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Abstract. Studying the Critical Zone (CZ), i.e. the outermost envelope of Earth, and its bio-geochemical processes requires
an interdisciplinary approach. The deployment of critical zone observatories has led to significant scientific advances but
does not offer the possibility of comparing treatments or apprehending different climatic scenarios. Conversely, mesocosm
studies are often discipline-specific and can be limited in scope. Here, we propose a complementary approach that relies on
the combination of 15 lysimeters and an atmospheric conditions simulator . The lysimeters have been equipped to allow for
a detailed monitoring of the water flow, which connects most biogeochemical processes in the critical zone. This monitoring
relies on scales, tipping buckets, soil moisture sensors and a facilitated high frequency sampling of discharge water. Besides,
in-situ continuous gas analysis is enabled by a 45-channel manifold. The simulator is a 81 m? isolated chamber that enables
regulation of temperature; atmospheric CO;; relative humidity; quantity and quality of irrigation water and quantity and quality
of light. We evaluate the design in terms of its ability to assess the interactions between CZ processes. The main advantages
of this set-up are as follows: it allows for the simulation of future climates or extreme events; it enables replication and the
application of different treatments, facilitating the isolation of processes and the assessment of anthropogenic impacts; and it

provides automated data acquisition.

1 Introduction

Natural habitats are shaped by the coupling of geology, climate and living organisms over time in the outer envelope of earth.
This premise led to the notion of Critical Zone (CZ), that refers to the superficial layer of the terrestrial crust supporting these
interactions, and therefore ecosystems (NRC, 2001). Although its spatial limits vary across the literature, it generally relates
to the zone between the ’top of the canopy layer down to the bottom of the aquifer’ (Giardino and Houser, 2015). Besides, the

term CZ aims at drawing attention to all natural and anthropogenic processes relevant for life sustainability, including human
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life, taking place in this zone. For instance, considering drivers such as environmental policies or farming practices could enrich
our understanding of the CZ (Latour, 2014). Therefore, its study in the most holistic way is crucial to comprehend challenges
imposed by climate change, resources limitations or anthropogenic pressure on land, and requires interdisciplinarity (Richter
and Mobley, 2009).

To examine this complexity, Critical Zone Observatories (CZOs) have been deployed across the globe in the last two decades
leading to significant conceptual advances (Brantley et al., 2017; Guo and Lin, 2016). CZOs are commonly instrumented
watersheds that comprise a set of various sensors (meteorological stations, flux towers, temperature and moistures sensors for
soils,. .. ) and sampling facilities. When assembled in a network, they provide valuable measurements along climatic, lithologic
or human pressure transects (Banwart et al., 2013; Gaillardet et al., 2018; White et al., 2015). CZOs provide understanding of
CZ processes under actual climates but their extrapolation under future climates is uncertain due to, among others, threshold
effects (Guo and Lin, 2016) or nonlinear responses to changes (Chen et al., 2019).

To apprehend these changes, experimental approaches are favoured. Field trials that target specific climate parameters have
emerged already decades ago, such as free-air CO, enrichment (FACE) (Kimball et al., 2002; Okada et al., 2001) or free air
temperature increase (FATT) (Nijs et al., 1996). Even though these trials are not necessarily designed for holistic approaches and
suitable to CZ studies, some provide a valuable facility for interdisciplinary research. The EucFACE experiment, in Australia, is
one of the representative examples (Norby et al., 2016) with more than 80 publications covering various topics. Complementary
to the field, other tools exist to study CZ, under the light of climate change or not. Experimentation in mesocosms, although
they are less realistic than field trials, allow more replication and tend to improve our mechanistic understanding of processes
(Stewart et al., 2013), which is important to predict the future functioning of ecosystems (Helmuth et al., 2005). Lastly, ecotrons,
which enable the reproduction of environmental conditions, are valuable to disentangle ecosystem mechanisms and to assess
the impact of climate projections and extreme events (Roy et al., 2021). In particular, they enable multifactor studies, which is
necessary to assess the response of ecosystems to the complex interactions of global change factors (Rillig et al., 2019).

We believe that there is a need for facilities to study the CZ that would allow 1) a multidisciplinary approach; 2) a simulta-
neous forcing of atmospheric conditions and 3) replicates to compare treatments and assess the variability. For this purpose,
we present here an experimental design that combines mesocosms and an ecotron (here an atmospheric conditions simulator)
to propose a way of studying CZ. This set-up is intended to be complementary to CZOs. It allows replication, controlling the
atmospheric conditions, and choosing the substrate supporting the ecosystem. It focuses on processes of the shallow CZ. In our
proposed design, while emphasis was placed on hydrology as water is the common thread linking CZ compartments (Giardino
and Houser, 2015), efforts were made to instrument the system so that interdisciplinary approaches are facilitated. Here, we

describe and evaluate the design in the light of its capability to link multiple CZ processes.
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Figure 1. a) Schematic view of the experimental design. L = LED bars; R = Water Reservoir; E = Electronic bay; P = Irrigation pump. b) A

photograph of the launch experiment. Medicago sativa has been sown for two months in the basalt substrate.

2 DESIGN AND METHODS
2.1 GENERAL DESIGN

The set-up comprises 15 identical instrumented mesocosms of 75-L volume placed in an atmospheric conditions simulator
(ecotron) at the CEREEP-Ecotron Ile De France experimental platform (48°17'11" N, 2°41’46” E) (Fig. 1a). The aim of
combining such a simulator and mesocosms is to support the experimental reproduction of various terrestrial ecosystems, as
well as future climate scenarios and extreme events. Although the layout of the mesocosms is fixed, the placement of most
sensors, their number and location, can be changed as needed. Data acquisition and control of mesocosm instrumentation is
centralised by a python program running on a main computer which is linked to instruments by an electronic bay (Fig. 1a).
Atmospheric conditions regulation (temperature, relative humidity and gas composition) is ensured by a separate control center,

inherent to the ecotron.
2.2 ATMOSPHERIC CONDITIONS SIMULATOR

The experimental set-up is placed in a 81 m* controlled ecotron chamber. Besides the chamber, the facility comprises a labo-
ratory module, a heat and cold production module and a control center. The ceiling height of 4.63 meters enables comfortable
manipulation as well as establishment of tall plants such as young trees. Thermal insulation consists of 17 cm thick polyurethane
foam walls. The atmospheric conditions can be designed manually, or can be implemented from a weather station file with a
resolution time of 5 minutes. The following parameters can be monitored by the control center: air temperature, Relative Hu-
midity (RH) and atmospheric gas composition. Each of these parameters is continuously measured by a sensor every minute. If

a difference with the target value is detected, an adjusting process is launched. Lightning is controlled separately by the python
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program of the main computer and irrigation is semi-manual. The following sections provide more details about atmospheric

conditions regulation.
2.2.1 TEMPERATURE

Temperature is controlled by a glycol water circuit, four heat exchangers, and heating resistors. Glycol water is cooled by
a heat pump and directed to the heat exchangers, that also comprise resistors. It allows the cooling or heating of the air in
the chamber which is drawn by ceiling fans to the exchanger. Once mixed, this air is brought back to the chamber through a
honeycomb grid. The heat pump temperature is adjusted by the control center according to the chamber’s temperature records
(ROTRONIC - HC2-SH).

2.2.2 RELATIVE HUMIDITY

RH of air is the partial pressure of water vapour divided by the maximum partial pressure of water vapour in given temper-
ature and pressure conditions. It is continuously measured by a sensor (ROTRONIC - HC2-SH). If the measured value is
below the set point, cold water vapour is injected, after being produced by an adiabatic ultrasonic humidifier (TEDDINGTON
VAPATRONICS- HUS8S). If the measure is above the setpoint, air is drawn to an air dryer (DESSICA - DT400) filled with a

silica gel desiccant that is self-regenerated.
2.2.3 ATMOSPHERIC COMPOSITION

The air of the chamber can be either renewed or recycled in a closed circuit. Even when monitoring it, a periodical renewal for
the sake of ecosystem health is relevant. To achieve this, the cell air is extracted by a ventilation box (FRANCE AIR - Rectilys
2 ECM) and replenishment with external air is ensured by a filter trap. When monitoring air composition, the most flexible
parameter is CO, concentration. It is continuously measured (analyzer : LICOR - LI-830). It can be raised through the means
of CO; injections from a gas bottle (99 % CO,) regulated by a flow meter (ALICAT). The chamber’s CO, concentration can
be lowered to the one outside the facility, but not lower. Other gases could be monitored using the same approach. It would

however require the adapted analyzer to measure the air composition.
2.24 IRRIGATION

Irrigation is provided by drippers that can be chosen for the desired flow rate. To date, 6 drippers (GARDENA - 13312-20)
with a constant flow rate of 2 L.min™! are installed in each mesocosm. The water is pumped from a 300 L stainless steel tank
(Fig. 1). The latter can be filled with the desired water type and can be labelled with tracers if needed. Air is bubbled into the
tank to maximise gas equilibration with the atmosphere. The pump is launched by the program. Water is delivered in short

pulses to adjust the effective irrigation rate.
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2.2.5 LIGHTNING

The artificial lighting is composed of 15 Light-Emitting Diode (LED) bars (AGC LIGHTNING CO. - HL06-600), situated 160
cm above the top of the columns (Fig. 1). Each bar is composed of two light sources: one emitting in the visible wavelengths
(550 Watts) and the other in the near-infrared wavelengths (75 Watts). Each source is controllable in 10 stages, from 0 % (off)

to 100 % of the maximum intensity. The finest frequency to change light is 30 seconds.
2.3 MESOCOSM SET-UP
2.3.1 MESOCOSM DESCRIPTION

The mesocosms are 72-cm-high columns made of black HDPE with a diameter of 36.5 cm. 24 7-mm-wide apertures on the
side at 4 depths enable the in-situ mounting of various sensors, described in the following sections (Fig. 2). Water tightness is
guaranteed by cable glands. An 7-mm-wide aperture at the bottom allows water to drain out. The substrate is filled in manually.

It is raised by 3 cm over the column’s bottom using a propylene grid to facilitate water drainage.
2.3.2 WATER BALANCE

The sensors described in this section aim to establish a water balance for each mesocosm, as described in equation 1 adapted

from Piitz et al. (2018):
AW =1+D—-(S4+B+ET) (D

where AW is the weight change of the filled mesocosm, [ is irrigation, D is dew, S is seepage, B is biomass change and ET is
evapotranspiration. Each mesocosm is set on a scale (GRAM - K3-F3-300) with a 50-grams resolution, which translates to 0.5
mm of precipitation on the column’s surface. The monitoring of AW allows a deduction of the missing terms of the equation
1. Seepage is directed from the bottom of the column to a rain gauge (DAVIS) that records it, before reaching the collection
reservoir. The rain gauge, which is a tipping bucket, has a sensitivity of 4.12 mL + 0.11 mL (standard deviation, personal
calculation, n = 67). One tilt is therefore equivalent to 0.04 mm. The formation of dew (D) could be partially modelled from
the RH and temperature data of the climatic cell. Four moisture and temperature sensors (METER - Teros 12) are deployed at

the surface of the substrate and at 10, 24 and 52 cm depth to monitor variability along the profile.
2.3.3 GAS MEASUREMENTS

In order to analyse the gas phase composition of the substrate, an automated gas circuit is deployed in all 15 mesocosms (Fig. 2).
Pore gas enters a pipe circuit through a membrane (3M - Membrana) located in the mesocosm that is permeable only to gases.
The circuit is a loop to which gas analyzers are connected, so that air can flow back to the mesocosm. Air flow is provided by a
pump. To monitor a large number of channels (different depths or mesocosms) with a limited number of analyzers, a manifold

encloses the analyzers. It consists of 16 solenoid valves upstream of the analyzers, and 16 downstream. They are controlled by
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Figure 2. Schematic representation of the instrumented mesocosm. Water flows out at the bottom of the column. Discharge is then recorded
by the rain gauge (tipping bucket) and dynamically sampled by the autosampler. The excess water flows into the overflow tank, where it
can also be sampled. Four temperature and moisture sensors, as well as four pore water samplers are installed in the column. Pore water is
directed to 50 mL tubes with a vacuum pump (PUMP). Gas is pumped out through the membranes according to the channel selected by the

manifold (MUX) and then directed to the analysers.

the main computer: valves are open in turn for a set time to create a loop flow. One channel is dedicated to the flush: in between
each channel selection, the circuit is flushed with air flowing through soda lime. Three sets of analysers (LICOR - LI 830 for
CO; and PYROSCIENCE - Firesting logger and flowthrough cell sensors, for O,) and manifolds are installed, allowing the
monitoring of 45 channels in the chambers (3 depths times 15 mesocosms). Measurement time was set to 4 minutes for each
channel. Only the last data point from this interval is preserved to avoid alteration induced by the channel change. A detailed

description of the manifold has been made open access (Hulin et al., 2025).
2.3.4 CONTINUOUS DATA ACQUISITION

Most of the continuously recorded data are centralised on the main computer. Data are transferred through serial links to the
interfaces of the electronic bay, and then through Ethernet to the main computer. For tipping buckets, an additional interface
formed by an Arduino microcontroller stores data temporarily until recovery by the computer. A Python program acquires

instruments data at various frequencies and creates a new file every day to store the data. These files are transferred to a cloud
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Table 1. Acquisition frequencies of the different instruments.

Measure Acquisition frequency Data recovery
Mesocosm weight 75 seconds Automated
In situ temperature and moisture 5 minutes Manual
In situ gas composition (O2 and CO2) 120 minutes Automated
Discharge (tipping buckets) 5 seconds (count recovery) Automated
Cell atmospheric parameters (Temperature, RH, ambient CO2) 60 seconds Manual

every hour. For moisture and temperature sensors, as well as for atmospheric measurements, data have to be collected manually
from a datalogger (METER - ZL6) and the central supervision respectively. Table 1 summarizes acquisition frequencies for the
different sensors. The codes to control and acquire data for the tipping buckets and the dynamic autosamplers have been made
open access (Chollet, 2025).

2.3.5 SAMPLE COLLECTION

Both pore water and drainage water can be collected (Fig. 2). To sample pore water, quartz suction cells (PRENART - Super
Quartz) are placed in the mesocosm for the whole experiment duration. Water is flowing out from the side of the column under
vacuum. Drainage water can be collected in 2 different ways: 1) From the collection reservoir situated below the mesocosm.
This allows to integrate seepage events since the reservoir was last emptied. 2) Dynamically, by sampling in a 50-mL tube
situated directly at the outlet of the drainage pipe with an autosampler (Fig. 2). The autosampler is made of a peristaltic pump
and a rotating arm that directs water to 50 mL tubes. Sampling frequency can be chosen. It is controlled by an Arduino board

(Arduino - UNO R3). Samples have to be removed manually at least every 24 samples.
2.4 DESIGN EVALUATION

We evaluated our design in two stages: an assessment of the quality of atmospheric conditions reproduction, and an evaluation
of the mesocosm instrumentation.

Firstly, we ran a six day atmospheric conditions simulation to assess the regulation of temperature, RH and atmospheric CO,
concentration. A setpoint file for these 3 parameters was implemented in the ecotron control center. We chose to simulate rapid
variations to evaluate the reactivity of the simulator, rather than real atmospheric conditions. Temperature was set to vary from
6 to 36 °C, RH from 50 to 84 % and CO, from 550 to 734 ppm. We measured these 3 parameters every minute, and calculated
the deviation from the setpoint. The lights were on (100 % for the two sources) during the whole simulation. At the end of the
simulation, we assessed the light quantity and its heterogeneity by measuring the Photosynthetic Photon Flux Density (PPFD),
which is the incoming flux of photons in the Photosynthetically Active Radiation (PAR) spectral range, at the surface of each



160

165

170

175

180

185

https://doi.org/10.5194/egusphere-2025-4243
Preprint. Discussion started: 13 October 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

mesocosm. After that, we assessed the light quality by varying the intensity of the near-infrared light source from 0 to 100 %
while keeping the visible source at 100% and by analysing the spectrum in the PAR range for each combination. We calculated
the Red:Far-Red (R:FR) ratios by using the amount of photons integrated in the range 650 to 670 nm for red and 720 to 740
nm for far-red, and compared to natural light sources.

Then, we used the preliminary results of a first experiment with this set-up (Fig. 1b) to evaluate the functioning of the
instrumentation of the mesocosms and its relevance. The aim of this experiment is to describe the evolution of a basaltic
substrate after the introduction of higher plants. To do so, we grew alfalfa (Medicago sativa) on ground basalt for 6 months.
We used 3 treatments: bare control without alfalfa, alfalfa without fertilisation and alfalfa with fertilisation. We assessed the
instrumentation in 3 steps: we evaluated 1) the relevance of the autosamplers; 2) the gas manifold and 3) the capacity of
the hydrological instrumentation to establish a water balance. Firstly, to evaluate the autosamplers, we performed a two-hour
frequency sampling by running an autosampler during a large drainage event to sample discharge water every two hours
at the bottom of a non-planted mesocosm. We then measured the electrical conductivity of the sampled water to assess its
temporal evolution and its evolution with the volume, by coupling results with tipping buckets data. Secondly, we measured in
situ CO, concentration during the growth of the plants at 3 different depths in a planted mesocosm without fertilisation. We
examined whether the measuring frequency was sufficient to capture variations linked to plant activity. Thirdly, we calculated
evapotranspiration for planted mesocosm (with or without fertilisation) and for control mesocosms (3 replicates for each) with
equation (1) with a five minute step-by-step resolution. To do so, seepage was recorded with tipping buckets, AW with scales
and irrigation rate was deduced from irrigation time and drippers flow rate. The data were summed up every 5 minutes to
be used in the equation. We did not take dew into consideration as none was observed and we considered biomass change

negligible.

3 RESULTS
3.1 ATMOSPHERIC CONDITIONS SIMULATIONS

Results of the atmospheric conditions simulation performance test are shown in Fig. 3. Temperature, RH and atmospheric CO,
concentrations show very little deviation from the setpoint. The latter follows a normal distribution with standard deviations
of the relative error for temperature, RH and CO, concentrations being 1.96 %, 2.09 % and 1.50 % respectively. A 40-minute
intervention in the chamber on day 3 (Fig. 3) when doors were opened led to a rapid equilibrium with ambient CO,. However,
the deviation to the setpoint was brought back below 5 % less than 10 minutes after the end of the intervention. The average
PPFD measured at the top of the mesocosms is 450 zmol m™? s with a standard deviation of 15.7 ymol m? s (n = 15).
The minimum value is 433 zmol m™ s and the maximum is 480 gmol m™ s™'. The control of the two light sources enables
us to simulate R:FR ratios from 0.71 to 3.58 (Fig. 4) thereby reproducing varied environments such as undergrowth or daily

variations.
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Figure 3. Results of the atmospheric conditions simulation performance test. Coloured solid and dotted lines are measurements and setpoints

respectively. The shaded area corresponds to a time of human intervention in the cell (opening of the doors).
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Figure 4. Light spectrum of artificial lights and sunlight. Sunlight was measured during both clear and cloudy sky conditions, on 10 January
2025. For the artificial lights, we set the sun-like source to 100 % and we varied the near-infrared source from 0 to 100 %. We report the
R:FR ratios in the legend. The ratio was calculated by using the amount of photons integrated in the range 650 to 670 nm for red and 720 to
740 nm for far-red.

3.2 DYNAMIC SAMPLING

190 The discharge event on which we evaluated the autosampler lasted for 42 hours and yielded 277 mm of seepage (Fig. 5). During
this time, we could collect 14 water samples with enough water to measure electrical conductivity. Indeed, the discharge was
irregular, there were two-hours time slots with only very little water leaving the mesocosm. Thanks to the autosampler, we
were able to observe a temporal evolution that showed a decrease of the conductivity with time (Fig. 5). Combining these
measurements with tipping buckets records also allowed to obtain a concentration-discharge relationship and then to fit a

195 decreasing exponential model explaining conductivity evolution with discharge (mean absolute percentage error = 4.4 %).
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Figure 5. Conductivity measurements of discharge water during a drainage event, acquired with an autosampler. a) Conductivity vs. time.
b) Cumulative discharge vs. time. Each blue point represents an acquisition of the tipping buckets data. ¢) Conductivity vs. cumulative

discharge. The red line is a fitted decreasing exponential model.

3.3 GAS MEASUREMENTS

A measuring time of 4 minutes per channel for CO, provided around 9 data points in this interval, from which we retained only
the last one after data cleaning. Indeed, during this time interval, CO, values increase as there is air remaining in the system that
comes from the previous flushing with soda lime and that has a concentration close to zero. Then, CO, tends to reach a plateau,
indicating that it is relevant to use the values on the plateau, such as the last one. 4 minutes is the critical minimum time, as
the plateau is not attained for 100 % of the sampling intervals. More details on the data post-processing are available at Hulin
et al. (2025). With a 4-minutes analysis, the time before returning to the same channel is 120 minutes. We observed that this
frequency is sufficient to catch daily variations induced by respiration for instance. Indeed, we see in Fig. 6 respiration patterns
for Medicago sativa, with CO, values increasing during the day and decreasing in the dark. The deployment of gas-permeable

membranes at different depths allowed to identify clear differences along the vertical profile.
3.4 WATER BALANCE

Calculating evapotranspiration with a 5-minute resolution time showed as expected that ET rates for fertilised plants are clearly
higher than for non-fertilised plants (Fig. 7). The latter, at this stage, show no differences with the control mesocosms. The
calculation captured the daily variation, with a higher ET rate during daytime. The charts display peaks in the cumulative

curves, as well as jumps downwards, indicating instantaneous inconsistent negative ET rates. However, negative rates are

10
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refers to the day at which the alfalfa seedlings were transplanted into the mesocosms.

rapidly compensated and therefore do not prevent the reading of a longer trend. Besides, these peaks reflect noise in the mass
and irrigation data that are common in lysimetry data and that can be corrected with smoothing methods for instance (Vaughan

et al., 2007).
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4 DISCUSSION
4.1 COMBINATION OF MESOCOSMS AND ECOTRON

In this section, we discuss the relevance of using this combination of ecotron and mesocosms to provide: 1) a suitable envi-
ronment for simulating ecosystem development, in particular plant growth; and 2) a tool to address research questions under a
broad variety of climates.

Growth chambers, despite offering better reproducibility than greenhouses for plant experimentation (Milcu et al., 2018),
tend to simplify the environmental parameters and therefore limit extrapolation of results while ecotrons, by getting closer
to outside parameters, are expected to allow more realistic experimentation (Roy et al., 2021). For instance, introducing fluc-
tuations in the light regime leads to biomass production that is more similar to outdoor comparisons (Chiang et al., 2020;
Vialet-Chabrand et al., 2017) even if differences in other plant traits remain pronounced, mainly due to light quality (Annunzi-
ata et al., 2017). We therefore think that allowing irradiance fluctuations every 30 seconds if necessary is relevant. On the other
hand, the maximum light intensity (450 zmol m™ s for the PAR) is likely to be insufficient for a broad range of plants. We
will therefore have to increase it by lowering the height of the lights or improving reflectance.

Poorter et al. (2012) recommend for the mesocosms to not exceed 2 g of total biomass for a rooting volume of 1 L to limit
pot size effects, and to remain below 1 g L'! to be optimal. For the 75-L columns with a surface of 1046 cm?, this translates
into 14.4 and 7.2 tons of dry biomass per hectare, respectively. It allows to grow a broad range of crops but can be limiting for
the higher end, such as miscanthus. However, rooting is likely to be limited by the column height as plant roots often exceed
72 cm (Canadell et al., 1996).

Beside mimicking reality, we highlight 3 main advantages for CZ studies in ecotrons: simulating future climates, isolating
driving parameters and studying sites from around the world. Many uncertainties remain concerning the evolution of CZ
processes under climate change that influence, to name but a few, groundwater recharge (Smerdon, 2017) or food production
(Mbow et al., 2020). In order to tackle these challenges, multi-parameter approaches when simulating future atmospheric
conditions are essential for capturing the complexity of climate change impacts (Rineau et al., 2019). This applies to long-
term trends as well as to extreme events. The ecotron chamber, by controlling at least 5 parameters (hygrometry, irradiance,
temperature, precipitation, and atmospheric composition) that could be emulated with regional climate models (Vanderkelen
et al., 2020), can achieve necessary complexity. On the other hand, the set-up also allows isolation of driving parameters, be
it climatic or treatments in the mesocosm. This is valuable for improving our mechanistic understanding of CZ processes and
their modelling (Rineau et al., 2019). Finally, we suggest that such designs can help studying areas of the world that are under-
represented in the literature due to complicated access or a lack of scientific and financial resources. Indeed, the list of CZOs
assembled by Banwart et al. (2013) reveals geographical inequalities with a high density in the United States and European
Union countries, relative to the rest of the world. Nevertheless, the chamber’s temperature range limits simulation to warm
climates, where many countries have high vulnerability to climate change (Birkmann et al., 2022).

We emphasise that the combination of mesocosms (Fraser and Keddy, 1997; Stewart et al., 2013) and an ecotron (Roy et al.,

2021) is an essential tool for studying the effect of climate change on ecosystems. Comparing the results with laboratory, field
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and natural experiments, which all have advantages (Diamond, 1983) still remains beneficial as ecosystem reproduction is

always challenging, even though ecotrons limit the gap with outside parameters.
4.2 CROSSING DATA TO CROSS DISCIPLINES

Interdisciplinarity in science has been promoted as an essential approach to tackle grand challenges (NRC, 2001) and envi-
ronmental sciences fall within this framework (Hicks et al., 2010). To encourage collaboration between scientific disciplines,
which is a first step towards interdisciplinarity, the experimental design aims at enabling the acquisition of diverse data. In this
section, we first review the range, the relevance, and the quality of the data provided by the instrumentation of the mesocosms,
and then their complementarity.

Hydrological instrumentation of mesocosms enabled a quantitative assessment of the water balance, similar to field lysime-
ters (Goss and Ehlers, 2009). For instance, the use of rain gauges provides a temporal characterisation of drainage. In the field,
this is often achieved by using water balance models that need soil, plant, and atmospheric parameters and that are calibrated
against lysimetry and tracer test data (Gee and Hillel, 1988; Lid6n et al., 1999) or geophysical measurements (Arora et al.,
2019). In addition, labelling of irrigation water with stable isotopes is made possible by the tank upstream of the drippers (Fig.
1), which enables water tracing (Koeniger et al., 2010). This instrumentation helps reduce the historical distinction between
surface-water hydrology and groundwater hydrology (Gee and Hillel, 1988), and is therefore valuable for studies on pollution
or groundwater recharge, for which data are scarce (Moeck et al., 2020). However, we have to admit that the limited size of
mesocosms will likely lead to omission of major water transfer processes in the vadose zone, such as preferential flow (Hen-
drickx and Flury, 2001). We also point out that the water balance established, and summarized by equation 1, is simplified.
Indeed, the original equation from Piitz et al. (2018) comprises other terms such as runoff and capillary rise. These two pro-
cesses are not modeled under the current experimental design, whereas their consideration is crucial when considering pollutant
transfer or soil porosity replenishment for instance. Besides, we have to point out that wind, a crucial factor influencing ET, is
not simulated and that heat exchange between the soil and the atmosphere is biased by the exposition of the lysimeter walls.

In the field, CZ water sampling is achieved with suction cups or boreholes (Arora et al., 2019), which gets more challenging
with depth. Therefore, having a direct access to seepage water through the overflow tank or the autosampler (Fig. 2) facilitates
collection of samples for geochemical or biological analysis. Moreover, the use of autosamplers allows to capture and model
variations of seepage water composition with time or discharge when combined with tipping buckets (Fig. 7). Pore water
sampling with suction cells is complementary as it targets specific substrate layers or the rhizosphere, which is a hotspot for
biogeochemical transformations (Hinsinger et al., 2006).

The automated gas system enabled gas sampling and analysis in 3 layers for each of the 15 mesocosms with a 90 minutes
frequency, which makes it a powerful tool to study gas dynamics along a depth gradient. It is originally equipped to measure
0, and CO,, which are involved in biotic and abiotic CZ processes. Cross-indexing the data from the two allows us to obtain
ratios that can help to distinguish sources from emissions (Sdnchez-Caiiete et al., 2018). The manifold could also support other
analyzers to capture gases such as NO, and CHy, that account for a significant part of the soil greenhouse gas budget (Carlson
etal., 2017).
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A limit to this interdisciplinarity is the size of the object to study. Indeed, in the frame of CZ, part of the observations are
addressing much larger compartments than our structure, like complex ecosystems, or ground water. Here we are bound to a
few plants and the discharge zone. To summarize, the design allows a continuous acquisition of gas and hydrological data, and
offers the possibility to collect diverse water samples. We believe that the instruments are complementary for CZ studies as the
gases and water in the pore space determine the biogeochemical reactions, by being both reactants and transporters (Giardino
and Houser, 2015; Perdrial et al., 2015). Coupling the different data is therefore essential to achieve the most thorough under-
standing of the system, even though their exhaustive analysis requires overcoming scientific domain specificity, which can be

challenging (MacLeod, 2018).
4.3 EXPERIMENTAL PERSPECTIVES

The purpose of this last section is to give examples of studies that would benefit from such a design. This is not exhaustive, we
simply highlight model experiments that require several disciplines to address societal challenges.

Nature Based Solutions (NBS) offer some of the best examples. They are defined as ’solutions to societal challenges that
involve working with nature’ (Seddon et al., 2021). They can target a specific ecosystem service, for instance atmospheric CO,
removal, but often also have co benefits and adverse side effects. For citizens or stakeholders to discuss whether or not to adopt
it, a thorough assessment of the consequences must first be carried out, if possible in the light of climate change (Calliari et al.,
2019). Let us consider Enhanced Rock Weathering (ERW) as an example. It could be considered a NBS as it mimics a natural
process that consumes CO;: rock weathering. Its potential for CO, sequestration is large (Beerling et al., 2020), it has potential
co-benefits such as improved productivity by supplying nutrients and increasing pH (Edwards et al., 2017) and pitfalls such as
trace element pollution (Dupla et al., 2023). CO, sequestration could be quantified with gas measurements (Sdnchez-Cafiete
et al., 2018) and discharge water analysis (Beaulieu et al., 2012), while co-benefits can be evaluated by measuring biomass and
changes in soil chemistry through the suction cells, and trace element pollution by water analysis in the porosity and in the
discharge. The 15 columns offer the possibility to replicate several treatments, such as different crops or application rates.

Another example is groundwater pollution. Keesstra et al. (2012) pointed out the need to combine agronomic and hydro-
logical approaches to investigate pollutant transport through soils. The experimental set-up facilitates sampling of the water
leaving the soil and thus its characterisation. For the dissolved pollutants, their fate along the soil profile can be traced with
pore water samplers. As a complement, water flow could be quantified with hydrology instrumentation. The 15 columns allow

to compare different land uses, which are drivers of groundwater quality and recharge (Lerner and Harris, 2009).

5 Conclusions

This paper describes a new experimental set-up to study the shallow critical zone based on a combination of 15 lysimeters
and an atmospheric conditions simulator. The instrumentation of the lysimeters was evaluated and has enabled the detection
of daily variations in the water balance or in the CO, concentration at different depths of the substrate. The different options

for sampling facilitate the characterisation of water chemistry, notably in a dynamic way. The ecotron chamber was able to
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accurately simulate atmospheric parameters with a resolution time of 5 minutes, allowing a reliable atmospheric conditions
reproduction, which is beneficial for studies involving plant growth.

The set-up is subject to limitations that are inherent to study in mesocosms such as size limitations or wall effects. However,
it allows replication and therefore the introduction of the human factor as a treatment, which is hardly achievable in CZOs. The
data variety that it can provide makes it a relevant support to foster interdisciplinarity and to apprehend complex ecosystems,

especially in the light of climate change.

Code availability. A folder containing the tree structure, the Python and Arduino codes, the configuration files, as well as the description

files that enable the autosampler and the tipping buckets to run is available at https://doi.org/10.5281/zenodo.16792602.

Data availability. CO, data to evaluate the gas manifold are available at https://doi.org/10.5281/zenodo.16928632, along with a detailed

description of the device. Other data are available on demand.
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