knowledge. The 27 out of 3,568 articles that passed the final selection process were selected and 
evaluated following the inclusion or exclusion Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines. The Population-Intervention-Comparison-Outcome (PICO) model was used to create Boolean 
search strings for the ScienceDirect and Scopus databases to find these included articles and Google Scholar for manual 
searching. These articles were downloaded as BibTeX and organized on Mendeley (version 1.19.8). The QGIS (version 
3.16.15) was used to create the world map, and RStudio (version 4.2.2) was also used to visualize the descriptive statistics. 
The results showed that India (9 articles) has the highest number of reviewed articles, followed by the Republic of 
Panama and Brazil (4 articles each), Malaysia (3 articles), China and England (2 articles each), and Portugal, Australia, and 
Borneo (1 article each). Twenty-four articles had a controlled methodological approach, while three had an observational 
approach. The reviewed articles revealed that the elevated CO2 affected the biomass (aboveground, belowground, dry,
and total plant biomass) production, morphological (leaf characteristics, root characteristics, number of branches, stomatal 
characteristics, plant height, and stem diameter), and physiological (photosynthetic rates, transpiration rates, water use 
efficiency, stomatal conductance, intercellular CO2 concentration, chlorophyll content, and biochemical activity) response
of the tropical trees. Hence, it is justified that there are tropical tree species that can and cannot survive the worsening 
climate change.
Keywords: Review article, PRISMA protocol, Boolean search string, Climate change

INTRODUCTION

For over three decades, the world has been 
struggling against the adverse impacts of climate 
change, especially in tropical regions (Tang, 2019). 
Global warming is one of its effects, as scientists 
predicted a sudden increase in temperature 
by 2-5°C in 2100 (IPCC, 2013). Anthropogenic 
activities concerning greenhouse gas emissions 
(CO2, N2O, and CH4) are the leading factor of
global warming, associated with burning fossil 
fuels in developed countries such as China, the 
United States of America, and parts of Europe 
(Lacis et al., 2013; Corlett, 2018). Specifically, 
the latest data on the CO2 concentration in the
atmosphere as of March 2021 has risen to 417 M 
ppm, considered the highest data for the past 

800,000 years (Lindsey, 2007; Betts, 2021). Seeing 
this trend, it is interesting to determine how plants 
respond morphologically and physiologically to 
this emerging problem.

From the start of the 21st century, several scientific 
papers revealed that elevated CO2 improves
plant growth, leaf area, water use efficiency, and 
photosynthesis (Lovelock et al., 1999; Khurana & 
Singh, 2001; Leakey et al., 2002). After a decade, 
this topic has gained much attention as published 
studies have been emerging to broaden the 
understanding of the effects of elevated CO2
concentration on plant growth, development, and 
other physiological activities (Janani et al., 2016; 
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Singh et al., 2019). Recent literature concluded 
that the rising atmospheric CO2 also increased
the production of biomass, leaf-level productivity, 
water efficiency, and plant C/N uptake (Needham 
et al., 2020; Avila et al., 2020; Rai et al., 2020; Reichgelt 
et al., 2020). Thus, both past and present literature 
show that the elevated CO2 concentration has a
significant relationship with plant growth, making 
it still relevant today.

However, there were studies in the same field 
that revealed alternative results. They found that 
elevated CO2 did not significantly correlate with
root growth, photosynthates, photosynthetic rates, 
plant height, and the number of leaves (Warrier et 
al., 2013; Musa et al., 2017; Tietze et al., 2019). Thus, 
it is also a manifested notion that there is still needs 
to be a more specific understanding of this field 
of study. There are also limited reviews regarding 
the effects of the elevated CO2 concentration on
the growth of selected tropical trees, especially 
from 2010 to 2021, when drastic changes in CO2
concentration in the atmosphere were observed 
(Betts, 2021). Most of the published meta-analyses 
about elevated CO2 included other environmental
factors, such as water stress and temperature, and 
discussed the broader scope of forest ecophysiology 
(Curtis & Wang, 1998; Kallarackal & Roby, 2012; 
Wang et al., 2012; Cernusak et al., 2013). Thus, it 
is necessary to have a comprehensive review of 
published papers concerning the topic at a finer 
scale, which can be used to distinguish the research 
gaps for future research.

The use of the Population-Intervention-
Comparison-Outcome (PICO) model leads to 
credible and clarified answers because it shows 
the logical pathways of action needed, which 
helps the researchers to visualize the experiments 
conducted for the benefit of the population (Miller 
& Forrest, 2001; Booth et al., 2019; Skivington et al., 
2021). This systematic review aids in the creation 
of the Boolean strings to target the needed articles 
for the results. On the other hand, the PRISMA 
protocol is used to understand the necessity for the 
review, reporting the findings of various authors 
and the results they achieved (Page et al., 2021). 
Hence, applying the PRISMA protocol, the PICO 
model, and the Boolean search string to other fields 

of science, especially forestry, aside from medical 
science, creates an opportunity to conduct more 
systematic reviews and a firm understanding of 
various topics.

This study aims to summarize through a 
systematic review the effects of the elevated CO2
concentration on the growth of selected tropical 
trees within the 2010-2021 period in which drastic 
changes in the climate have been recorded. This 
study will also discuss the relationship between 
the elevated CO2 concentration and the growth
of tropical trees; distinguish the research gaps, 
especially in the Philippine context; and develop 
recommendations for the future progress of the 
research field.

METHODOLOGY

Research question
This systematic review addressed the primary 
question: “What are the effects of the elevated 
CO2 concentration on the biomass, morphological
growth, and physiological response of the selected 
tropical trees?” Adapting the protocol for an 
environmental PICO model in a systematic review 
of Livoreil et al. (2017), the research question was 
formulated as shown in Table 1.

Definitio Description of the study

Population Selected tropical trees

Intervention Elevated CO2 concentration

Comparison Control/No treatment

Outcome

Effects on the biomass, 
morphological growth, and 

physiological response of the 
tropical trees

Question

What are the effects of the 
elevated CO2 concentration on

the biomass, morphological 
growth, and physiological 
response of the selected 

tropical trees?

Table 1. The research question of the systematic review using 
PICO.
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Eligibility criteria
This systematic review was embedded in the 
PRISMA protocol based on Page et al. (2021). The 
final set of research articles included in this review 
was based on Figure 1 concerning the inclusion 
or exclusion criteria. The title-abstract-keyword 
advanced search strategy was utilized to identify 
the relevant research articles for the systematic 
review, implying that the match words should be 
in the pool of keywords in the search string. The 
research articles were the only document type 
needed for this systematic review. Other document 
types, such as conference papers, reviews, book 
chapters, books, notes, editorials, short surveys, 
and erratum were excluded. The publication period 
was from 2010 to 2021. The preferred language for 
article selection was English. In the ScienceDirect 
database (https://www.sciencedirect.com/), the 
included research articles were found in the 
open access and open archive, and the subject 
area should be ‘environmental science.’ Other 
subject areas unrelated to forestry or any field of 
environmental science were excluded as these may 
cause misleading results that lead to inappropriate 
conclusions.

Secondly, titles and abstracts of the compiled set 
of articles were further screened. The title must be 
compatible with the inclusion/exclusion criteria, 
with the relevant keywords used in the search 
query. Each research article is different because 
of the title and publication year. Otherwise, such 
research papers were excluded. In this stage, 
abstract screening was necessary to verify and 
validate the credibility of the remaining research 
articles. The article was only included if the 
abstract was relevant to the research question and 
the criteria presented below.

If the abstract clearly presents the methodology 
and result of the study, the last part of the screening 
process will push through. The full-text screening 
strategy was implemented for all the remaining 
research articles to examine the credibility of the 
methodology, and their presented results were 
inclined with the criteria and research question. 
Moreover, the screened research articles were 
derived from the ScienceDirect database under 
open access for full-text screening and in the 

Figure 1. The inclusion or exclusion criteria based on the PRISMA 
protocol in Page et al. (2021).

Scopus database. They were exported to Mendeley 
(version 1.19.8) for proper organization. If the 
screened research articles were unavailable in the 
database, manual searching in any search engine, 
such as Google, was used to access the PDF file of 
the article.

Search strategy and selection process
The primary method for finding research articles 
needed for this systematic review was using 
Boolean operators and their principles based on 
Aliyu (2017). These search strings were anchored 
in the PICO model. In the search strings, the use 
of AND, OR, and quotation marks (“ ”) in the 
advanced search bar in the research database 
were maximized to target the research article 
directly for this systematic review. To address the 
limitation of ScienceDirect when using a Boolean 
search string, Table 2 presents five (5) Boolean 
search strings to cover all the necessary research 
articles for this systematic review. In addition, 
the Scopus database has no restrictions for the 
Boolean connectors per field. Lastly, Figure 2 
summarizes the five-step procedure for finding 
the final articles to be reviewed for selection.
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Number Search string

1 "Elevated CO2" OR “Increased CO2” OR “CO2 enrichment” OR “atmospheric CO2” AND "ppm" AND "Growth response"
OR “Growth” AND "Tropical Forest Tree” OR “Tropical Tree”

2 "Elevated atmospheric CO2" OR “Increased CO2” OR “CO2 enrichment” AND “Morphology” OR “Morphological response”
OR “Morphological parameters” AND "Tropical Forest Tree” OR “Tropical Tree”

3 "Elevated atmospheric CO2" OR “Increased CO2” OR “CO2 enrichment” AND "ppm" AND “Physiology” OR “Physiological
response” OR “Physiological parameters” AND "Tropical Forest Tree” OR “Tropical Tree”

4 "Elevated atmospheric CO2" OR “CO2 enrichment” OR “Increased Air CO2” AND “Plant height” OR “Root length” OR
“Plant biomass” OR “Leaf length” AND “Tropical Tree” OR “Tropical Forest Tree”

5 "Elevated atmospheric CO2" OR “CO2 enrichment” OR “Increased Air CO2” AND “Photosynthesis” OR “Transpiration” OR
“Stomatal Conductance” OR “Respiration” AND “Tropical Tree” OR “Tropical Forest Tree”

Table 2. The research question of the systematic review using PICO.

Data collection
The information sources of this systematic review 
included ScienceDirect and Scopus. The required 
articles for this systematic review were scanned 
and reviewed using the eligibility criteria in 
Figure 1 and the selection process in Figure 2. The 
BibTeX file exported the articles from each Boolean 
search string. The downloaded BibTeX files will be 
uploaded to Mendeley (version 1.19.8) because it 
has a built-up mechanism to eliminate identical 
research papers. A manual search of relevant 
articles using a Boolean search string was done 
in ScienceDirect and Scopus (Table 3). Figure 3 
summarizes the combination of the mentioned 
databases and manual searching using Google 
Scholar, following the method by Hernandez et 
al. (2020) called chain searching. As mentioned in 
the eligibility criteria, other papers except research 
articles were excluded even in chain searching to 
ensure the consistency of the data. Hence, grey 
literature from the government, intergovernmental 
agencies, and non-governmental organizations 
was also excluded.

Data categorization
Articles were categorized based on the treatments 
of CO2 being applied to the selected tropical tree
species. The first category focused on ambient and 
elevated CO2 concentrations. The 27 articles had
different ranges of ambient levels of CO2 by which
a certain CO2 level could be an ambient level in
one study but could also be elevated in another 
study. Thus, using ambient (300–532 ppm) and 
elevated CO2 (460–910 ppm) in this systematic
review is justifiable. The experiment duration 
is another category knowing that the exposure Figure 2. Step-by-step procedure of selection process based on

PRISMA.
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duration of plants to elevated CO2 can produce
different results (Mndela et al., 2022). Studies done 
in less than a year were considered short-term 
exposure, whereas those done in more than a year 
were regarded as long-term exposure. The articles 
were further divided into two subcategories based 
on their methodological approach: observational 
and controlled experiments. The observational 
approach included studies in the natural 
environment where elevated CO2 exists. The
controlled approach included studies highlighting 
a greenhouse, glasshouse, laboratory, or aided 
equipment to elevate the CO2 within the area.

Data analysis and presentation
Microsoft Excel was used to organize the 
collected data for this systematic review. RStudio 
(version 4.2.2) was also utilized to visualize the 
descriptive statistics (i.e., mean, range, counts, 
and percentages) for the identified categories and 
subcategories to homogenize the data. Multiple 
spell checks were done for each input under every 
category to minimize the doubling counting and 
error. Percentages were identified in terms of the 
number of chosen articles or the number of articles 
associated with each category and subcategory. 
Map layout was done in QGIS 3.16.15 software 
to plot the distribution of the reviewed research 
article.

No. Search string
No. of articles Total

ScienceDirect Scopus

1 “Elevated CO2” OR “Increased CO2” OR “CO2 enrichment” OR “atmospheric CO2” AND “ppm”
AND “Growth response” OR “Growth” AND “Tropical Forest Tree” OR “Tropical Tree” 175

15 190

2
“Elevated atmospheric CO2” OR “Increased CO2” OR “CO2 enrichment” AND “Morphology”

OR “Morphological response” OR “Morphological parameters” AND “Tropical Forest Tree” OR 
“Tropical Tree”

182
9 191

3
“Elevated atmospheric CO2” OR “Increased CO2” OR “CO2 enrichment” AND “ppm” AND

“Physiology” OR “Physiological response” OR “Physiological parameters” AND “Tropical Forest 
Tree” OR “Tropical Tree”

749
6 755

4
“Elevated atmospheric CO2” OR “CO2 enrichment” OR “Increased Air CO2” AND “Plant height”

OR “Root length” OR “Plant biomass” OR “Leaf length” AND “Tropical Tree” OR “Tropical Forest 
Tree”

1,125
12 1,137

5
“Elevated atmospheric CO2” OR “CO2 enrichment” OR “Increased Air CO2” AND

“Photosynthesis” OR “Transpiration” OR “Stomatal Conductance” OR “Respiration” AND 
“Tropical Tree” OR “Tropical Forest Tree”

1,230
45 1,275

TOTAL 3,548

Table 3. The number of articles emerged using the search strings.

Figure 3. Flow diagram of the result of the screening processes.
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RESULTS

Study characteristics and approaches
Applying the inclusion or exclusion criteria based 
on the PRISMA protocol, 761 out of 3,568 were 
found as identical research articles. Titles of the 
articles were then examined, wherein only 108 
remained after the screening. Then, 29 articles 
were retained after assessing abstracts (i.e., a 
proper account of methodology and results). Only 
27 articles were subject to data homogenization 
and analysis, as two were outside the open access 
or archive category.

Fifteen of 27 articles were published in Asia 
(India, China, Borneo, and Malaysia), as shown in 
Figure 4. Published papers in Portugal, England, 
and Australia used tropical species, making 
them relevant to this review. Specifically, India 
has the highest number of reviewed studies, 
followed by Brazil and the Republic of Panama 
(Figure 5). Conversely, the countries with the 
least reviewed studies were Portugal, Borneo, and 

Figure 4. Geographical map distribution of the studies about the effects of elevated CO2 on the growth of tropical trees with the bar plot of
study approaches.

Australia. Interestingly, no research papers were 
found from the Philippines and other developing 
countries in Southeast Asia. Twenty-four articles 
that passed the final selection process had a 
controlled methodology wherein the tropical tree 
species were exposed to the manipulated CO2
concentration using chambers, glasshouses, and 
greenhouses. Three articles followed observational 
methodology; hence, these studies used Free-Air 
CO2 Enrichment (FACE) method, where plants
were exposed to elevated CO2 in their natural
settings. Replications were done in every study to 
ensure the credibility of the results.

In the case of the publication year of reviewed 
articles, 2021 had the highest number of published 
articles (6), followed by 2013 and 2019 (4; Figure 6). 
No published papers were included in 2010, 2012, 
2017, and 2020 as reviewed articles in these years 
were focused on weeds, crops, and ornamental 
plants in temperate regions.
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Figure 5. The number of articles per country and their corresponding methodological approaches.

Study duration
The mean and mode of the study duration among 
reviewed articles are 5.43 months and 3 months, 
respectively. Study duration ranged from 1 month 
to 60 months. Twenty out of 27 articles employed 
short-term exposure to the elevated CO2 on the
growth of the tropical tree species (Figure 7). 

Life stages of the species used in the study
The species mentioned in the reviewed articles 
were categorized into seedlings, saplings, and 
trees (Figure 8). While five studies did not state the 
specific life stages of plants, the age, diameter, and 
height were nonetheless described, which allowed 
further categorization. About 59.26% of the total 
reviewed papers used seedlings in their study, 
29.63% of papers used saplings, and the mature 
trees were the least life stages of the species used 
with 11.11%.

Biological parameters for analyses
The biomass (aboveground and belowground 
biomass, dry biomass, and total plant biomass), 
morphological characteristics, and physiological 
response were included to analyze the overall 
growth of study species (Table 4). Morphological 
parameters were leaf characteristics (leaf area, 

leaf number, N and P leaf concentration), root 
characteristics (root weight and root length), 
number of branches, stomatal characteristics 
(stomatal density and stomatal size), plant height, 
and plant diameter. Physiological parameters 
included photosynthetic rates, transpiration 
rates, water use efficiency, stomatal conductance, 
intercellular CO2 concentration, chlorophyll
content, and biochemical activity (Rubisco activity 
and photosynthetic enzymes activity).

Figure 6. The number of articles per year of publication.
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DISCUSSION

Positive response of the forest tree species
under elevated CO2
Increased production
Generally, the trend of biomass is directly 
related to the trend of CO2 concentration. 
Warrier et al. (2013) agreed that the increased 
root biomass over low shoot biomass accounted 
for better adaptability of the species to the CO2 
concentration, while the increased shoot biomass 
is associated with the overall growth pattern of 
the species. The increased aerial and total plant 
biomass justified the narrative that Gmelina arborea 
Roxb. can accumulate more carbon (Rasineni & 
Reddy, 2013; Rasineni et al., 2013). The increasing 
biomass trend in the tropical tree species used by 
Yan et al. (2014) was due to the increased mean 
annual net primary production. The increased 
leaf and root biomass were explained by the 
high physiological plasticity, which can adapt to 
various environments and has a greater capability 
for starch storage because of the utilization of 
transitory starch accumulation as a mechanism 
for carbon sink (Arenque et al., 2014). This trend 
could be accounted for by the development of 
new carbon sinks in the plant system that can also 
explain the increasing morphological features of 
the plants and better utilization of photosynthates, 
which was revealed in the study of Sekhar et al.  
     (2015). Hence, the species 
     they used also had high 
     morphological plasticity by 
     which they could adjust to 
     the new challenges offered 
     by the environment. 
     Other notable species 
     with increased biomass 
     production under the 

influence of elevated CO2
were presented in Table 5.

Figure 7. The number of articles 
per country and their corresponding 
methodological approaches.

Figure 8. Life stages of the species used in the study.

Biomass Morphological 
parameter

Physiological 
parameter

Aboveground 
biomass Leaf characteristics Photosynthetic 

rates

Belowground 
biomass Root characteristics Transpiration rates

Dry biomass Number of 
branches Water use efficienc

Total plant biomass Stomatal 
characteristics

Stomatal 
conductance

Plant height Intercellular CO2
concentration

Stem diameter Chlorophyll content

Biochemical activity

Table 4. Growth parameters used in the study.

Increased morphological growth
Increased leaf area increased carboxylation 
efficiency using phosphoglyceric acid as the 
indicator and increased CO2 assimilation
(Bassham, 2003; Lamani et al., 2016). Vogado et al. 
(2022) reported that the increased leaf area had a 
log-linear relationship with chlorophyll content 
and water-use efficiency. Conversely, the leaf 
number had increased under elevated CO2 in the
species presented in Table 5. These phenomena 
were due to species' expanding carbon sink and 
utilization of photosynthesis products, an adaptive 
mechanism for maximizing photosynthetic ability, 
increasing starch storage, and fresh and dry 
aboveground biomass production (Farquhar & 
Sharkey, 1982; Kumar et al., 2014; Sekhar et al., 
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2015; Lahive et al., 2018). Meanwhile, the increased 
root length under elevated CO2 was attributed to
root biomass increment connected with the better 
biomass allocation in the root system and the 
increasing soluble sugars, photosynthetic rates, 
and non-structural carbohydrates (Dickson et al., 
1998; Zak et al., 2000; Janani et al., 2016).

Most results claimed that plant height is directly 
related to elevated CO2. The list of species
presented in Table 5 with a positive response in 
plant height had increased biomass and biomass 
allocation to the root and shoot system (Zhu et 
al., 2016; Janani et al., 2016; Lamani et al., 2016; 
Shi et al., 2021). Other authors hypothesized that 
the increased plant height was linked with better 
photosynthates utilization, increased phenolic 
substances, transpiration rates, and soluble sugar 
concentration (Onoda et al., 2009; Ghasemzadeh et 
al., 2010; Ghasemzadeh & Jaafar, 2011; Kumar et 
al., 2014; Ghini et al., 2015). Rasineni et al. (2013) 
claimed that an increase in plant height resulted in 
the sink's increased size, which further implied a 
new potential creation of the sink for carbohydrates 
and photosynthates allocation. Moreover, stem 
diameter also increased under the influence of 
elevated CO2 (Musa et al., 2016), but they argued it
was explained by the heterogeneity of the species 
used.

Species with notable stomatal responses are 
presented in Table 5. It was found that stomatal 
conductance has a direct relationship with 
stomatal density because stomatal size and density 
are considered the baseline of maximum stomatal 
conductance (Ramalho et al., 2013; Lahive et al., 
2018). The increased stomatal density could be an 
evolution to withstand the humid understory of 
tropical rainforests where water deficit is evident 
(Lahive et al., 2018).

Increased physiological response
The photosynthetic rate also generally improved 
under elevated CO2. For example, Acacia mangium
Willd. can adapt to a higher temperature, a higher 
concentration of CO2, and higher light intensity
due to their adaptive mechanism of photosystem 
II and the balance between RuBP carboxylation 
and regeneration, which are dependent on the 

photosynthetic processes (Yu & Ong, 2002; 
Hikosaka et al., 2016; Lee et al., 2019; Ibrahim et 
al., 2021). This increasing photosynthetic rate may 
be likely due to the genotypic variations in RuBP 
carboxylation and the competitive inhibition of 
oxygenation that improved the Rubisco efficiency 
(Farquhar & Sharkey, 1982; Liberloo et al., 2007; 
Darbah et al., 2010). A direct relationship was 
found between photosynthesis and transpiration, 
stomatal conductance, and water available for the 
plant, as mentioned by Lion et al. (2019) and De 
Oliveira & Marenco (2019). The trend can also be 
explained by knowing that mature leaves of the 
species have a completely functionally developed 
organ that can allocate nitrogen resources 
compared with the younger leaves (Vogado et al., 
2021). The changes in the photosynthetic trend in 
the tropical tree species were due to the additional 
carbon and the assimilated carbon over the plant’s 
ability to create sinks; hence, the species' response 
to elevated CO2 would be to create a new carbon
sink (Amthor, 1995; Ceulemans et al., 1999).

Increased transpiration can imply that they could 
adapt based on water availability and regulate 
their water potential (Rouhi et al., 2007; Camposeo 
et al., 2011). This increasing trend can also be 
directly associated with water vapor pressure and 
stomatal conductance (Lion et al., 2019). However, 
an increased transpiration rate under elevated 
CO2 can be stressful for the plants knowing that
they are losing too much water in their system. 
Hence, the general response of the plants in this 
systematic review is inverse because they have 
an adaptive mechanism for controlling water 
resources. In the case of water-use efficiency, most 
species mentioned in the 27 articles, as presented 
in Table 5, highlight that this physiological 
parameter exhibited an increasing trend under 
elevated CO2. The water-use efficiency has an
inverse relationship with transpiration and 
stomatal conductance because those species have 
a better water conservation mechanism to survive 
the environmental stress and better carbon 
assimilation (Amthor, 1995; Ainsworth & Rogers, 
2007; Shi et al., 2021). Lahive et al. (2018) & Hebbar 
et al. (2020) argued that this increase is attributable 
to enhanced biomass production rather than 
lesser water loss by reduced stomatal opening. 
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Interestingly, the increased water-use efficiency 
in some trees like Theobroma cacao L. did not 
automatically mean it can tolerate drought stress, 
specifically when the water is not lost through leaf 
pathways; hence, not all species with increased 
water-use efficiency have an adaptive mechanism 
to drought stress corresponding to the trend 
among the water-use efficiency, transpiration, and 
stomatal conductance (Lahive et al., 2018).

Species with positive stomatal conductance 
response showed adaptive and stable mechanisms 
to withstand the stress brought by the increasing 
CO2 concentration (Lamani et al., 2016). Vu 
(2005) and Darke et al. (1997) mentioned that the 
changes in stomatal conductance were caused by 
the indirect effects of CO2 rather than the direct 
effect on stomatal aperture, promoting reduced 
transpiration, improved water use efficiency, 
and status of tissue water. On the other hand, 
most species mentioned with intercellular CO2 
concentration as growth parameters showed a 
positive response. These changes in intercellular 
CO2 concentration were associated with the 
downregulation of photosynthetic rates and sink 
capacity of photosynthetic products (Flexas et al., 
2008; Bader et al., 2010). The trend of intercellular 
CO2 concentration is the basis of mesophyll 
efficiency and net assimilation rates (Sheshshayee 
et al., 1996; Ogren, 2003). Hence, it was proven that 
intercellular CO2 concentration increases as the 
photosynthetic rate increases (Ramalho et al., 2013; 
Sekhar et al., 2015). Lastly, an increased Rubisco 
also increased intercellular CO2 concentration and 
carbonic anhydrase activity (Rasineni & Reddy, 
2013). The increased trends of RuBisCo and 
Ru5PK enzymes hint at the potential biochemical 
capacity reinforcement for the respiration and 
photosynthetic processes of the species (Ramalho 
et al., 2013). Hence, the physiological processes in 
plants affect the trend of biochemical activity.

Negative response of the forest tree species 
under elevated CO2
Decreased biomass and morphological growth
Considerably, there were alternative results, 
given that most trends showed otherwise in the 
27 articles. When plants have decreased in height, 
most of the allocated resources were accumulated 

in the leaf area of the species (Warrier et al., 
2013). Hence, the inverse trend was associated 
with decreased photosynthetic rates, low carbon 
fixation, the inability to stimulate greater carbon 
sinks associated with biomass, and the alteration 
in the photosynthate distribution in the plant 
system (Bhatt et al., 2010; Prior et al., 2011). 
Whereas in some cases, the reduced leaf area and 
number of leaves under elevated CO2 was due to
the decreasing aboveground biomass simulation 
and photosynthetic rate as well as the inability 
to stimulate greater carbon sinks (Rasineni et al., 
2013; Musa et al., 2021).

In the reviewed articles, a negative correlation 
between leaf N/P concentration and leaf biomass 
production was due to the high accumulation 
of carbohydrates that led to the dilution of 
leaf nutrient concentration, reduced resources 
available for the plant, and reduced allocation of 
N to Rubisco during photosynthesis (Sakai et al., 
2006; Shi et al., 2021). The delayed greening of plants 
under elevated CO2 was related to the decreased
trend of leaf N content resulting in low nutritional 
value in the plant system and underdeveloped 
photosynthetic apparatus (Vogado et al., 2021; 
Kursar & Coley, 2003). Some species with reduced 
leaf N content are also presented in Table 5. In the 
case of branch numbers, the reduction in branches 
stimulated the apical dominance promoting 
jorquetting in trees (Hebbar et al., 2020). Hence, 
in general, the reduction of morphological 
characteristics of the plants was attributed to 
reduced biomass production and physiological 
processes such as photosynthesis, transpiration, 
and respiration, among others.

Decreased physiological response 
Concerning the physiological parameters, the 
reduced photosynthetic rate per total leaf area was 
elaborated by the fact that the plant growth was 
not maintained in the long run because exposure 
to elevated CO2 can require losses in carbon
assimilation (Korner & Miglietta, 1994; Arenque, 
2014). In another case, the low pot space accounted 
for low nutrient uptake resulting in the reduced 
movement of photosynthetic products to the root 
system of their study species (Shi et al., 2021).
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Tree species Positive response Negative 
response No response Reference

Tectona grandis Linn. F., (Lamiaceae) RB; RL; TPB; PR; ICC H Warrier et al. (2013); Raj 
et al. (2014)

Ailanthus excelsa Roxb. (Simaroubaceae) SB; RL; TR CC

Casuarina equisetifolia L. 
(Casuarinaceae) SB RL Warrier et al. (2013)

Gmelina arborea Roxb. (Lamiaceae) TPB; NB; H; SDi; RW; ICC; RA TR Rasineni & Reddy 2013; 
Rasineni et al. 2013)

Schima superba Gardn. & Champ. 
(Theaceae); Syzygium hancei Merr. & 
Perry (Myrtaceae); Ormosia pinnata 

(Lour.) Merr. (Fabaceae); Castanopsis 
hystrix J. D. Hooker & Thomson ex 

A. de Candolle (Fagaceae); Acmena
acuminatissima (Bl.) Merr. et Perry

(Myrtaceae)

TPB Yan et al. (2014)

Senna reticulata (Willd.) H. S. Irwin & 
Barneby (Fabaceae) TPB PR; LN LA; SC Arenque et al. (2014)

Morus alba L. (Moraceae) TPB; LN; H; PR; ICC TR Sekhar et al. (2015); Shi et 
al. (2021)

Azadirachta indica A. Juss. (Meliaceae) TPB; LN; RL; RW; PR; SC; ICC Raj et al. (2014); Janani et 
al. (2016)

Melia dubia Cav. (Meliaceae) TPB; LN; PR; SC RW; ICC Janani et al. (2016)

Theobroma cacao L. (Malvaceae) TPB; LN; SD; PR; WUE NB LA; SL; SC; TR; 
CC

Lahive et al. (2018); 
Lahive et al. (2020); 
Hebbar et al. (2020)

Shorea platycarpa F.Heim. 
(Dipterocarpaceae) H; SDi SB; LA TPB Musa et al. (2016); Musa 

et al. (2021)

Macaranga pruinosa (Miq.) Mull.Arg. 
(Euphorbiaceae) TPB; H; SDi Musa et al. (2021)

Trichospermum galeottii (Turcz.) Kosterm 
(Malvaceae); Cecropia insignis Liebm. 

(Urticaceae); Ochroma pyramidale (Cav.) 
Urban. (Malvaceae); Trema micrantha 

L. (Cannabaceae); Ficus insipida
Willd. (Moraceae); Guazuma ulmifolia 
Lam. (Malvaceae); Cecropia peltata 

L. (Moraceae); Cecropia longipes Pitt.
(Urticaceae)

TPB; PR TR Thompson et al. (2019)

Sandalum album L. (Santalaceae) LA; H; PR; TR; SC Lamani et al. (2016)

Coffea arabica cv. catuai L. (Rubiaceae) H; PR; WUE SC; LNC Ghini et al. (2015)

Coffea arabica cv. obata L. (Rubiaceae) H; PR; WUE LNC SC

Coffea arabica L. (Rubiaceae); Coffea 
canephora P. ex Fr. (Rubiaceae)

SS; PR; WUE; RuBisCo and 
Ru5PK enzymes SD LA; SC; CC Ramalho et al. (2013)

Morus multicaulis Perr. var. QiangSang 
(Moraceae) TPB; LN; H; SDi

CC; PR; SC; 
TR; Leaf P 

content; LNC
Shi et al. (2021)

Morus multicaulis Perr. var. NongSang 
(Moraceae) TPB; LN; H CC; PR; SC; 

TR SDi

Butea monosperma (Lam.) Taub. 
(Fabaceae) H; TPB Singh et al. (2019)

Table 5. Summary table of the species’ response to elevated CO2 as mentioned in the 27 articles.
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Tree species Positive response Negative 
response No response Reference

Carapa surinamensis Miq. (Meliaceae) TPB; PR; WUE SC LA; ICC De Oliveira & Marenco 
(2019)

Acacia mangium Willd. (Fabaceae) PR; WUE TR; SC Ibrahim et al. (2021)

Buchanania arborescens (Blume) Blume 
(Anacardiaceae) WUE TR PR; SC

Dillenia suffruticosa (Griffth) Martelli WUE TR; SC PR

Calophyllum inophyllum L. WUE TR PR; SC

Ploiarium alternifolium (Vahl) Melch. PR; SC; WUE TR

Shorea parvifolia Dyer (Dipterocarpaceae) PR; TR; SC WUE Lion et al. (2019)

Dalbergia retusa Hemsl. (Fabaceae); 
Inga punctata Willd. (Fabaceae); 

Ormosia macrocalyx Ducke (Fabaceae); 
Schizolobium parahyba (Vell.) S. F. 

Blake (Fabaceae); Chrysophyllum cainito 
L. (Sapotaceae); Coccolaba uvifera
(L.) L. (Polygonaceae); Hieronyma 

alchorneoides Allemão (Euphorbiaceae); 
Pachira quinate W.S. Alverson 

(Malvaceae); Swietenia macrophylla King. 
(Meliaceae)

TPB; PR; WUE SC Cernusak et al. (2011); 
Trierweiler et al. (2018)

Brachychiton acerifolius (A.Cunn. ex 
G.Don) Macarthur & C.Moore (Malvaceae) LA; PR; SC; WUE; CC Vogado et al. (2022)

Phaleria clarodendron (F.Muell.) Benth. 
(Thymelaeaceae) LA; PR; SC; WUE; CC

Terminalia catappa L. (Combataceae) PR; SC; WUE; CC LNC LA

Psidium guajava L. cv. Pedro Sato 
(Myrtaceae)

TPB; H; LN; RL; 
Total phenolic 
compounds

De Rezende et al. (2014)

Tabebuia rosea (Bertol.) DC. 
(Bignoniaceae) PR SC LNC; SD Slot et al. 2020

Table 5. (Con't)

A reduction in transpiration rate under elevated 
CO2 means plants can withstand climate change
scenarios, specifically high CO2 concentration
and drought, because of their water conservation 
mechanism (Dang et al., 2008; Onoda et al., 2009; 
Rasineni et al., 2013; Sekhar et al., 2015). Moreover, 
Thompson et al. (2019) revealed that the average 
transpiration rate of the eight tropical tree seedlings 
presented in Table 5 was reduced significantly 
under 800 ppm, and this would furtherly reduce 
the foliar Phosphorus concentration in some 
tropical trees. Thompson et al. (2019) also reported 
the reduced stomatal conductance as well as the 

leguminous and non-leguminous tropical tree 
species used by Cernusak et al. (2011) under 
elevated CO2. It explained the increasing leaf
temperature during photosynthesis, increasing 
leaf-to-air vapor pressure difference. Moreover, the 
transpiration rate and stomatal conductance have 
a direct relationship, but the water use efficiency is 
inversely related. Generally, if a species exhibited 
increasing water use efficiency and decreasing 
transpiration rate and stomatal conductance, they 
have a higher chance of adapting and surviving 
drought and elevated CO2 stresses, as mentioned
in the reviewed papers (Warrier et al., 2013; Raj 

Note: CC: Chlorophyll content; H: Height; ICC: Intercellular CO2 concentration; LA: Leaf area; LN: Leaf number; LNC: Leaf Nitrogen content; NB: Number of 
branches; PR: Photosynthetic rate; RA: Rubisco activity; RB: Root biomass; RL: Root length; RW: Root weight; SB: Shoot biomass; SC: Stomatal conductance; 
SD: Stomatal density; SDi: Stem diameter; SL: Stomatal length; SS: Stomatal Size; TPB: Total plant biomass; TR: Transpiration rate; WUE: Water-use efficiency
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et al., 2014; Sekhar et al., 2015; Janani et al., 2016; 
Shi et al., 2021). Hence, the lower transpiration 
and stomatal conductance can be a parameter to 
distinguish which species can withstand future 
climate change.

Furthermore, decreasing intercellular CO2 
concentration altered the mesophyll efficiency 
and net assimilation rates (Sheshshayee et al., 1996; 
Ogren, 2003; Janani et al., 2016). Lastly, reduced 
chlorophyll content affected the stability of the 
non-structural carbohydrates that inhibit the 
production of chloroplasts and reduced Nitrogen 
investment in photosynthesis when exposed to 
elevated CO2 (Delucia et al., 1985; Epron et al., 
1996; Warrier et al., 2013; Vogado et al., 2021). 
Other notable species mentioned in the 27 articles 
with reduced photosynthetic rate, transpiration 
rate, stomatal density, and water-use efficiency are 
also presented in Table 5.

No significant response of the forest tree 
species under elevated CO²Some species did not respond significantly to the 
elevated CO2. In the case of biomass production, De 
Rezende et al. (2014) countered the previous results 
and revealed that the changes in dry biomass had 
no significant differences from the increasing CO2 
concentration. However, exposure to different 
levels of CO2 can lead to the accumulation of starch 
and tannins, as mentioned in their paper.

Morphologically, the leaf area of species in 
reviewed articles (Table 5) showed insignificant 
differences among the CO2 treatments. In root 
length, Warrier et al. (2013) and De Rezende 
et al. (2014) reported no significant differences 
between control and experimental treatments. 
Furthermore, the stomatal length, index, and 
density had no significant differences between 
ambient and elevated CO2 (Cernusak et al., 2011; 
Lahive et al., 2018).

Physiologically, there were parameters mentioned 
that also did not exhibit any significant differences. 
Three papers agreed that the transpiration rate 
of plant species had no significant changes in 
elevated CO2 (Lahive et al., 2018; Lahive et al., 2020; 
Hebbar et al., 2020). There were also reported cases 

that the stomatal conductance had no significant 
differences with elevated CO2 concentration
(Ramalho et al., 2013; Arenque et al., 2014; Ghini 
et al., 2015; De Oliveira & Marenco, 2019; Slot et 
al., 2021), same case with the biochemical activity 
such as chlorophyll content, chlorophyll a+b, and 
total carotenoids (Lahive et al., 2018). Moreover, 
the phenolic compounds and flavonoids found 
in the roots, stems, and leaves had no significant 
differences between ambient and elevated CO2,
but there were higher levels of these substances in 
the root system of the species (De Rezende et al., 
2014). Other species with no significant response 
on their grown parameters are also shown in 
Table 5.

Research gaps
One of the prominent research gaps in this study 
is the limited studies in the Philippines about 
the effect of elevated CO2 in plants. While most
research papers in research databases were 
conducted and published within the tropical 
region, they have yet to be done in the Philippines. 
If there are studies about elevated CO2, they were
using crops such as rice and corn, that did not 
qualify for the screening method because they 
should be tropical trees. Hence, a developing 
country with megadiverse biodiversity and 
a biodiversity hotspot must conduct various 
research about the effects of CO2 enrichment on
the growth of tropical forest trees.

On the other hand, the study duration of 
the effects of the elevated CO2 in trees was
identified as another research gap. The structure, 
morphology, and physiological responses of 
the younger plant are different from the mature 
plants that already underwent secondary growth, 
development of an adaptive mechanism to various 
environmental stresses, and establishment of 
their firm shape and form (Baucher et al., 2007; 
Spicer & Groover, 2010; Ragni & Greb, 2018). The 
result inconsistencies were found in the reviewed 
articles (Ramalho et al., 2013; Warrier et al., 2013; 
Raj et al., 2014; Ghini et al., 2015; Janani et al., 2016) 
concerning the plant height, transpiration rate, 
and stomatal conductance. There was still a vague 
understanding of the short-term and long-term 
effects of the elevated CO2 and the steps needed to
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eradicate this, knowing that the plants underwent 
the principle of hormesis that generally alters 
their metabolic processes. Fortunately, Cernusak 
et al. (2013) provided some opportunities and 
recommendations to diminish the variability and 
uncertainty in the study of CO2 enrichment.

Lastly, the methodology of CO2 enrichment in
plant study was one of the critical research gaps 
in reviewed articles. Twenty-four articles had a 
controlled approach to elevated CO2, while three
articles used an observational approach using 
solely the FACE method. The systematic reviews 
about the impacts of the FACE method on plants 
have a well-studied reputation (Ainsworth & 
Long et al., 2004 & 2020; Allen et al., 2020). Drake 
et al. (1985) pointed out that the FACE method 
has the closest simulation to the environmental 
settings compared with the other methods. 
However, organizing and implementing the FACE 
method requires high maintenance and cost. 
The question is how instantaneous the potential 
development of a low-cost, high-efficient, and 
sustainable CO2 enrichment method with a lesser
error of comparison in a natural environmental 
setting is possible. Providing solutions to this gap 
can change our understanding of the impacts of 
elevated CO2 on plants' physiology, morphology,
and biomass production.

CONCLUSIONS AND RECOMMENDATIONS

Tropical forest trees are excellent at capturing 
and storing vast amounts of atmospheric carbon. 
However, elevated CO2 concentration affects
biomass production as well as the morphological 
and physiological processes of tropical trees, 
as verified in this systematic review. Variability 
in biomass production and physiological and 
morphological responses of tropical trees have 
shown that some species can withstand worsening 
climate change, but others cannot. Generally, 
species with adaptive mechanisms to climate 
change follow a trend of reduced transpiration 
and stomatal conductance while exhibiting 
positive water use efficiency. It was also found 
that the specific changes in biomass production 
and morphological responses complemented 

the physiological response of the tropical tree 
species under the elevated CO2 treatment. If
biomass production decreases, morphological 
and physiological responses also decrease. Hence, 
these parameters are useful in determining the 
responses of plants to any environmental stresses.

This systematic review further highlighted the 
gaps in CO2 enrichment research, which can be
opportunities for future research. To understand 
current research trends, a consistent, systematic 
review of the effects of elevated CO2 concentration
must be conducted once every decade. The scope 
of the future systematic review should be in a more 
extended period (> 11 yr) and include different 
biomes to generate a more comprehensive 
knowledge about the field. In addition, a wide 
range of literature, such as conference papers, book 
chapters, or gray literature, can also be explored 
to create a more extensive systematic review 
concerning climate research. Lastly, more climate-
related research can lessen the impact of climate 
change through successful policy formulation, 
sustainable economic development, and food 
security enhancement.
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