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Abstract. Peatlands play a crucial role in the global car-
bon cycle, and among several key processes, it is essential
to characterize photosynthesis–irradiance (PI) curves, which
describe the relationship between light availability and car-
bon assimilation through photosynthetic activity. Traditional
approaches such as eddy covariance, portable photosynthesis
systems, and chambers provide valuable data at ecosystem,
leaf, and mesoscales, respectively. Chamber-based measure-
ments are particularly useful at intermediate scales, as they
capture photosynthetic activity of whole plant assemblages
while integrating microhabitat and belowground processes.
However, conventional chambers typically require the instal-
lation of collars, involving cutting and trenching of vegeta-
tion that may alter fluxes; this often necessitates a delay pe-
riod before reliable measurements can begin and reduces the
portability and applicability of chamber methods in remote
peatlands. In a previous companion study, we introduced
the skirt-chamber, a minimally invasive method for green-
house gas flux measurements. Building on that design, we
developed a modulated-light skirt-chamber specifically for
PI curve determination. This chamber enables in situ char-
acterization of photosynthetic responses under natural light
conditions using adjustable shading screens, while preserv-
ing portability and minimizing disturbance. Field tests in
a subantarctic Sphagnum bog demonstrated that the gener-
ated PI curves fit established models and closely matched
eddy covariance measurements. The modulated-light skirt-

chamber therefore provides a cost-effective and flexible tool
for studying carbon dynamics in low-stature peatland ecosys-
tems, with promising applications in heterogeneous land-
scapes.

1 Introduction

Peatlands play a crucial role in the global carbon cycle as
the largest terrestrial carbon reservoir (Yu, 2011; Charman et
al., 2013), storing approximately 644 gigatons (Gt) of car-
bon across 399 million ha (Leifeld and Menichetti, 2018;
Page et al., 2011). They also act as significant carbon sinks,
sequestering around 0.1 Gt of carbon annually, primarily
through photosynthesis, and are increasingly recognized as
key Nature-based Solutions for climate change mitigation
(Frolking et al., 2006; Griscom et al., 2017; UNEP, 2019).
However, peatlands not only capture but also release green-
house gases, emitting carbon dioxide (CO2) through respira-
tion and methane (CH4) (Abdalla et al., 2016). Due to these
contrasting fluxes, peatlands can function as net sources or
sinks of greenhouse gases globally, depending on tempo-
ral and spatial scales. A key process regulating this balance
is photosynthesis, which is driven by photosynthetically ac-
tive radiation (PAR). The relationship between photosynthe-
sis (P) and irradiance (I) is commonly represented as a PI
curve, widely used in ecological and physiological studies.
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PI curves are fundamental for characterizing peatland carbon
dynamics and determining whether a peatland functions as a
net sink or source of greenhouse gases at a given time and
location.

Several methods have been used to assess the impact of
irradiance on photosynthetic rates at different spatial scales.
Among these, aboveground techniques such as eddy covari-
ance (EC) continuously measure net ecosystem exchange
(NEE) of CO2, allowing inference of gross primary produc-
tivity (GPP) and ecosystem respiration (Reco; Baldocchi et
al., 2024; Holl et al., 2019). Overall, EC methods provide
broad spatial and temporal coverage but cannot resolve fine-
scale flux variability, such as photosynthetic activity, as they
integrate fluxes over larger areas. At the leaf scale, PI curves
have been determined using infrared gas analyzers (IRGA),
which directly measure CO2 assimilation, or chlorophyll flu-
orescence methods, which provide an indirect assessment
of photosynthetic efficiency (Herrmann et al., 2020; Ye et
al., 2013). These methods allow for controlled assessments
of photosynthetic responses to varying light conditions at
the leaf scale but face challenges in extrapolating localized
measurements to the ecosystem scale due to plant diver-
sity and spatial heterogeneity in peatlands (Kangas et al.,
2014; Bengtsson et al., 2016). A third method uses cham-
bers, which are enclosures positioned on the ground surface
where changes in gas concentration provide information on
CO2 exchange (emissions or uptake). With the addition of
light sensors, chambers can also be used to evaluate the ef-
fects of irradiance on photosynthesis (Frolking et al., 1998;
Bubier et al., 1998; Badorek et al., 2011; Perez-Quezada
et al., 2010). Chamber-based measurements have therefore
been particularly useful in assessing photosynthetic activity
at a scale that bridges leaf-level measurements from IRGA
systems and ecosystem level fluxes from EC. This approach
provides important insights into the complex dynamics of
peatland bogs and fens, which are characterized by diverse
plant species, distinct microhabitats, and underground pro-
cesses that influence gas exchange at the local scale (Rydin
and Jeglum, 2013).

Despite their utility, chamber methods often require rela-
tively complex and costly setups. They typically involve spe-
cialized sensors, precise environmental controls, and airtight
enclosures installed on collars that penetrate the ground. The
use of collars frequently necessitates vegetation cutting and
trenching, which can disturb gas exchange; a common strat-
egy is to introduce a delay period of one or more days be-
fore measurements begin (Heinemeyer et al., 2011). Thus,
both the complexity of chamber setups and the time required
for installation limit the number of sites that can be sampled
during a campaign. To address these challenges, Thalasso et
al. (2023) introduced the skirt-chamber, a minimally invasive
and portable chamber for measuring CO2 and CH4 exchange
in peatlands. This design, based on a chamber with a plas-
tic film skirt expanded around it and sealed to the ground by
a steel chain, avoids trenching or cutting vegetation and en-

ables reliable determination of greenhouse gas fluxes with-
out a delay period and at lower cost compared to standard
chambers. The present study builds on that initial design by
introducing a modulated-light skirt-chamber, which allows
natural light penetration and controlled light modulation us-
ing screens of varying transparency. This new chamber re-
tains portability while enabling in situ PI curve determina-
tion under natural light conditions, accounting for the entire
plant community and the complex underground processes en-
closed within the chamber perimeter. While the concept of
the skirt-chamber is broadly applicable, the design tested in
the present study is best suited to Sphagnum-dominated bogs
with low vegetation. Its application in fen ecosystems with
taller vegetation may require design adaptations. We tested
this chamber in a Sub-Antarctic Sphagnum magellanicum
bog on Navarino Island, Chile (54.9° S), to assess its feasi-
bility for field applications.

2 Materials and methods

2.1 Modulated-light skirt-chamber concept

The modulated-light skirt-chamber (Fig. 1) was specifically
developed to determine PI curves in peatlands and similar
wetland ecosystems. This design represents a significant ad-
vancement over previous chamber concepts (Thalasso et al.,
2023; Riquelme del Río et al., 2024), incorporating novel
features to enhance accuracy and applicability in natural set-
tings. Although similar to chambers commonly used to mea-
sure soil and ecosystem fluxes (Heinemeyer et al., 2011),
it differs in that it does not use a collar, a rigid frame in-
serted into the ground to create a sealed interface on which
the chamber itself is mounted. In standard chambers, col-
lars are indeed commonly used to prevent direct gas ex-
change between the chamber volume and the atmosphere.
However, collars require ground insertion, which involves
cutting or compacting the soil and vegetation, potentially al-
tering natural fluxes and disturbing the ecosystem. Instead,
the modulated-light skirt-chamber is placed directly on the
ground, with a flexible plastic film (skirt) deployed around
its base to enhance ground contact. While the absence of a
collar minimizes ecosystem disturbance and allows for rapid
deployment, it also prevents a perfect seal, necessitating a
mathematical correction for gas leakage (Sect. S1, Supple-
ment).

The modulated-light skirt-chamber, equipped with a trans-
parent window, measures photosynthetic activity by monitor-
ing CO2 exchange between the ground and the chamber. PI
curves are derived from CO2 flux (FCO2 ; µmol m−2 s−1) un-
der different light intensities, modulated using white fabrics
that reduce brightness without significantly altering the natu-
ral light spectrum. To account for gas leakage at the ground-
chamber interface, CO2 flux calculations are performed us-
ing a complete mass balance (Eq. 1, detailed in Sect. S1 of
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Figure 1. Photograph (left) and exploded view (right) of the modulated-light skirt-chamber placed on the peatland surface, showing the main
components. The inset in the photograph shows the skirt-chamber covered with an example of fabric used to modulate light intensity. Photos
taken by the authors, exploded view by Ana López Aguado.

the Supplement). This approach ensures accurate estimation
of net gas exchange by considering both CO2 release from
the ground and any leakage to the atmosphere.

FCO2 =

(
dCC,CO2

dt
−

(
CL,CO2 −CC,CO2

)
θC

)
·
VC

AC
(1)

In Eq. (1) (Sect. S1, Supplement), CC,CO2 represents the
actual CO2 concentration inside the chamber (µmol m−3),
while CL,CO2 is the CO2 concentration of the air at
ground level outside the chamber that enters due to leaks
(µmol m−3). θC is the mean gas residence time in the cham-
ber due to leakage (s), determined experimentally (as de-
scribed below), VC is the chamber volume (m3), and AC rep-
resents the area of the chamber in contact with the ground
(m2). Both CC,CO2 and CL,CO2 , required to solve Eq. (1),
can be monitored using any CO2 gas analyzer. In this study,
we used an ultraportable greenhouse gas analyzer (UGGA,
model 915-0011-1000, ABB, USA), which records CO2 and
CH4 concentrations at a frequency of 1 Hz. Notably, this an-
alyzer has a measurement cavity where incoming gas mixes
with previously sampled gas. This mixing causes a dilution
effect, leading to a slight discrepancy between the measured
concentration and the actualCC,CO2 . However, this effect can
be corrected as described in Sect. S1. Equation (1) also relies
on accurately determining θC, which is experimentally de-
rived by injecting a pulse of a tracer gas into the chamber.
This pulse causes a sudden increase in tracer concentration,
followed by an asymptotic return to steady state, allowing
quantification of the dilution rate caused by leaks (details in
Sect. S2). For this purpose, CH4 was selected as the tracer gas
because it is detected by the UGGA, does not interfere with
FCO2 measurements, and can be conveniently transported to
the field in small vials. With all variables defined, FCO2 can
be determined explicitly at any time during chamber deploy-

ment, without requiring steady-state conditions. Instead, the
method relies on solving the mass balance dynamically.

2.2 Modulated-light skirt-chamber design

The modulated-light skirt-chamber (Fig. 1) is a 3D-printed
chamber composed of two main components: a base, to
which the skirt is attached, and the chamber cavity, where
gas emitted from the ground accumulates. To ensure homo-
geneous gas distribution, the chamber cavity includes a small
fan housed in an external 180× 40 mm drawer-like compart-
ment, which is attached to the chamber and connected to its
interior. This design prevents shadows from the fan and op-
timizes light distribution over the ground surface. The cham-
ber also features an oblique 9 mm-thick glass window, posi-
tioned at a 40° angle from the horizontal, enhancing direct
sunlight exposure in high-latitude regions. Its internal sur-
face is lined with a reflective film (Q-BICS, Mexico) to max-
imize light dispersion. During field deployment, the chamber
was connected in a closed loop to the UGGA using 6 mm
outside diameter polyurethane tubing (PUN-H-6X1-DUO,
Festo, Mexico). When deployed, the base was placed directly
on the ground, and the plastic skirt was extended around
it. A steel chain (0.27 kg m−1) was then positioned above
the skirt, encircling the base three times to ensure proper
ground contact. Once the base was secured, the chamber cav-
ity was placed on top, allowing it to be rotated, opened, or
closed without disturbing the base, facilitating easy adjust-
ments toward sunlight or shade as needed. Light intensity
(I ) was measured using two light/temperature data loggers
(MX2202, Hobo, USA) positioned at ground level within
the chamber. These sensors occupied approximately 5.7 %
of the chamber’s ground area, a negligible impact on mea-
surements. Prior to deployment, the light data loggers were
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calibrated against a PAR Quantum Sensor (LI-190R, Li-Cor,
USA) over 60 h of continuous data collection (Fig. S1).

2.3 Measurement protocol

All PI curve determinations followed a four-step protocol.
First, the chamber base was positioned on the ground. Sec-
ond, the CO2 concentration at ground level (CL,CO2 in Eq. 1)
was measured for 3 min by placing the UGGA influent tub-
ing under the skirt-chain to sample air. Third, the chamber
was closed for three to 4 min, during which two to four light
conditions were tested, each lasting at least 1 min, without in-
termediate ventilation. Light intensity was controlled by cov-
ering the chamber with 1× 1 m fabric pieces (the light trans-
mittance of ten fabrics used is provided in Table S1 in the
Supplement). During this step, approximately 1 mL of CH4
(Linde, Chile) was injected into the chamber through a sep-
tum in the UGGA waste line using a plastic syringe to deter-
mine θC, as described in Sect. S2. The injected CH4 (100 %
vol) was pre-stored in a 120 mL serological bottle, with the
extracted volume replaced by atmospheric air after each in-
jection. Finally, the chamber was opened and left open for
2 min before repeating the procedure as needed.

This procedure avoided intermediate ventilation between
light levels, which ensured a more accurate determination of
θC. Because a methane pulse was injected after each cham-
ber closure and its decay monitored over the entire closure
period, θC could be quantified with higher precision while
simultaneously applying different light conditions. This ap-
proach also reduced the number of θC determinations re-
quired, thereby minimizing data processing effort.

During the campaign, the protocol was refined to improve
data quality. Initially, 15 shade levels were tested in groups
of three, with each level lasting 1 min. However, due to min-
imal differences in irradiance, the approach was refined to
six shade levels, tested in groups of two, with each level last-
ing 2 min. One condition always included measuring FCO2 in
total darkness using a dark, thick, plastic-coated fabric.

2.4 Study site, campaign, and flux measurements

The selected study site is an ombrotrophic elevated peatland
(bog) primarily covered by Sphagnum magellanicum moss.
Located at 54.940° S, 67.644° W, about 2 km west of Puerto
Williams along the northern coast of Navarino Island, south-
ern Chile, it lies at an elevation of 20 m above sea level and
covers an area of 4.6 ha. The terrain is characterized by hum-
mocky features with scattered patches of vascular plants,
lichens, and bare peat areas lacking live Sphagnum cover.
Peat depth varies between 3 and 10 m, averaging 8± 1 m at
the experimental sites. Although not submerged, the water
table remained near the surface, typically between 0.1 and
0.6 m deep. Fieldwork was conducted from 5 to 15 March
2023, coinciding with the end of the summer season. Mea-
surements were taken between 10:00 and 16:00 LT, ensuring

at least 2.5 h after sunrise and before sunset. Over the course
of the campaign, 27 sets of measurements were taken at ran-
dom locations across different vegetation covers and topogra-
phies, with three sites measured twice to assess repeatability
(Table S2, dominant species and type of relief).

2.5 Ancillary measurements

Net ecosystem exchange of CO2 (NEE) was measured dur-
ing the study period using an eddy covariance system (EC),
composed of an enclosed infrared gas analyzer (model LI-
7200, LI-COR Biosciences, 2022, Lincoln, Nebraska, USA)
to measure CO2 and water vapor concentration, and a 3-
D sonic anemometer (model Windmaster, Gill Instruments,
Lymington, UK) that measures wind speed (m s−1) at 10 Hz.
Fluxes were computed using the EddyPro software, which
was used to apply statistical, instrumental, footprint, and
spectral corrections to the data. Secondly, we applied a post-
processing methodology that included a quality screening
of physically possible values, a first biometeorological gap-
filling using linear regressions with ERA5 data as predictors,
friction velocity threshold filtering, and the gap-filling proce-
dure Marginal Distribution sampling. For details of the cor-
rections applied to EC data, see Perez-Quezada et al. (2024).

2.6 Data treatment and statistical analysis

All collected data were used to generate PI curves. Instan-
taneous FCO2 and light intensity data were filtered to re-
move chamber ventilation periods, operational disturbances,
and the first 10 s of each light condition to minimize noise.
The double derivative in Eq. (1) introduced significant noise,
which was mitigated using a weighted moving average
smoothing technique at each calculation step (Eq. 2).

Yn = 0.1·Yn−2+0.2·Yn−1+0.4·Yn+0.2·Yn+1+0.1·Yn+2 (2)

Among the various PI curve models published in the litera-
ture, we compared several models that can be grouped into
two categories: those that consider photoinhibition and those
that do not. Given the similarity among models within each
of these categories, we selected one representative model
from each. Specifically, we chose the model of Bernard and
Rémond (2012), depicted in Eq. (3), and a Monod-derived
model (Jones et al., 2014), which can be analogously ap-
plied to the relationship between light intensity and photo-
synthetic rates, depicted in Eq. (4). The latter is mathemat-
ically equivalent to the Michaelis–Menten-type hyperbolic
function widely applied in ecological studies, including for
modelling PI curves in eddy covariance and chamber studies
(Falge et al., 2001).
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GPP= GPPmax ·
I

I + GPPmax
α
·

(
I
Iopt
− 1

)2 (3)

GPP= GPPmax ·
I

I +K
(4)

where GPPmax is the maximum gross primary production
(µmol m−2 s−1), I is light intensity (µmol m−2 s−1), α de-
scribes light-use efficiency which is also the initial slope
of the PI curve, Iopt is the optimal light intensity before
photoinhibition, and K is the half-saturation constant. The
Bernard-Rémond model explicitly accounts for photoinhibi-
tion, making it suitable for conditions where excessive light
reduces photosynthetic efficiency. In contrast, the Monod-
derived model focuses on light limitation and does not in-
corporate photoinhibition. In this model, the initial slope at
the origin is GPPmax/K , which we denote as β, analogous to
α in the Bernard and Rémond model.

Model calibration minimized Root Mean Square Error
(RMSE) using Excel’s Solver function with the General-
ized Reduced Gradient (GRG) nonlinear solving method, ap-
plied to the complete FCO2 and I datasets (472–902 data
points per experiment across 27 chamber deployments) and
averaged data for each irradiance condition (6–14 condi-
tions). A model fit was accepted if R2

≥ 0.5 and p≤ 0.05.
Levene’s test assessed variance consistency between dupli-
cate and non-duplicate measurements. All analyses were per-
formed using OriginPro (Version 2016, OriginLab Corpora-
tion, 2016, USA), with Tukey’s HSD test for statistical sig-
nificance.

3 Results and discussion

3.1 PI curves

Figure 2 presents an example of data obtained during the
deployment of the modulated-light skirt-chamber, showing
light intensity inside and outside the chamber (Fig. 2a),
chamber CO2 concentration (CC,CO2 ; Fig. 2b), and the cor-
responding instantaneous FCO2 across six light levels (sun-
light, total darkness, and four shade levels; Fig. 2c). A de-
crease in light intensity led to an increase in CC,CO2 , which
was numerically converted into higher FCO2 , reflecting the
impact of light on photosynthesis and generating a PI curve
(Fig. 3a). Among 27 deployments, 20 met the acceptance cri-
teria (R2

≥ 0.5, p≤ 0.05), yielding a 74 % success rate. Eight
representative curves are shown in the main text (Figs. 2–4),
while the remaining 12 accepted curves are presented in Sup-
plement (Fig. S2). The cases that did not meet the acceptance
criteria are shown in Fig. S3.

Figure 3 shows two examples of PI curves under different
experimental conditions: one using six shade levels (Fig. 3a)
and the other 15 (Fig. 3b). Both met statistical criteria, but the
6-shade level approach yielded significantly better R2 and
p-values than the 15-shade level scenario (p< 0.05), indi-

Figure 2. Example of data obtained during the determination of
a Photosynthesis-Irradiance (PI) curve. (a) Irradiance (Photosyn-
thetic Photon Flux Density; PPFD) inside the chamber (red con-
tinuous line) and outside the chamber (blue continuous line). (b)
CO2 concentration within the chamber (green continuous line). (c)
Flux of CO2 (FCO2 ) measured during the experiment. The green-
shaded areas represent exclusion periods, which are transition pe-
riods between different levels of shading and/or chamber openings
for ventilation.

cating that longer measurement periods per shade level im-
prove accuracy more than increasing the number of levels
with shorter exposures.

3.2 Time replicates

Duplicate PI curve experiments were conducted at three lo-
cations with time intervals ranging from 3 to 144 h (Fig. 4),
showing similar trends in all cases. To assess measurement
repeatability, we analyzed the variation in GPPmax and K
from the Monod model across these duplicate pairs. The
mean variation for GPPmax was 38.6 %, while the coeffi-
cient of variation among non-duplicate measurements was
94.4 %. Similarly, forK , variation within duplicate pairs was
64.3 %, compared to a 210 % coefficient of variation among
non-duplicates, suggesting that measurements for both pa-
rameters are relatively consistent when repeated. However,
Levene’s test indicated no significant difference between du-
plicates and non-duplicates.

3.3 PI curves and model parameters

In only 6 cases (#03, 04, 12, 13, 14, 20; 30 % of the cases),
did we observe experimental irradiance levels exceeding the
Iopt values predicted by the Bernard-Rémond model, indi-
cating potential photoinhibition. In the remaining 14 cases
(70 %), no indicator of photoinhibition was observed, and
the Iopt of the Bernard-Rémond model served more as an
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Figure 3. Examples of two Photosynthesis–Irradiance (PI) curves
from two subantarctic peatland bog locations. Small blue points:
individual measurements; large dark-red points: mean values un-
der each irradiance level. Error bars show one standard deviation.
Thick green dotted line: Monod model fit; thin blue continuous
line: Bernard–Rémond model fit; light blue dashed line: respiration
(Reco). Experiment numbers (upper left corner) correspond to Ta-
ble 1, where model parameters and statistics are provided.

adjustment parameter than as a meaningful physiological
threshold reflecting a true biological phenomenon. Notably,
an indicator of this is the fact that some of the Iopt val-
ues were 3 to 4 orders of magnitude above realistic so-
lar irradiance (Table 1). This observation aligns with previ-
ous reports, such as measurements made with an EC tower
by Suyker et al. (1997) in a boreal fen, which showed not
only the absence of photoinhibition at irradiance levels up
to 1800 µmol m−2 s−1 but also that light saturation occurred
above 1000–1200 µmol m−2 s−1. These findings are further
supported by lab measurements in peatland bryophytes at ir-
radiances up to 2000 µmol m−2 s−1, which showed no signs
of light inhibition (Hájek, 2014).

The slope at the origin of the PI curves is a crucial pa-
rameter that reflects how efficiently a plant or ecosystem
can convert light into chemical energy (via photosynthesis)
under low light conditions. This is particularly relevant for
C3 plants, such as many moss species with low photosyn-
thetic activity that are commonly found in peatlands (Aro
and Gerbaud, 1984). This parameter is expressed as α in
most models, including the Bernard-Rémond model, and as

β in the Monod model. In our study, the mean values of
α (0.027± 0.021) and β (0.028± 0.021) showed no signif-
icant difference. These values fall within the ranges pre-
viously reported in peatlands, including 0.009–0.036 from
northern bogs and fens (Shurpali et al., 1995; Suyker et
al., 1997; Satriawan et al., 2023). Moreover, our results are
consistent with theoretical expectations: the maximum pos-
sible quantum yield for terrestrial plants is approximately
0.1 µmol CO2 fixed per µmol photons absorbed (Farquhar
et al., 1980; Björkman and Demmig, 1987). Thus, the val-
ues obtained here represent realistic light-use efficiencies for
peatland vegetation under field conditions.

Similarly, GPPmax is another important parameter in
modeling PI curves. In our study, the GPPmax estimated
by the Bernard-Rémond model was not significantly dif-
ferent from the GPPmax obtained through fitting of the
Monod model, with mean values of 6.77± 4.19 and
9.33± 8.81 µmol m−2 s−1, respectively (Table 1; Fig. 5). As
observed for α, our data fell within the ranges reported by the
same authors cited in the previous paragraph, all determined
using an EC tower. Specifically, Suyker et al. (1997) re-
ported a GPPmax of 10.6–17.1 µmol m−2 s−1 in a boreal fen,
while Shurpali et al. (1995) and Satriawan et al. (2023) re-
ported ranges of 1.59–6.36 and 5.28–6.52 µmol m−2 s−1, re-
spectively, in northern bogs. Also, in our study,K was highly
variable, with a CV of 200 %. Excluding one outlier (#10),
the meanK was 417± 364 µmol m−2 s−1, which is close, for
instance, to values previously reported: 382 µmol m−2 s−1

(Hájek, 2014) and 484 µmol m−2 s−1 (Suyker et al., 1997).

3.4 Respiration rates

Respiration rates (Reco) exceeded GPPmax in most experi-
ments, leading to net CO2 emissions (positive NEE). Only
six cases (#02, 03, 06, 13, 19, 20; 30 %) showed net CO2
capture at higher irradiances. Overall, the mean Reco of
7.3± 4.9 µmol CO2 m−2 s−1 was not significantly different
from GPPmax in the Bernard-Rémond and Monod models
(Table 1). This suggests that respiration largely offset pho-
tosynthetic carbon assimilation, limiting net CO2 uptake.
EC measurements confirmed net CO2 emissions, with con-
sistently positive NEE during the campaign (5–15 March)
and local maxima coinciding with chamber deployment days
(Fig. 6a). Additionally, NEE determined by EC was high-
est between 10:00 and 16:00, when most chamber measure-
ments were taken (Fig. 6b). These findings highlight the con-
trasting dynamics of respiration and photosynthesis in peat-
lands, with significant seasonal and diel fluctuations (Flana-
gan, 2014; Satriawan et al., 2023; Peng et al., 2024). Sim-
ilarly, studies indicate that peatlands can function as either
carbon sinks or sources following long-term patterns. For in-
stance, a peatland in northern Patagonia was reported to act
as a carbon emitter in 6 of 8 years (Perez-Quezada et al.,
2024).
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Figure 4. Duplicate determination of the Photosynthesis–Irradiance (PI) curves at three locations in a subantarctic peatland bog. Each
location includes two time replicates, with a time interval of 3 h (a–b), 94 h (c–d), and 144 h (e–f), as indicated within the arrows. Small blue
points: individual measurements; large dark-red points: mean values under each irradiance level. Error bars show one standard deviation.
Thick green dotted line: Monod model fit; thin blue continuous line: Bernard–Rémond model fit; light blue dashed line: respiration (Reco).
Experiment numbers (upper left corner) correspond to Table 1, where model parameters and statistics are provided.

3.5 Strengths and weaknesses of the method

Compared to the eddy covariance (EC) method, the gold
standard for high-temporal-resolution peatland gas exchange
measurements, the modulated-light skirt-chamber has cer-
tain limitations. A primary drawback is the significant ex-
perimental effort, as it requires manual deployment at each
location, whereas EC operates unsupervised for extended
periods. Another limitation is its reliance on natural light,
which may not coincide with peak irradiance, especially
under suboptimal conditions (e.g., cloud cover). The me-
dian maximum irradiance during chamber deployments was
747± 386 µmol m−2 s−1, only 46 % of the absolute maxi-

mum recorded during the campaign. The method may also
be affected by temperature fluctuations within the chamber’s
enclosed air volume. During our study, temperature shifts
of 2–3 °C were recorded by light/temperature Hobo datalog-
gers. However, these loggers are optimized for water tem-
perature rather than air, preventing precise assessment of this
effect. To mitigate temperature impacts, total enclosure time
was limited to 3–4 min, with full solar irradiance applied for
no more than 1 min. Future studies should use a more ac-
curate air temperature sensor to improve monitoring. In ad-
dition, strategies to further limit chamber warming should be
considered. Active cooling systems, such as Peltier elements,
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Table 1. Best-fitting parameters of the Bernard-Rémond and the Monod models, observed over 20 locations where GPP was measured in
situ using the modulated-light skirt-chamber. #: PI curve code; Imax: maximum irradiance observed during the experiment; β = GPPmax/K;
SD: standard deviation; Reco: Respiration rate.

Bernard-Rémond model (Eq. 3) Monod model (Eq. 4) Respiration

# I a
max GPPb

max I a
opt α (–) R2 (–) GPPb

max Ka β (–) R2 (–) Rb
ECO

#01 1620 4.21 1 414 176 0.005 0.697 4.21 791.0 0.005 0.697 4.0
#02 317 5.47 822 0.045 0.566 7.01 149.1 0.047 0.560 2.2
#03 1609 5.32 1058 0.004 0.925 8.02 901.9 0.009 0.873 3.0
#04 1297 4.27 780 0.014 0.757 4.97 194.4 0.026 0.698 5.4
#05 504 5.19 39 718 0.058 0.676 5.21 90.0 0.058 0.676 8.3
#06 641 5.85 1168 0.019 0.929 8.99 437.2 0.021 0.929 3.9
#07 607 4.54 39 698 0.046 0.941 4.57 99.7 0.046 0.941 5.3
#08 1077 8.68 291 989 0.033 0.897 8.69 263.9 0.033 0.897 13.7
#09 846 3.26 5197 0.006 0.920 4.01 662.0 0.006 0.921 3.3
#10 356 14.56 8350 0.006 0.843 37.09 6770.8 0.005 0.843 2.9
#11 804 6.58 12 549 0.028 0.972 6.84 248.7 0.027 0.869 18.1
#12 999 2.69 801 0.001 0.865 3.21 794.7 0.004 0.804 3.7
#13 459 15.66 456 0.037 0.971 28.76 387.1 0.021 0.961 16.8
#14 690 2.41 424 0.015 0.774 2.93 116.3 0.025 0.740 6.3
#15 537 6.68 24 140 0.053 0.907 6.74 128.4 0.053 0.907 8.8
#16 994 4.80 978 0.016 0.920 6.39 306.2 0.021 0.905 8.7
#17 379 4.78 57 151 0.044 0.776 4.80 110.4 0.044 0.776 6.6
#18 1036 15.71 41 233 0.019 0.959 16.00 838.9 0.019 0.958 15.2
#19 527 11.17 1084 0.078 0.992 13.69 164.0 0.083 0.992 6.7
#20 946 3.54 658 0.010 0.939 4.55 272.9 0.017 0.916 3.1

Min 317 2.41 424 0.001 0.566 2.93 90.0 0.004 0.560 2.2
Max 1620 15.71 1 414 176 0.078 0.992 37.09 6770.8 0.083 0.992 18.1
Mean 812 6.77 97 121 0.027 0.861 9.33 686.4 0.028 0.843 7.3
SD 386 4.19 316 682 0.021 0.116 8.81 1458.6 0.021 0.116 4.9

a µmol photons m−2 s−1; b µmol CO2 m−2 s−1.

Figure 5. Central tendency of the Photosynthesis-Irradiance (PI)
curves modeled using the Bernard-Rémond model (red line and
light-colored red area delimited with dashed lines) and the Monod
model (green line and light-colored green area delimited with dash-
dot lines).

have been proposed in recent studies (e.g., Jentzsch et al.,
2024) and could be adapted for use in the modulated-light
skirt-chamber. Incorporating such systems would help main-
tain near-ambient conditions during measurements, thereby
reducing the risk of temperature-induced biases in gas flux
estimates.

A weakness of the method is exemplified by the 26 % of
failed deployments (Fig. S3). Part of these failures were at-
tributable to excessive leakage that increased measurement
noise. This excessive leakage was linked to the vegetation
itself: some vegetation types, such as Ericaceae (Table S2),
formed a dense layer of intertwined fibrous and lignin-rich
tissues, through which air flowed easily, thereby increas-
ing gas exchange between the chamber and the atmosphere.
Another common reason for failure to determine PI curves
was fluctuating or insufficient irradiance under cloudy condi-
tions. One weakness of the way we applied the skirt-chamber
method is that light intensity was logged inside the chamber
and processed afterward during analysis. Although this pro-
vided accurate irradiance values for PI curve construction,
the lack of real-time monitoring limited the operator’s abil-
ity to respond to rapid irradiance fluctuations. Real-time PAR
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Figure 6. Net Ecosystem Exchange (NEE) measured using an
eddy covariance tower during March 2023. (a) Daily mean NEE,
with light red shaded areas indicating the days of Photosynthesis-
Irradiance Curve determinations. (b) Hourly mean NEE, averaged
over the 31 d, with light blue shaded areas indicating the standard
error.

monitoring would provide immediate feedback on irradiance
conditions, allowing operators to repeat measurements when
sudden changes occur. Notably, not all failures in determin-
ing PI curves can be ascribed to methodological weaknesses.
Two of the failed cases occurred in bare peat areas (Table S2),
where little or no photosynthetic activity was expected. Over-
all, while these issues reflect practical challenges of field
measurements in heterogeneous environments, they do not
undermine the overall reliability of the method.

An important question regarding the applicability of the
chamber is whether the method can be used in submerged ar-
eas, a common feature in many peatlands. Our study sites did
not include permanently inundated conditions, and we can-
not confirm chamber performance under such circumstances.
We anticipate that in submerged or near-saturated zones, the
skirt would form a seal with the water surface, and the cham-
ber would function similarly to a static closed chamber, with
gas accumulating inside due to little or no leakage. In such
cases, deployment time should be limited to avoid large CO2
concentration changes that could alter respiration or photo-
synthesis kinetics. Direct testing under these conditions will
be an important next step to extend the applicability of the
method.

Another potential limitation of the skirt-chamber method
is that it requires the presence of an operator, which may
cause site disturbance when stepping close to the chamber,
particularly in wet or water-saturated areas where pressure
is readily transmitted through the peat matrix. In a sepa-
rate study (not part of this work), we observed that operator
proximity could influence ebullition events: gas release was
triggered when stepping close to the chamber but avoided
when maintaining a distance of 40–50 cm. To mitigate this is-
sue, we recommend practices that distribute operator weight,
such as the use of snowshoes (as applied here) or pressure-
distributing boards. Although this effect does not compro-
mise the chamber design itself, it highlights the importance
of maintaining sufficient operator distance to minimize dis-
turbance during measurements.

A practical issue that may arise is condensation on the
chamber window under high irradiance. In our field tests,
this was only observed during the highest light condition (di-
rect sun, without shading fabrics), and it lasted for less than
2 min, producing only slight condensation. Such condensa-
tion could, in principle, scatter direct irradiance and reduce
overall transmission, but in this study any potential effect was
minimized because light intensity was measured inside the
chamber. Given its short duration and limited extent, the im-
pact on PI curve determination was considered negligible.

Although CH4 was used as a tracer gas to determine the
chamber residence time (θC), this did not preclude the es-
timation of CH4 fluxes. Fluxes were calculated from the
CH4 concentration record prior to the pulse injection, dur-
ing which concentrations were monitored for approximately
1 min. This time window was sufficient for flux determina-
tion, and it can be extended in future applications when CH4
emissions are a core objective.

The modulated-light skirt-chamber was designed with sev-
eral attributes in mind. First, it was built in two sections
so that the chamber could be rotated without disturbing the
skirt-base, allowing the operator to select between shaded
and direct sun exposure. Second, the truncated cylinder shape
was selected to optimize light exposure inside the chamber.
Third, the chamber was made fully 3-D printable to simplify
fabrication and ensure reproducibility. Fourth, the truncated
cylinder design was selected to reduce the surface area ex-
posed to sun, compared to a cubic shape, thereby minimiz-
ing potential temperature issues. Nevertheless this careful de-
sign, our field experience indicated that the practical benefits
of the selected design were less pronounced than expected,
and alternative geometries – including conventional trans-
parent chambers – could also be effectively combined with
a skirt-base, provided that they allow for easy opening, clos-
ing, and aeration.

Finally, we note that the modulated-light skirt-chamber
tested in this study is particularly suited to Sphagnum-
dominated bogs with low vegetation. In fen ecosystems with
taller or denser vegetation, obtaining effective measurements
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may require design modifications and/or adaptations of the
method.

Despite its drawbacks, the modulated-light skirt-chamber
demonstrated strong consistency with well-established mod-
els. The R2 values ranged from 0.57 to 0.99, with p-values
below 0.05, indicating a good to excellent fit to the Bernard-
Rémond and Monod models. Additionally, all parameters
determined with this method aligned with previously re-
ported peatland values using above-ground techniques, re-
inforcing its reliability. While above-ground methods cap-
ture whole-ecosystem dynamics, the modulated-light skirt-
chamber enables detailed, site-specific assessments of carbon
fluxes, including plant light response and underground bio-
processes. Furthermore, EC requires costly equipment and
time-intensive installation, limiting its practicality for multi-
site studies. In contrast, the chamber method is installation-
free, highly flexible, and significantly more cost-effective,
with expenses primarily related to the gas analyzer. Com-
pared to leaf-level measurements, the modulated-light skirt-
chamber accounts for the entire plant community and the
complex underground processes enclosed within the cham-
ber perimeter, providing a more integrated perspective on
site-specific carbon dynamics. We see it as particularly useful
in environments where microtopography, vegetation diver-
sity, or soil conditions create localized carbon flux variations.
Its affordability and versatility make it ideal for compara-
tive studies and fieldwork across diverse landscapes. More-
over, the modulated-light skirt-chamber could be of partic-
ular interest when combined with remote sensing tools for
high spatial resolution mapping of carbon fluxes, as recently
exemplified by Walcker et al. (2025) through drone-based ap-
proaches.

4 Conclusions

The modulated-light skirt-chamber is a valuable tool for
studying peatland photosynthetic dynamics. By bridging the
scale gap between leaf-level and ecosystem-scale observa-
tions, it provides a unique opportunity to investigate carbon
dynamics at an intermediate scale, often overlooked by tra-
ditional methods. Despite limitations this method showed
strong consistency with established models. Furthermore, its
portability, cost efficiency, and ability to provide localized in-
sights into carbon dynamics make it well-suited for compar-
ative studies across diverse landscapes. As with any method,
refinements, such as improved temperature measurement ac-
curacy, will further enhance its applicability and reliability.
Overall, the modulated-light skirt-chamber holds significant
promise for advancing our understanding of peatland carbon
dynamics, particularly in heterogeneous environments where
fine-scale variability plays a critical role in ecosystem func-
tioning.
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