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Abstract
Rising atmospheric CO2 is a primary driver of ongoing climate change; however, plant re-
sponses to elevated CO2 remain highly variable across species and functional traits. Giv-
en that CO2 enrichment fundamentally modulates photosynthesis, water-use efficiency, 
and growth, controlled experiments are essential to quantify these responses under cli-
mate-relevant conditions. In this context, open-top chambers (OTCs) provide a practical 
and standardized approach to simulate elevated CO2 environments in field settings. We 
describe a reproducible, low-cost OTC system and provide detailed protocols for its design, 
construction, calibration, and operation to facilitate widespread adoption. Performance 
validation confirmed that the system significantly elevated CO2 concentrations compared 
to ambient levels (targeting the RCP4.5 concentration of ~540 ppm), while maintaining 
consistent temperature and humidity profiles across chambers. As a case study, we com-
pared the physiological responses of the endemic plant Leontopodium leiolepis and the 
widespread native plant Dendranthema zawadskii var. tenuisectum under ambient and 
elevated CO2 conditions. Elevated CO2 significantly increased leaf gas-exchange rates in 
both species, demonstrating that the developed OTC system is effective in inducing dis-
tinct physiological shifts in plants. However, morphological growth traits remained un-
changed, with neither species showing significant plasticity between ambient and elevat-
ed CO2 conditions. Our OTC platform maintains environmental conditions while enabling 
precise regulation of CO2 concentrations. By simulating realistic future CO2 scenarios, the 
system effectively induces measurable physiological responses in plants, offering an acces-
sible and reproducible framework for generating standardized trait datasets and empirical-
ly grounded sensitivity metrics.

Keywords: climate change simulation, Dendranthema zawadskii var. tenuisectum, ele-
vated CO2, Leontopodium leiolepis, methodological validation, open-top chamber, pho-
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Introduction

Atmospheric carbon dioxide (CO2) concentrations are 
rising at an unprecedented rate, primarily driven by an-
thropogenic activities. This accumulation of greenhouse 
gases has altered the global climate system, warming the 
atmosphere and oceans and increasing the frequency and 
intensity of extreme weather events. These complex climate 
changes strongly affect natural systems (IPCC 2023). Ele-
vated atmospheric CO2 profoundly affects plant morpholo-
gy and physiology. It directly inf luences photosynthesis 
and respiration, which involve carbon fixation and carbon 

efflux (Campbell et al. 1988; Gonzalez-Meler et al. 1996). 
These direct effects can alter the carbon and water balance 
of plants, causing secondary effects on growth and re-
source allocation (Sage 2002). Beyond plant biomass and 
yield (Cure and Acock 1986; Högy et al. 2009), elevated 
CO2 also impacts developmental processes such as flower-
ing (Ushio et al. 2014) and fruiting (Ito et al. 1999). Chang-
es in morphological or chemical phenotypes can affect 
other components of the plant community (Rochefort and 
Woodward 1992) and ultimately ecosystem processes 
(Baldrian 2017; Stam et al. 2014). The carbon assimilation 
rate, a direct response to atmospheric CO2, may increase 
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(Ford and Thorne 1967) or decrease (Delucia et al. 1985) 
depending on the species. Thus, species-specific responses 
to elevated CO2 vary widely (Lindroth et al. 1993).

Endemic species are taxa restricted to a defined geo-
graphic region. They typically have narrow geographic 
ranges and often exhibit narrow ecological tolerances or 
strong habitat specificity (Anderson 1994), making them 
poor dispersers and tightly linked to local environmental 
conditions (Burlakova et al. 2011). Due to these traits, en-
demic plants are expected to be particularly sensitive to 
climate change. In the Republic of Korea, while habitat 
characteristics and distribution patterns of the endemic 
flora are well documented (Chung et al. 2017, 2020; Kim et 
al. 2024), experimental quantification of plant responses to 
environmental factors such as temperature and moisture 
remains limited. Consequently, the vulnerability of Korean 
endemic species is often underestimated despite their re-
stricted ecological niches (Cho et al. 2024).

We propose a reproducible mesocosm approach that 
simulates environmental conditions at low cost. While cli-
mate change-associated mesocosms are typically operated 
as large-scale infrastructures with significant constraints 
on scale and cost (Roy et al. 2021; Schmidt et al. 2021), an 
open-top chamber (OTC) offers a low-cost, small-footprint, 
and laboratory-compatible mesocosm solution. OTCs use 
transparent sidewalls and an open top to allow near-natu-
ral air exchange, while blowers maintain uniform CO2 dis-
tribution within the chamber. This configuration supports 
the efficient investigation of physiological responses under 
near-natural conditions (Macháčová 2010). OTCs have been 
widely applied to test plant responses to climate change, 
including aboveground biomass, shoot density, and shoot 
height (Drake et al. 1989; Leadley and Drake 1993; Messer-
li et al. 2015).

Here, we describe the design, construction, calibration, 
and operation of a low-cost OTC system and demonstrate 
how it generates standardized trait and physiological data. 
As a case study, we quantified growth traits and photosyn-
thetic performance of Leontopodium leiolepis (a Korean 
endemic plant narrowly distributed in highland areas) and 
Dendranthema zawadskii var. tenuisectum (a Korean na-
tive plant widely distributed at high altitudes). This multi-
factorial OTC pipeline enables controlled, climate-relevant 
experiments to compare species responses under standard-
ized conditions.

Materials and Methods

Chamber construction and CO2 concentration 
regulation

Schematic diagrams and photographs of the OTC exper-
imental setup are shown in Figure 1. The framework of the 
experimental chamber was a regular hexagonal prism, 

adapted from the design by Messerli et al. (2015). The overall 
dimensions of the structure were 1,200 mm * 1,039 mm * 
1,020 mm (Width * Depth * Height), with each of the six 
side panels measuring 600 mm in width. The frame was 
fabricated from SUS304 stainless steel (containing 18% 
chromium and 8% nickel), and transparent polycarbonate 
plates were used for the side walls. To facilitate access, one 
panel was hinged with a latch to serve as an access door.

The CO2 was supplemented by mixing ambient air with 
high-purity CO2. The CO2 gas was supplied from individu-
al gas tanks (99.999% purity, 40 L, DAESUNG, Seoul, Ko-
rea). This method elevates the atmospheric CO2 concentra-
tion within the chamber while avoiding direct exposure of 
concentrated CO2. Control chambers received only ambi-
ent air (without CO2 enrichment) through the same deliv-
ery hardware to account for any potential effects of the air 
injection system itself.

Air was supplied through a hollow hexagonal manifold 
assembled from 100 mm-diameter PVC (600 mm length; 
cross-sectional area = 7,854 mm2). The manifold face di-
rected toward the chamber interior was perforated with air 
holes (hole area = 19.63 mm2) at 30 mm intervals to ensure 
uniform distribution. The target inlet velocity was ≥ 566 
mm s–1, powered by a single-phase AC blower (220 V, 60 
Hz) sized to meet the required flow rate.

The CO2 concentration was maintained using a custom- 
built CO2 supply control system (SH-MVG260-003; SOHA 
TECH, Seoul, Korea) that operated on an on/off control 
loop. The flow of CO2 from the gas tank was controlled by 
a regulator (G250-150-K22R; VICTOR, Chesterfield, MO, 
USA). An integrated sensor (SH-VT260-003; SOHA TECH) 
continuously monitored the internal CO2, air temperature, 
and humidity. CO2 injection was triggered when the CO2 

concentration fell below a lower threshold and stopped 
upon reaching the upper threshold. The lower and upper 
threshold can be set to define a 20% range around the tar-
get concentration. However, these thresholds should be op-
timized based on environmental conditions, such as inter-
nal temperature and air circulation at the open top of the 
chamber.

Installation, environmental control, and data 
logging

Since the current OTCs are not waterproof, all chambers 
were operated inside a glasshouse protected from precipita-
tion. The glasshouse was ventilated by open windows, in-
ternal circulation fans, and an external exhaust system. 
This environment resulted in an internal temperature ap-
proximately 2°C higher than the external ambient tem-
perature. Within a chamber, CO2, air temperature, and rel-
ative humidity were measured every minute (RN400-
T2PM-RG23; Dekist, Yongin, Korea). Values were written 
to SD cards at 10-minute intervals and subsequently orga-
nized into a tabular format for analysis.
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Routine maintenance is straightforward: monthly CO₂ 
leak checks and two-point sensor calibration, quarterly 
blower filter cleaning and hose inspection, and annual re-
placement of flexible tubing and regulator seals. The con-
troller fails safe (CO₂ valve closed) upon power loss or sensor 
error, and chambers can be returned to ambient conditions 
within minutes.

Validation of OTC performance
To comprehensively validate the performance of the 

OTC system, we assessed both the stability of environmen-
tal control and the biological applicability of the system.

First, to assess the homogeneity of environmental condi-
tions and the precision of CO2 regulation, we intensively 
monitored CO2 concentration, air temperature, and relative 
humidity across all four chambers from June 17 to June 26, 
2025. During this period, the chambers were fully occu-
pied with potted plants to simulate the microclimate of a 
typical experimental deployment. Ambient CO2 chambers 
were maintained without manipulation, whereas elevated 
CO2 chambers were actively regulated to maintain a target 
concentration of 540 ppm (corresponding to the RCP4.5 

scenario). Data were analyzed to confirm that the system 
could maintain distinct CO2 regimes while minimizing 
chamber-specific variations in temperature and humidity.

To further verify the system’s application, in a plant-con-
taining mesocosm, a biological validation experiment was 
conducted on the rooftop of the College of Education, 
Building 9, Seoul National University. We selected two As-
teraceae species with contrasting distributions: L. leiolepis, 
a Korean endemic species restricted to high-altitude rock 
crevices (Lee et al. 2016), and D. zawadskii var. tenuisectum, 
a widespread native species found on sunny mountain 
slopes (Flora of Korea Editorial Committee 2020). These 
species were chosen to test the feasibility of the OTC sys-
tem for comparative physiological studies independent of 
their natural geographic distributions.

Nursery-grown plants were transplanted from the glass-
house into 11 cm pots (11 cm in diameter, 11 cm in height) 
filled with a volumetric ratio of 2:1 mixture of sand (Ecosand, 
Busan, Korea) and topsoil (Nongwoo BIO, Suwon, Korea). 
Plants were grown in the OTCs for 53 days under two CO2 
regimes (ambient: ~420 ppm; elevated: ~540 ppm), repre-
senting RCP4.5 end-of-century projection (IPCC 2014). We 

Fig. 1  Schematic diagrams and photographs of the open-top chamber (OTC) experimental setup. (A) Overall view of the system, in-
cluding the OTC frame, carbon dioxide (CO2) gas tank, and CO2 supply control unit, (B) photograph of the CO2 supply control system, 
and (C) photograph of the CO2 ventilation fan system.

(A) (B)

(C)
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used two replicate chambers per CO2 treatment, with 15 
plants per chamber. Plant growth responses were deter-
mined by measuring plant growth traits (leaf number and 
longest leaf length) at intervals of approximately two 
weeks. Net CO2 assimilation rates were measured using a 
portable gas-exchange system (GFS-3000; Heinz Walz 
GmbH, Effeltrich, Germany).

Statistical analysis
To assess the homogeneity of OTC system performance, 

we selected statistical models based on the response distri-
bution and model diagnostics. To further verify consisten-
cy in environmental variability between replicate chambers 
within each CO2 treatment, the homogeneity of variances 
was assessed using Levene’s test (function leveneTest in the 
car package). For environmental factors-CO2 concentra-
tion, air temperature, and relative humidity-Generalized 
Linear Models (GLMs; function glm) were used to evaluate 
the effects of CO2 treatment and chamber identity.

Plant biological parameters were analyzed using models 
tailored to their specific data structures. Plant assimilation 
rate was analyzed using a Linear Model (LM; function lm), 
as residual diagnostics indicated approximately normal 
and homoscedastic errors without the need for random ef-
fects. In contrast, leaf number and longest leaf length were 
analyzed using Generalized Linear Mixed-Effects Models 
(GLMMs; function glmer), with measurement date includ-
ed as a random intercept to account for temporal variation. 
Leaf number was modeled with a Poisson distribution, 
whereas longest leaf length was modeled with a Gamma 
distribution (log link).

Post-hoc pairwise comparisons of estimated marginal 
means were conducted with the emmeans package, apply-
ing a Sidak adjustment to control the family-wise error 
rate, and compact letter displays were used to summarize 
group differences (Hothorn et al. 2025; Lenth 2025). All 
analyses were performed in R v. 4.4.3 (R Core Team 2025).

Results

OTC build cost and system performance
Excluding the cost of consumable CO2, the total con-

struction cost for the four OTC units was approximately 
10.5 million KRW (~7,400 USD). This cost covers two cham-
bers equipped with an external gas supply for elevated CO2 

conditions and two control chambers supplied with ambi-
ent air. A detailed breakdown of the expenses is provided 
in Table S1. On average, one 40 L tank of 99.999% CO2 gas 
was consumed per chamber every ten days, though the con
sumption rate varied depending on the ambient tempera-
ture within the glasshouse.

During the OTC performance validation, mean CO2 
concentrations (mean ± SE) were 446.2 ± 4.0 ppm in Am-
bient Chamber 1, 455.8 ± 2.5 ppm in Ambient Chamber 2, 
554 ± 17 ppm in Elevated Chamber 1, and 519.2 ± 7.6 ppm 
in Elevated Chamber 2 (Fig. 2A). Mean CO2 differed sig-
nificantly between the ambient and elevated CO2 treat-
ments (p < 0.001), whereas no significant differences were 
detected between chambers within the same CO2 treat-
ment. In contrast, mean air temperature and relative humid-
ity remained comparable between CO2 treatments through
out the experimental period. Mean temperature was 25.27 ± 
0.70°C in Ambient Chamber 1, 26.70 ± 0.71°C in Ambient 
Chamber 2, 25.65 ± 0.70°C in Elevated Chamber 1, and 
25.90 ± 0.71°C in Elevated Chamber 2 (Fig. 2B). Mean rela-
tive humidity was 73.8 ± 4.3% in Ambient Chamber 1, 
68.1 ± 4.0% in Ambient Chamber 2, 73.3 ± 4.2% in Elevat-
ed Chamber 1, and 71.5 ± 3.9% in Elevated Chamber 2 
(Fig. 2C), with no significant differences between CO2 
treatments. To the assess homogeneity of variances between 
ambient and elevated chamber, we conducted Levene’s test 
and found no statistically significant differences in vari-
ance for either temperature or humidity. Natural diurnal 
variations in temperature and humidity were observed 
within the OTCs, reflecting the daily temperature fluctua-
tions in Korea. Despite these fluctuations, the CO2 concen-
tration in the elevated CO2 chambers was consistently 

(A) (B) (C)

Fig. 2  Environmental conditions in the open-top chambers (OTCs) during the validation experiment (June 17–26, 2025). (A) Carbon 
dioxide (CO2) concentration (ppm), (B) internal chamber air temperature (°C), and (C) internal chamber relative humidity (%) measured 
in each chamber. Ambient and elevated CO2 treatments each had two replicate chambers. A1: Ambient Chamber 1; A2: Ambient Cham-
ber 2; E1: Elevated Chamber 1; E2: Elevated Chamber 2.
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maintained at an elevated level compared to the ambient 
CO2 chambers. Table S2 presents a representative diurnal 
profile consisting of hourly averaged logger data.

OTC-based climate change simulation experiment
Net CO2 assimilation rates increased significantly under 

elevated CO2 in both L. leiolepis and D. zawadskii var. te-
nuisectum (p < 0.001). Dendranthema zawadskii var. te-
nuisectum showed no significant differences among cham-
bers (Fig. 3D), whereas L. leiolepis exhibited minor, non- 
significant chamber-to-chamber variation (Fig. 3A). Regarding 
growth traits, D. zawadskii var. tenuisectum showed no sig-
nificant effects of CO2 treatment or chamber on the growth 
of leaf number or longest leaf length. For L. leiolepis leaf 
number, however, a significant chamber effect was detected 
(p = 0.035).

Discussion

Demonstrated OTC system performance
The logger data confirmed the effective operation of the 

OTCs, showing a significantly higher CO2 concentration 
but no significant differences in temperature or humidity 
between chamber settings (Fig. 2). Furthermore, the in-
creased net assimilation rate in both plant species, L. leio-

lepis and D. zawadskii var. tenuisectum, under CO2 en-
richment demonstrates that the treatment was sufficient to 
elicit a physiological response (Fig. 3A, D). However, no 
significant responses were detected in most growth param-
eters of either species. Overall, the combined physiological 
and growth responses indicate that the OTC system suc-
cessfully established distinct CO2 environments capable of 
inducing expected physiological shifts, even when short-
term growth metrics did not diverge strongly. This pattern 
is consistent with the idea that growth integrates multiple 
constraints and may lag behind immediate physiological 
changes (Kirschbaum 2011; Leakey et al. 2009).

Accordingly, the CO2-driven increase in assimilation-to-
gether with generally limited chamber-to-chamber varia-
tion-provides a baseline for subsequent CO2 experiments 
targeting longer exposure periods and broader functional 
responses. In L. leiolepis, net assimilation showed a small, 
non-significant chamber effect, whereas leaf number dif-
fered among chambers. These chamber-associated signals 
were not evident in the remaining traits or in D. zawadskii 
var. tenuisectum, but they highlight the need to account 
for potential chamber effects in future experiments, partic-
ularly for L. leiolepis, by extending exposure duration and/
or increasing replication across chambers.

Fig. 3  Photosynthesis and growth responses of the endemic Leontopodium leiolepis (A–C) and the native Dendranthema zawadskii var. 
tenuisectum (D–F). Measurements shown are: (A, D) net assimilation rate (A, μmol m−2 s−1); (B, E) leaf number; (C, F) longest leaf length 
(cm). Different letters indicate statistically significant differences between groups (p < 0.05). A1: Ambient Chamber 1; A2: Ambient 
Chamber 2; E1: Elevated Chamber 1; E2: Elevated Chamber 2.

(A) (B) (C)

(D) (E) (F)
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Applicability and limitation of the OTC system
Our OTC design differs from previous models, such as 

those described by Messerli et al. (2015), particularly in the 
choice of materials. We constructed the frames using stain-
less steel, which offers superior durability and resistance to 
contamination. Additionally, our design features a bot-
tom-up airflow system, which facilitates efficient air circu-
lation and ensures a uniform distribution of CO2 through-
out the chamber. However, a trade-off exists between 
robustness and portability; the increased weight of stain-
less steel restricts mobility in field settings. Therefore, re-
searchers should carefully select materials that align with 
their specific experimental objectives. From a cost perspec-
tive, since steel framing constituted a major fraction of the 
build cost (Table S1), future iterations could be assembled 
more economically using aluminum extrusion, PVC, or 
treated timber frames without altering the fluid-handling 
architecture. We also acknowledge a limitation in the CO2 
regulation mechanism. Our system relies on solenoid valves 
for on/off control of CO2 supply. However, this method can 
be challenging under high-temperature conditions that 
drive rapid air circulation, making precise modulation dif-
ficult and potentially leading to increased f luctuation in 
CO2 concentrations. To mitigate this, manual calibration of 
the pure CO2 inf low rate is required to ensure stability. 
These OTC trials provide one of the first experimental data-
sets quantifying trait and defense responses of a narrowly 
distributed Korean endemic under climate-relevant CO2 
conditions. Herbaceous individuals (n = 15 per species per 
chamber) were monitored throughout the experiment; 
from day 0 to day 53, mean height increased from 7.18 to 
9.21 cm in L. leiolepis, and from 8.15 to 19.78 cm in D. za-
wadskii var. tenuisectum. Although OTCs are not practical 
for large trees or population-scale manipulations (Macháčová 
2010), they are particularly effective for herbaceous plants 
and juvenile stages of woody or vine species across devel-
opmental stages (Kim et al. 2025; Park et al. 2021, 2022).

Conclusions

OTCs provide a valuable lab-scale methodology for cre-
ating mesocosms that simulate climate change, allowing 
for the direct observation of plant responses. In this study, 
we constructed and utilized four OTCs with stainless steel 
frames. During the validation period, mean CO2 concen-
trations in the OTCs were maintained at target levels cor-
responding to the current (ambient) and RCP4.5 (elevated) 
scenarios, averaging 477.0 ± 2.7 ppm and 610 ± 14 ppm, re-
spectively. This environment was sufficient to elicit mea-
surable physiological responses in plants. The resulting 
trait data provide direct, empirical metrics of species-spe-
cific sensitivity to elevated CO2 and associated functional 
responses under climate-relevant conditions.
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