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Abstract
Main conclusion Open-Top Chambers should be more used in tropical ecosystems to study climate change effects in 
plants as they are still insufficient to extract plant response patterns in these ecosystems.

Abstract Understanding flora response to climate change (CC) is critical for predicting future ecosystem dynamics. Open-Top 
Chambers (OTCs) have been widely used to study the effects of CC on plants and are very popular in temperate ecosystems 
but are still underused in tropical regions. In this systematic review, we aimed to discuss the use of OTCs in the study of 
the effects of different agents of climate change on tropical flora by presenting scientometric data, discussing the technical 
aspects of its use and enumerating some observations on plant response patterns to climatic alterations in the tropics. Our 
analysis indicated that the bottleneck in choosing an OTC shape is not strictly related to its purpose or the type of parameter 
modulated; instead, passive or active approaches seem to be a more sensitive point. The common critical point in using 
this technique in warmer regions is overheating and decoupling, but it can be overcome with simple adaptations and extra 
features. The most frequently parameter modulated was  CO2, followed by  O3 and temperature. The plant families with more 
representatives in the studies analyzed were Fabaceae, Myrtaceae, and Poaceae, and the most represented biome was tropical 
and subtropical moist broadleaf forests. In conclusion, OTCs are a valuable and feasible tool to study CC effects on various 
tropical ecosystems, regardless of structure, active/passive approach, or other technical features. One of the primary advan-
tages of this methodology is its applicability for in situ use, eliminating the need for plant transplantation. We encourage 
studies using OTC experimental design for plant conservation in the tropics.

Keywords Global change · In situ experiments · Microclimate modulation · OTC

Introduction

Anthropic activities exacerbatedly releases greenhouse 
gases, leading to Earth’s increased surface temperature and 
accelerated climate change (Min et al. 2011). Besides other 
effects, predictions indicate an average temperature rise of 

1 °C to 5.7 °C and an increased frequency of extreme events 
(IPCC 2022). Alongside other anthropogenic pressures, 
these imbalances can have both local and global effects, such 
as decreased rainfall in specific regions (Lawrence and Van-
decar 2015) and alternations in the carbon cycle (Mitchard 
2018).

Tropical ecosystems are crucial for global nutrient and 
climate dynamics, storing over half of the available carbon 
(Bai and Cotrufo 2022; Lewis 2006; Pan et al. 2011; Stocker 
et al. 2014). They also contribute to one-third of terrestrial 
primary productivity (Beer et al. 2010) and regulate the 
Earth's energy balance and water cycle (Duran-Quesada 
et al. 2009). Disturbances in this regulation lead to habitat 
fragmentation, altered vegetation distribution (Debb et al. 
2018), loss of plant diversity (Bitencout et al. 2016), and 
reduced primary productivity (Lyra et al. 2017). Climate 
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change impacts can also affect crop species (native or not) 
cultivated in the tropics, resulting in lower yields and agri-
cultural production losses (El-Sharkawy 2014). In contrast, 
there is extensive discussion in the scientific literature about 
the positive effects of climate change on plant species. Those 
with C3 metabolism, for example, would benefit from higher 
atmospheric  CO2 concentration due to increased photosyn-
thetic rates and reduced photorespiration (Munné-Bosch 
et al. 2013).

Understanding species’ vulnerability to the effects of cli-
mate change is fundamental for building focused strategies 
to preserve more sensitive species and also predict further 
extinctions. Vulnerability assessments are complex, requir-
ing information from the individual level, to community lev-
els and socio-ecological evaluations (Foden et al. 2019). One 
of the ways to evaluate the response at the individual level 
is by measuring functional traits of the species (Andrew 
et al. 2022), which has already been reported in the litera-
ture to reflect adaptation of species to the site’s climate and 
soil properties (Wright et al. 2017). Also, these individual 
responses can summarize plant life history strategies in dif-
ferent environments (Diaz et al. 2016). Hence, to address 
these and other related questions, there is urgent need for 
further exploration of climate change experiments, espe-
cially in tropical regions (Cavaleri et al. 2015).

Several techniques are available for climatic abiotic 
changes simulation studies, such as FACE (free-air  CO2 
enrichment system) and FC (Fully enclosed chamber). How-
ever, the Open-Top Chambers (OTCs) are one of the most 
widely used (Heyneke et al. 2012). First described by Heagle 
et al. (1973), OTCs are transparent chambers used for in situ 
climatic experiments with an upper opening to maintain air-
flow with the external environment. They can have a lower 
opening too. The chambers isolate their internal environment 
from external conditions laterally, which allows them to 
modulate microclimatic conditions inside them. One of the 
advantages of this methodology is the possibility of abiotic 
modulation, either actively or passively, directly impacting 
the project's cost and feasibility. The active modulation of 
parameters is controlled using an equipment attached to the 
OTC, for example, ventilating pre-heated air into the cham-
ber. In contrast, passive modulation is a consequence of the 
chamber structure itself, inducing natural internal climatic 
changes. Although not fully controlled, they do not need any 
other equipment keeping, the project cost low.

The OTCs allow the modulation of several abiotic con-
ditions, such as temperature, concentration of atmospheric 
compounds, precipitation, and even biotic effects, e.g., her-
bivory. Since this device can be assembled virtually any-
where, it allows studies on plant response to several environ-
mental conditions in situ, and it was already used in several 
ecosystems (e.g., De Frenne et al. 2010; Heyneke et al. 2012; 
Hollister et al. 2022; Samol et al. 2015). An OTC experiment 

does not need transplantation of individuals, which could 
bias the plant response results. Furthermore, compared 
to other techniques, OTCs are more stable in maintaining 
atmospheric parameters, such as induced  CO2 concentra-
tions (Kumar et al. 2017).

Interestingly, the OTCs are not very popular in the trop-
ics, despite their great potential for tropical climates. They 
are broadly used in field research on temperate and polar 
zones, where they are well established for studying flora 
traits response to diverse microclimatic conditions as a cli-
mate change consequence. In this systematic review, we 
collected data from OTC experiments based solely in the 
tropical region to understand and disseminate its use in this 
diverse and variable environment. The choice of not adding 
data from temperate or polar region was to avoid the interfer-
ence of the difference on the well-stablished experimental 
design for these regions. We understand that divergence on 
biotic and abiotic conditions between polar, temperate, and 
tropical regions’ ecosystems may dictate several OTC design 
adaptations. Therefore, we posed three main questions for 
insights in the regular, but still scarce, use of OTCs in the 
tropics:

Where OTCs are being used?
How are climate change effects investigated using OTCs?
What organisms and traits are being looked at?

With this aim, we registered and discussed scientomet-
ric data, assessing technical aspects, benefits, limitations, 
and challenges of OTCs experiments done in the tropics. 
Then, we enumerated the most frequent observations on 
patterns of plant response to climatic alterations caused by 
OTC experiments. In conclusion, OTCs are powerful tools 
for understanding consequences caused by environmental 
changes in the tropical flora although they are still underu-
tilized in the tropics. As OTCs allow the measurement of 
plant response and functional traits, this is an essential and 
accessible methodology to evaluate the species vulnerability 
to climate change. Hopefully, this review will bring valuable 
information to new users and foment a broad use of OTCs 
in tropical ecosystems.

Methodology

Systematic review

For the selection of scientific articles, a search was con-
ducted in the Scopus database on May 15, 2023, with the 
words: (TITLE-ABS-KEY (otc* OR open-top chamber* OR 
open top chamber*) AND TITLE-ABS-KEY (plant* OR 
vegetation* OR tree* OR shrub* OR herbaceous*) AND 
ALL (tropic*) AND NOT TITLE-ABS-KEY (outdoor 
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thermal comfort), without time restriction, which returned 
697 articles. The first screening followed the following 
exclusion criteria: C1: full articles in English; C2: Use of 
Open-Top Chambers as a method; C3: experiments con-
ducted in tropical environments; and C4: terrestrial vascu-
lar plants evaluated. After the first screening, 117 articles 
remained.

To be selected in the second screening, the articles should 
present the following information: C5: information on the 
parameter modulated in the OTCs (temperature, humidity, 
gases, light, etc.); C6: formats/dimensions of the OTC; C7: 
duration of the OTC experiment (classified as very short 
(any amount of time up to 12 months), short (between 13 
and 24 months), medium (between 25 and 60 months), and 
long terms (more than 60 months); C8: evaluate the plant 
response to the applied treatment (classified in morphologi-
cal, phenological, physiological, biochemical, agronomic, 
and genetic responses, adapted from Griffin-Nolan et al. 
(2018)—Table S1); and C9: inform the species used. If one 
or more of the above information items was missing or not 
clearly stated, the paper was removed from the screening.

All the screening process is illustrated in Fig. 1. In addi-
tion, to check if groups are being prioritized in these stud-
ies, species were consulted regarding their degree of threat 

following the International Union for Conservation of Nature 
(IUCN) classification. Species not classified by the IUCN 
will be listed as "unclassified." The parameters modulated in 
the OTCs were classified into atmospheric, soil, and biologi-
cal and could simultaneously meet multiple classifications. 
To determine the biomes in which the experiments were 
conducted, sites were classified using Olson et al.'s (2001) 
biome delimitations.

To examine whether the shape of the OTCs varied based 
on the experimental design, a PCA was performed. This 
analysis considered the influence of modulated parameters 
and active/passive approaches. OTC shapes were catego-
rized as variables, and the count of experiments employing 
specific parameters (e.g.,  CO2,  O3, active temperature, etc.) 
in each OTC shape was recorded. Additionally, the number 
of publications that utilized active or passive approaches in 
experiments within each shape was calculated. Data were 
transformed using cube root, which can be applied to zero 
values and showed the best skewness reduction compared 
to other transformation methods. The PCA was conducted 
using dudi.pca of the Ade4 package (Dray and Dufour 2007) 
and visualization used fviz_pca_var of fact extra package 
(Kassambara and Mundt 2020) in the R Studio software 
(Rstudio Team 2020).

Fig. 1  Flowchart of the screen-
ing process on the review of the 
use of Open-Top Chambers in 
the tropics. Hexagons represent 
the first (S1—blue) and second 
(S2—green) screening steps. 
Sharp-edge rectangles represent 
each exclusion criterion (C) 
used. Rounded-edged rectangles 
are the classifications applied. 
*: classifications adapted from 
Griffin-Nolan et al. (2018). ▲: 
species were checked for threat 
classification according to the 
International Union for Conser-
vation of Nature (IUCN)
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Results and discussion

Where OTCs are being used?

After the screenings, the analysis included 80 studies, 
with approximately 85% of them published after 2010 
(Table S2, Figure. S1). These studies were distributed 
across various journals, including Flora, Journal of Plant 
Ecology, Photosynthetica, and WSEAS, accounting for 
20% of the total (Figure S2, Table S2).

Although, at first, the total number of studies analyzed 
herein seems low compared to all OTC studies ever pub-
lished, we opted to analyze exclusively those from the 
tropical region. This avoided statistical bias due to differ-
ences in the number of experiments and type of experi-
mental design used in other climatic zones. Moreover, 
the tropical ecosystems are more diverse and have differ-
ent environmental characteristics compared to temperate 
and polar ecosystems, what can affect the work results. 
Therefore, adaptations on the OTC design for the tropi-
cal region may be employed. Our aim in this review is to 
register the current used methods and applications solely 
in the tropics. One of the primary criteria leading to the 
exclusion of several papers from the analysis was their 
lack of relevance to tropical areas, despite containing the 
word "tropic*." This discovery suggests that, despite the 
potential of OTCs to simulate climate change scenarios, 
their utilization in the tropics remains underexplored 
compared to temperate or polar regions. Two potential 
factors contributing to this are the unstable climate and 
possible overheating, which will be discussed further in 
the text. For a comprehensive list of results from the lit-
erature survey, including author names and paper titles, 
please refer to Supplementary Table S2.

Regarding the distribution of publications by coun-
tries, the study areas that were most prominently rep-
resented were India (27.8%), followed by China (19%), 
and Brazil (19%). Additionally, there were articles from 
several other countries, although in smaller proportions, 
including South Africa, Argentina, Mexico, Malaysia, 
Colombia, Panama, Thailand, Sri Lanka, Venezuela, the 
Philippines, and the United States (Hawaii). We regis-
tered 43 experiments conducted in tropical and subtropi-
cal moist broadleaf forests (green in Fig. 2). The second 
most common biome was subtropical grasslands savan-
nas and shrublands (n = 14; orange), followed by tropical 
and subtropical dry broadleaf forests (n = 12; dark blue), 
deserts and xeric shrublands (n = 6; pink), tropical and 
montane grasslands and shrublands (n = 4; brown), and 
mangroves (n = 2; yellow) (Fig. 2, Table S2).

How are climate change effects investigated using 
OTCs?

In this topic, we summarized and discussed trends in techni-
cal information on tropical OTC experiments. Unfortunately, 
some technical details are still unclear in the literature. The 
tropics are a diverse region with several types of biomes and 
ecoregions; therefore, we would expect different shapes and 
sizes of OTCs adapted to each specific environment. Never-
theless, we obtained valuable information on general trends 
in terms of technical details on this methodology fundamen-
tal for planning effective experimental designs in the tropics.

The active vs. passive modulation of microclimate 
and other conditions

The choice between active and passive approaches for OTC 
experiments is mainly determined by the parameters that 
will be modulated and the technical support available on-
site. First, our analysis observed that gases, soil compounds, 
and precipitation were always modulated actively, represent-
ing 87.1% of the experiments. Compared to other method-
ologies such as FACE, active OTC systems have lower costs 
per experiment due to reduced carbon dioxide consumption, 
being more cost-effective. While OTCs may have chamber 
effects on microclimate, such as airflow and shading (which 
will be explored afterward), they offer a closer approxima-
tion of natural field conditions than greenhouse or laboratory 
experiments (Macháčová, 2010).

When comparing passive and active OTCs, the latter can 
be labor intensive, so in remote locations or without techni-
cal support, passive OTCs become a great option (Aragón-
Gastélum et al. 2021; Hollister and Webber 2000). Passive 
OTC studies were broadly distributed in tropical and sub-
tropical moist broadleaf forests, tropical and subtropical 
dry broadleaf forests, montane grasslands and shrublands, 
and mangrove areas, showing the possibility of using pas-
sive OTCs in several tropical environments. In our results, 
all experiments that used passive OTC reported significant 
changes in temperature and humidity (of air and/or soil), 
indicating the efficiency of the technique from potentially 
shaded (broadleaf forests) to open areas (grasslands and 
mangroves). Despite the lack of direct control over the 
imposed conditions, passive OTCs provide a uniform micro-
climate like a natural environment (Samol et al. 2015). Fur-
thermore, microclimatic conditions in passive OTC experi-
ments depend on natural daily fluctuations of environmental 
conditions (Bokhorst et al. 2013) and will vary accordingly; 
hence, constant monitoring of environmental variables is 
crucial.
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Format of the OTCs and number of replicates per treatment

The original OTCs format, described by Heagle et al (1973), 
corresponds to a cylindrical structure of 3 m in diameter 
and 2.7 m in height. According to our results, the shapes 
and dimensions of the OTCs diversified a lot, allowing 
them to meet the needs of different experimental designs 
and local characteristics. Among the shapes cited, 50% of 
the studies used cylindrical OTCs, followed by hexagonal 
(14.1%), cubic (12.8%), octagonal (9%), rectangular (2.6%), 
and decagonal (1.3%) formats. About 12% of the studies did 
not specify the shape of the OTC used, informing only its 
dimensions such as diameter or internal area.

It is a fact that OTCs induce climatic changes, but does 
the shape vary depending on their application and goals? 
Our survey noted that (i) the same parameter could be modu-
lated in different formats and (ii) different parameters could 
be modulated simultaneously within the same OTC. These 
results indicate that the nature of the parameter modulated 
does not necessarily require a specific format of the OTC. 
Studies aiming at gas elevations got significant alterations 

using five different OTC shapes in the active approach. Also, 
the same structure used for active gas modulation was used 
for active temperature modulation.

Through a PCA (Fig. 3, Table S3), we noted that vari-
ables such as  CO2,  O3, and active modulation of tempera-
ture were prevalent in cylindrical OTCs. This result shows 
a tendency of using cylindrical OTCs for active modulation 
experiments (126 active- and 3 passive-approach experi-
ments). Also, most experiments analyzing soil nutrient, 
which are actively modulated, utilize cylindrical OTCs. On 
the contrary, passive temperature and humidity modulations 
are preferably made with hexagonal OTCs, such as overall 
passively modulated experiments (24 passive- and 9 active-
approach experiments). Other shapes are much less used in 
the tropics. Only one study used octagonal OTC for passive 
approach, and 16 used for active approach. Cubic shape had 
24 active-approach studies, while decagonal had 32 and rec-
tangular had 2.

Our result indicates that the determination of the OTC 
shape is mainly based on the type of modulation as active or 
passive, instead of the analyzed parameters. Therefore, the 

Fig. 2  Map illustrating the site experiments by biome from the papers 
published that conducted experiments using Open-Top Chambers in 
the tropics. Each color represents a biome that followed the classi-
fication given by Olson et  al. (2001): tropical and subtropical moist 

broadleaf forests (green), tropical and subtropical dry broadleaf for-
ests (dark blue), deserts and xeric shrublands (pink), tropical and sub-
tropical grasslands savannas and shrublands (orange), montane grass-
lands and shrublands (brown), and mangroves (yellow)
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choice of a passive or an active approach is a critical point 
to define the OTC structure. Hexagonal OTCs were designed 
for maximizing temperature increase in passive approaches, 
trapping long wave radiation and avoiding advection flux 
by wind (Hollister et al 2022). The cylindrical shape facili-
tates active air circulation; therefore, mostly used for active 
approaches. Other features, such as the size of the experi-
mental site and the species, have a strong role in OTC shape 
too (Frei et al. 2020).

To identify and minimize biased effects of the OTC’s 
structure on the experiment, such as limitations in luminos-
ity and airflow, many studies used the so-called absolute 
controls, consisting of sample groups with no OTC and 
control groups with OTC but no treatment or control condi-
tions. Moreover, to avoid these limiting factors, care with the 
material and angulation of its faces is imperative, despite the 
minimal shading effects of the OTC (Chiba and Terao 2014). 
The material of the OTC must allow a good light transmis-
sion to avoid impairment of the photosynthetic active radia-
tion (PAR). Thus, polycarbonate, polyvinyl chloride (PVC), 
acrylic, and glass are viable options to maintain more than 
80% of the PAR (Godfree et al. 2011; Heyneke et al. 2012; 
Samol et al. 2015). Hence, all these materials were already 
used in tropical experiments with success.

Especially in passive OTC structures, in which the main-
tenance of airflow depends solely on environmental dynam-
ics, mostly wind, the angle of the frustum is another rel-
evant factor (Fig. 4). Frustum angles between 45° and 60° 
help maintain airflow into the OTC (D'Andrea and Rinaldi 
2010; Godfree et al. 2011; Samol et al. 2015). If too small, it 

restricts the airflow and might cause overheating. It is impor-
tant to consider airflow in the positioning of sensors for 
measuring the internal conditions, so that the revolving air 
of the upper layer inside the chamber does not influence it.

Duration of the on‑site experiments

There was great variation in the duration of the experiments 
among the analyzed studies. Considering our classification 
on the duration of the experiments, 63.5% of the experi-
ments were very short-term, followed by medium-term 
(23%), short-term (12.2%), and long-term (1.4%) experi-
ments. Although the OTCs are an on-site methodology that 
allows performing in situ experiments for longer periods 
of time, annual or interannual analysis was rare. Interest-
ingly, previous studies reported that the effect of modulated 
parameters with OTCs can be time dependent due to interan-
nual variations (Ganjurjav et al. 2015; Yu et al. 2019; Wang 
et al. 2013; Zheng et al. 2013); therefore, the use of year-
round approaches must be considered when planning OTC’s 
experiments in the tropics.

Modulated environmental parameters and replicas

Among the parameters, 57.7% of the treatments modulated 
only one or more atmospheric factors, followed by atmos-
pheric factors + soil compounds (35.2%). In smaller propor-
tion, the modulation of atmospheric with biological factors 
and soil-only changes accounted for 7% of the treatments.

Fig. 3  Principal Component Analysis of the contribution of variables (modulated parameters and active and passive approaches) in the choice of 
Open-Top Chamber shape used in tropical environments. 1: cubic; 2: cylindrical; 3: decagonal; 4: hexagonal; 5: octagonal; 6: rectangular
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Most studies (67.4%) used up to three replicas of OTC 
per treatment. Complex OTC systems, requiring high costs 
using equipment such as heaters or  CO2 pumps, usually 
had one OTC per treatment, with no replica (17.5%). The 
number of individuals monitored within the OTCs varied 
greatly, mainly according to the studied species size. Trees 
are usually represented by one or a few individuals, while 
grasses can be quantified in the density of seeds planted per 
square meter and have several biological replicates (Padhy 
et al. 2020). This observed pattern is similar to that used 
in non-tropical environments (D'Andrea and Rinaldi 2010). 
Below we discuss the importance of the most frequently 
modulated environmental parameters in relation to climatic 
change studies using OTCs in the tropics.

Modulated atmospheric gases

Most publications modulated atmospheric parameters 
(82.7%). The two greenhouse gas representatives of the 
selected articles were  CO2 (76.2%) and tropospheric  O3 
(6.4%). About 70% of the studies that performed gas mod-
ulation opted for active modulation in cylindrical shapes, 
although hexagonal and rectangular shapes were also 
reported in one single work each. Clarifying the effects of 
these greenhouse agents on the tropical flora is crucial not 
only for biodiversity conservation but also to the world’s 
food security, as the tropical zone is a major food producer. 

This is why we can directly correlate the use of OTC meth-
odology with climatic change studies.

The concentrations of  CO2 used for control groups were 
between 350 and 400 ppm, depending on each experimen-
tal site, which was the value published in the IPCC AR6 
report (IPCC 2022) and the highest in the last two million 
years. The active approach maintained the  CO2 concentra-
tion inside the control groups’ OTC equal to the external 
environment by a ventilation system pulling the external air 
into the OTC, without  CO2 enhancement. For the treatment 
groups, inducted  CO2 concentrations ranged from 500 to 
800 ppm, which are in accordance to the IPCCs predictions 
for the year 2100 (IPCC 2014, 2022).

It is known that increased  CO2 will cause impacts on the 
flora in several ways. Literature indicates changes in mineral 
content (Martins et al. 2014), growth parameters (Esmail 
and Oelbermann 2011), and reproductive abnormalities 
(Alzate-Marin et  al. 2021). Some positive interactions, 
such as reduced abiotic stress (AbdElgawad et al. 2016) and 
efficient nutrient use (Baligar et al. 2021), might happen if 
conditions are adequate (Raubenheimer and Ripley 2022). 
Therefore, it is important to note that responses may differ 
between plant groups (AbdElgawad et al. 2016).

In the studies that performed atmospheric modification 
with  O3, the control concentration ranged from 10 to 30 ppb, 
depending on the location of the experiment. For agricul-
tural production security, concentrations above 40  ppb 
are considered critical levels in several localities (Rai and 

Fig. 4  Diagram of the frustum angle (purple dashed circles) on pas-
sive (A) and active (B) OTCs, which might influence on air flow, 
especially on passive approaches. Frustum angles determine the aper-

ture size of the chamber. Blue arrows indicate airflow near the soil 
when OTCs are not fully in contact with the ground
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Agrawal 2012). The most common concentrations for the 
groups subjected to  O3 elevation were 50, 110, and 250 ppb. 
High concentrations of tropospheric ozone can cause vari-
ous impacts on plants on different levels, from macroscales, 
such as negatively influencing the production of agricultural 
species (Singh and Agrawal 2011; Tiwari et al. 2008), to 
microscales, causing stomatal damage (Mills et al. 2007), 
production of reactive oxygen species within tissues (Brob-
erg et al. 2015), damage to the tissues, and cellular malfunc-
tion (Saxena et al. 2019).

Modulated air temperature

About 53% of the papers showed air temperature increases 
by passive heating. All these works used hexagonal cham-
bers, whereas the average heating increase was around 2 °C. 
The minimum heating increase reported was 1.3 °C and the 
maximum was 8 °C among these studies. Moreover, other 
chamber shapes have been used in the tropics for passive 
temperature induction, including models adapted for specific 
locations, such as flooded areas (Chiba and Terao 2014). 
The passive heating effect obtained with OTCs is mostly the 
result of the wind dam because their upper opening allows 
direct solar irradiation (Hollister et al. 1998). Furthermore, 
variation in temperature increase is also associated with 
other factors such as time of the day (Aragón-Gastélum et al. 
2020), time of experiment, period of the year/season (Pérez-
Ruiz et al. 2018), or both (Samol et al. 2015). In some papers 
in which other factors were actively modulated, temperature 
increase occurred as a side effect.

Despite the advantages of the passive compared to the 
active approach, a limiting factor is the impossibility of tem-
perature control and the eventual decoupling of internal and 
external conditions. This may cause opposition to some new 
users to apply the methodology in areas with less predictable 
environmental conditions, such as in the tropics. Tropical 
seasons are more distinguished between one dry and one wet 
season than 4-season year; therefore, they have high vari-
ability (including interannual) in the precipitation regime 
(Feng et al. 2013) influencing chamber performance. This 
fact is another limitation to the use of OTCs in these areas 
compared to temperate or polar regions. However, some 
strategies can cope with these limitations, making the pas-
sive approach a good cost–benefit methodology (Heyneke 
et al. 2012).

In the context of OTC experiments, decoupling can 
occur in tropical and temperate areas. It is characterized 
when the induced microclimate inside the chamber is too 
different from the external environmental conditions and 
no longer reflects it. Decoupling can happen with any 
climatic factor, but it is prevalent with temperature. One 
of the solutions to avoid decoupling is to have a space 
between the OTCs and the ground for small air flow. This 

improves air circulation, avoiding excessive heating (Hol-
lister et al. 2000). Also, the samples should be centralized 
inside the OTCs to avoid overheating due to proximity to 
the faces of the structure (Aragón-Gastélum et al. 2014) or 
perform rotation cycles of sample positioning when grown 
in pots (Chiba and Terao 2014). Another alternative is 
using height-adjustable chambers, preventing overheating 
during summer (Godfree et al. 2011). For locations with 
large daily temperature variations and overcooling during 
the night, the passive increase of nighttime temperatures 
could be obtained using thermal masses around the cham-
bers (Godfree et al. 2011). The thermal masses are narrow 
transparent cylinders filled with liquid that, attached to the 
walls of the OTCs, retain part of the day’s heat and release 
it progressively during the night. Even with the lack of air 
temperature control, passive OTCs are very efficient in 
mimicking the temperature elevation due to global warm-
ing, according to the IPCC predictions.

Modulated soil parameters

Nitrogen (N) is one of the most used compounds (58.6%) 
in OTCs soil treatments, with the application at concentra-
tions ranging from 6.25 g  m−2  year−1 to 20 g  m−2  year−1. 
In the second place, it is Phosphorus (P) (12.9%), admin-
istered alone or in association with N. The modulation 
of other substances, such as sodium chloride, cadmium, 
commercial fertilizers (NPK 10:10:10 type), and high-
nutrition soils, was less represented. The influence of these 
compounds has been tested alone or in conjunction with 
atmospheric conditions, such as air temperature increase. 
Alterations in soil compound dynamics, especially N, can 
unshorten nitrogen cycle in tropical forests under warming 
(Lie et al. 2021). Another common association observed 
in the selected articles was between N and/or P and  CO2 
or  O3 alterations. The soil nutrient balance directly affects 
plant response under different scenarios of atmospheric 
modifications. Higher N concentrations in  O3 stress situa-
tions may contribute to leaf senescence in Brassica camp-
estris (Singh et al. 2012). Conversely, in some plant spe-
cies, no effect was observed between N modulation and 
 CO2 (Liu et al. 2011).

Complete data regarding the modulated parameters, OTC 
technical details, and other information presented in this sec-
tion are shown in Table S4. It is noted that some modulations 
were less representative within studies, such as precipitation 
modulation (Avila et al. 2020; Kumar et al. 2017; Oliveira 
et al. 2013; Sreeharsha et al. 2020, Pérez-Ruiz 2018; Pillay 
and Ward 2022), and the effects of air pollutants on vegeta-
tion (Nakazato et al. 2016; Esposito and Domingos 2016; 
Rai and Agrawal 2014, Ishii et al. 2004), but they are also 
listed in Table S4
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What organisms and traits are being looked at?

In total, 47 plant families are represented in the selected arti-
cles, with Fabaceae (17.6%), Myrtaceae (13%), and Poaceae 
(14.1%) as the most abundant. Crop species accounted for 
26.5% of the 92 studied species. The most studied species 
in all papers was Oryza sativa (8.8%), followed by the non-
agricultural Acmena acuminatissima (6.1%) (Table S5). Of 
the countries with the most publications, India had 95.2% of 
the studied species as cultivated varieties, of which 33.3% 
was Oryza sativa. On the contrary, studies in China and 
Brazil evaluated mostly non-agronomic species (98.7% and 
64.7%, respectively).

Excluding cultivated varieties, most species (72.3%) 
were not classified by the IUCN risk. Of those evaluated 
by IUCN, 22.9% were classified as LC (least concern), 
while EN (endangered), VU (vulnerable), and NT (nearly 
threatened) species corresponded to 1.6% each. Trees were 
more represented (63.6%) in the studies, followed by shrubs 
(11.7%), grasses (11.3%), lianas (6.1%), herbaceous plants 
(3.2%), cacti (0.8%), and bromeliads (0.4%).

Our results indicate that most of the attention has been 
given to species not classified yet by IUCN, although they 
could have local conservation importance. The motivation 
for choosing the study species may be influenced by several 
factors, such as economic/medicinal importance, abundance, 
access to individuals, and availability of plant material for 
cultivation (e.g., seeds). As threatened species are often 
more difficult to find and eventually cannot be cultivated ex 
situ, OTCs are an excellent methodological alternative for 
increasing the studies about climate change effect on endan-
gered species by allowing in situ experiments. In addition, 
since OTCs have highly adaptable dimensions and shapes, 
they can be adjusted to different species size and terrains 

for in situ installation, which is a great advantage of this 
methodology.

Regarding plant responses to treatments with OTCs, the 
metrics evaluated were classified as physiological (45%), 
morphological (26.4%), biochemical (15.9%), phenologi-
cal (5.2%), agronomic (4%), anatomical (2.3%), and genetic 
(0.5%) (Fig. 5). The physiological category had the highest 
number of metrics evaluated, with a total of 118 traits being 
analyzed in all papers. This category was followed by the 
biochemical (51), morphological (47), phenological (27), 
agronomic (15), anatomical (7), and genetic (1) (Table S6).

The most frequently studied metrics from the most repre-
sented classifications will be discussed below. Overall, we 
observed that the most studied plant traits are direct plant 
responses to alterations in  CO2 levels. This topic is widely 
discussed in the literature of climatic changes effects on 
plants, regarding whether it would benefit plant species or 
not. Additionally, the responses observed, especially in sto-
matal conductance and biomass, are related to the significant 
carbon storage capacity in tropical environments and under-
score the fundamental role of rainfall regimes in this pro-
cess. This emphasizes the efficiency of OTCs in studies of 
plant responses to climate change, regardless of their struc-
ture, active/passive approach, or other technical features.

Stomatal conductance  (gs)

Stomatal conductance (gs) was measured in 15 studies, with 
the majority focusing on its response to elevated  CO2 levels 
 (eCO2) (76.2%). The sensitivity of gs in tropical flora var-
ies in response to different abiotic factors. Although it is 
generally considered a highly sensitive plant trait (Slot and 
Winter 2017), it does not respond uniformly to all abiotic 
factors. Interestingly, most studied species (71% of 29) did 

Fig. 5  Percentage of publica-
tions using Open-Top Chambers 
in tropical environments that 
evaluated plant traits classified 
as: physiological, morphologi-
cal, biochemical, phenological, 
agronomic, anatomical, and 
genetic
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not exhibit a gs response to  eCO2 levels. This suggests that 
tropical flora may exhibit a greater resistance to the effects 
of  eCO2 on gs. This resilience could be attributed to the pre-
dominant influence of seasonality (related to precipitation 
and temperature) and the carbon store capacity of tropical 
flora. Similar findings were previously observed in Amazo-
nian species, which showed a greater gs response to tem-
perature and light availability (Fauset et al. 2019; Marenco 
et al. 2014).

Total biomass

Most of the 27 articles that measured biomass as a morpho-
logical parameter analyzed aerial and root biomass. A signif-
icant increase in plant biomass was observed in 85.7% of the 
studies, either due to the modulation of  CO2 alone or in asso-
ciation with other factors such as N, P, or air temperature.

The boost in plant biomass resulting from  eCO2 levels 
retains nutrients, as it enhances photosynthetic rates and 
resource demand. However, the availability of nitrogen (N) 
can become a limiting factor in some ecosystems (Luo 2004; 
Dieleman et al. 2012). Unless changes in nutrient cycling 
increase N availability (Luo et al. 2004, 2006), growth in 
response to  eCO2 will eventually stabilize. Corroborating 
this, the most substantial increase in plant biomass in the 
studies analyzed occurred when the rise in  CO2 was accom-
panied with an increase in N availability in the soil, as 
opposed to when they were modulated separately.

Concerning air temperature, two papers that solely 
manipulated this parameter showed an increase in plant bio-
mass, either in the root system or in both root and aerial sys-
tems. Air temperature can also stimulate alterations in nutri-
ent availability (Hyvönen et al. 2007; Pendall et al. 2004), 
increasing N availability, as observed in heating experiments 
(Way and Oren 2010). Consequently, this change promotes 
an increase in biomass. However, other crucial factors, such 
as precipitation, should be considered in the context of tropi-
cal flora, although they have received limited attention in 
OTC experiments. In tropical forest trees and lianas, it was 
observed that only the root system exhibited an increase in 
biomass in response to  eCO2, while aboveground biomass 
increased later, following the onset of the rainy season (Mar-
vin et al. 2015).

Starch content

Starch content was the most frequently studied trait in the 
biochemical category. Interestingly, although Oryza sativa 
was the most studied species, starch content was primarily 
investigated in native species. Among the publications ana-
lyzed, all species exhibited a significant increase in foliar 
starch content in response to  eCO2 levels, as expected in 
stress responses (Thalmann and Santélia 2017). The rise 

in starch content can significantly enhance photosynthetic 
activity and biomass (Arenque et  al. 2014) under vari-
ous conditions, such as high salinity (Amirjani 2011) and 
drought (Parida et al. 2007). It has been associated with 
resistance to flooding in some species, although starch con-
tent typically responds more to drought than to flooding (Li 
et al. 2018).

One study showed an increase in leaf starch without a 
concurrent increase in biomass (Coley et al. 2002), sug-
gesting that starch content and biomass may not always be 
directly correlated. The increase in starch may also be linked 
to the successional stage of the species. Plants in early and 
mid-successional stages exhibited a greater increase than 
those in late successional stages (Lovelock et al. 1998; Win-
ter et al. 2000), possibly due to differences in growth rate 
and physiological processes (Li et al. 2018).

Final considerations

Briefly, the most frequent parameters modulated were  CO2, 
tropospheric  O3, and air temperature in cylindrical active-
approach OTC experiments that lasted up to 12 months. 
Interestingly, we observed that the shape of the OTC does 
not vary based on the parameter modulated in the trop-
ics. A more critical defining point to the OTC structure is 
how these parameters are modulated, passively or actively, 
where hexagonal and cylindrical shapes were most used 
respectively.

In our view, OTCs have great potential for studying cli-
mate change effects on tropical flora; however, they are 
still extremely underused in tropical ecosystems. The lack 
of OTCs experiments in the tropics makes it still difficult 
to precisely determine if there is an optimal chamber for 
each scenario/objective in such a variable environment as 
the tropics, although some insights were obtained in this 
review. Despite the high potential of this methodology for 
transferability between different environments, the peculi-
arities and needs of each environment are reflected by the 
diversity of chambers developed over the years. Therefore, 
simply relying on experimental conditions that are being 
used in temperate areas to be applied in the tropics may bias 
the development of the technique. As OTC experimental 
research is promoted in the tropics, more data and results 
will be disseminated. Some limitations on using OTCs are 
the decoupling phenomenon and overheating inside cham-
bers, which can be overcome with simple modifications by 
changing OTCs' structure, positioning, or using thermal 
masses.

Most plant response evaluated by OTC experiments in 
the tropics were physiological, morphological, and bio-
chemical plant traits. We highlighted stomatal conductance, 
whole plant biomass, and starch content, which were more 
frequent. Surprisingly, Oryza sativa was the most studied 
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species in the tropics, which indicates that OTC experiments 
are being conducted on crops due to their economic value 
instead of focusing on the conservation of tropical species 
and ecosystems. We could not observe a common tendency 
for plant response to climate change in the tropics probably 
due to the influence of several environmental factors together 
with the lack of studies with tropical wild species. However, 
we highlight a high capacity of tropical flora to deal with 
climate change and carbon stock noted with this review.

Tropical environments have highly complex dynamics, in 
which other factors, such as precipitation and nutrient avail-
ability, should also be considered to study plant response to 
climate change. So, we believe that it is necessary to expand 
the number of studies in the tropics for climate change doing 
in situ OTC experiments, especially in other tropical biomes 
less represented in this review, such as mangroves, grass-
lands savannas, and shrublands. Also, we urgently need to 
understand the response of endangered tropical species to 
climate predicted conditions for improvement of conserva-
tion status and management actions. Open-Top Chambers 
are an excellent experimental approach for in situ climatic 
alteration simulations since it does not require plant trans-
plantation with low cost.

Conclusion

The tropics have unique environments, endowed with 
immense biotic and abiotic diversity. Preventing and miti-
gating the effects of climate change in these biomes require 
specific strategies and management due to their particulari-
ties. OTCs can be a valuable support tool to obtain the data 
needed so these objectives are achieved. They perform well 
in different tropical locations; in addition, they are versatile 
and accessible. Considering the advancement of research 
with the technique compared to temperate regions, more 
research is needed to explore the potential of OTCs in tropi-
cal ecosystems.
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