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A B S T R A C T   

Accumulating knowledge of photo-physiological acclimation and adaptation in aquatic phototrophs to altered 
environmental factors are valuable for managing and conserving aquatic ecosystems. Photosynthesis-irradiance 
curve (PI curve) analysis is an essential technique to assess the photo-physiological states of and environmental 
stresses on photosystems. For PI curve analysis, replicates were rarely homogeneously illuminated, which could 
generate variations potentially obscuring treatment effects or lead to considerable errors. Here we present an 
incubation apparatus with a novel configuration of illuminating unit that supplied a gradient of irradiances with 
improved homogeneity. The achieved homogeneity exceeds that of other homogeneous illuminating apparatus 
reported for photosynthetic research. We used the elaborated apparatus to develop PI curves for S. pectinata 
photo-acclimated to contrasting light conditions in both greenhouse and field scenarios. Photo-acclimation to 
lower irradiances enhanced both maximum photosynthetic rates and light utilization efficiencies in general. And 
improved homogeneity for PI curve analysis most likely reduced variations of derived light utilization efficiency 
compared to those using conventional incubation apparatus. The elaborated incubation apparatus could provide 
insights into developments of illumination techniques for photosynthetic studies and has the potential to refine 
the subtleties of photo-acclimation studies.   

1. Introduction 

Photosynthesis is a fundamental biological process fuelling the nat
ural world. In aquatic ecosystems, primary producers (submerged 
aquatic plants, macroalgae, and phytoplankton) harvest energy from the 
sun to support a diverse range of lives through food webs. Knowledge of 
photo-physiological acclimation and adaptation in aquatic phototrophs 
to anthropogenic activities or climate-induced environmental changes 
(release of new pollutants, rising temperatures, and pH, etc.) remains to 
be explored and could provide essential eco-physiological un
derstandings for the management and conservation of aquatic ecosys
tems (Blain and Shears, 2019; Bouman et al., 2018; Cayabyab and 
Enriquez, 2007; Kalff, 2002; Lichtenberg and Kuhl, 2015; Pedersen 
et al., 2013; Piepho, 2017). Photosynthetic rates against a gradient of 
irradiance from darkness to beyond saturating levels form 
photosynthesis-irradiance (PI) curves, which assess photo-physiological 
states of and evaluate environmental stresses on photosystems (Dele
becq et al., 2013; Hootsmans and Vermaat, 1994; Kahara and Vermaat, 

2003; Phooprong et al., 2008; Schutter et al., 2012; Sorrell and Drom
goole, 1986). Rates of underwater photosynthesis are usually estimated 
through oxygen exchange in liquid phases. Technically, detached leaves 
(shoots) or algal thalli in aqueous mediums or algal cultures are incu
bated in sealed vials or chambers and exposed to a pre-defined gradient 
of irradiances. Then the amount of oxygen produced or consumed dur
ing incubations is normalized to incubation time and unit of biomass or 
chlorophyll-a to calculate photosynthetic rates correspondingly for the 
gradient of incubation irradiances to construct a PI curve. 

For replications of PI curve analysis, replicates are ideally identically 
illuminated across a gradient of irradiances. Identical illumination can 
be achieved by PI curve analysis of replicates incubated in the same 
photo-respirational chamber under identical illumination settings, with 
only one PI curve analysis performed at a time, and replications require 
repeated analyses (Delebecq et al., 2013; Kahara and Vermaat, 2003; 
Shafer et al., 2011). But incubation across a gradient of irradiance levels 
could add up to a few hours at least, therefore repeated PI curve analyses 
are very time-consuming and of low efficiencies (Delebecq et al., 2013; 

* Corresponding author. Lushan Botanical Garden, Chinese Academy of Science, Jiujiang, China. 
E-mail address: abi10qhu@hotmail.com (Q. Hu).  

Contents lists available at ScienceDirect 

Plant Physiology and Biochemistry 

journal homepage: www.elsevier.com/locate/plaphy 

https://doi.org/10.1016/j.plaphy.2023.108027 
Received 22 January 2023; Received in revised form 29 August 2023; Accepted 7 September 2023   

mailto:abi10qhu@hotmail.com
www.sciencedirect.com/science/journal/09819428
https://www.elsevier.com/locate/plaphy
https://doi.org/10.1016/j.plaphy.2023.108027
https://doi.org/10.1016/j.plaphy.2023.108027
https://doi.org/10.1016/j.plaphy.2023.108027


Plant Physiology and Biochemistry 203 (2023) 108027

2

Kirsten and Peter, 1998; Masojidek et al., 2001). Alternatively, multiple 
PI curve analyses are usually performed simultaneously. Replicates are 
assumed to be illuminated under homogeneously distributed light fields 
across a gradient of irradiance levels, which technically has rarely been 
achieved in conventional incubation apparatus (Borlongan et al., 2020; 
Branco et al., 2017; Drew, 1979; Enriquez et al., 1995). Conventionally, 
frontal illuminations from various light sources (e.g. cool-white fluo
rescent lamps, LED panels, metal halide lamps, or halogen lamps) cast 
over incubation areas (Branco et al., 2017; Drew, 1979; Menendez and 
Sanchez, 1998; Necchi Jr and Zucchi, 2001; Sorrell et al., 2001). 
Regardless of the types of the light source, as light energy radiates it 
attenuates with increasing distance from light sources; distances to light 
sources vary from point to point within the illuminated incubation areas, 
inevitably creating a heterogeneously distributed light field over incu
bated samples. Unevenly distributed illumination over replicates gen
erates variations in PI curve analysis and potentially obscures treatment 
effects. And heterogeneous illumination within incubation chambers 
was reported to generate considerable errors in PI curves analysis 
(Hogewoning et al., 2010). Potentially there exists a need for an incu
bation apparatus with homogeneous illumination over multiple repli
cates for PI curve analysis. 

Here an elaborated incubation apparatus is presented, with its illu
minating unit creatively configurated to improve homogeneities for a 
gradient of irradiance levels. We used the elaborated incubation appa
ratus to develop PI curves for leaves of Stuckenia pectinata (a submerged 
angiosperm) photo-acclimated to contrasting irradiances in both 
greenhouse and field conditions. Subsequently, we compared variations 
of the derived PI curve parameters to those derived with conventional 
incubation apparatus. 

2. Materials and methods 

2.1. Elaborated incubation apparatus 

The incubation apparatus consisted of an illuminating unit over a 
water bath for incubation (Fig. 1) and a separate sample-handling water 
bath. Fig. S1 (Supplementary Fig. 1) shows the apparatus in working 
condition, and resource availability of the key components of the 
apparatus is listed in Supplementary Table 1. 

2.1.1. Illumination unit 
The illumination unit had three 100 W white LED panels fixed to a 

metal table frame 1.2 m above the ground (Fig. 1). The LEDs were of 
color temperature at 4000 k that provides a well-balanced spectral en
ergy distribution between blue and red regions, where the respective 
absorption peaks of chlorophyll-a and chlorophyll-b are located, there
fore were suitable for inducing photosynthesis (Specific spectral energy 
distribution of the LED panel is sourced from its product sheets and 
shown in Fig. S2). In an overhead view, the three LED lights were 
radially arranged with the central axis of any two LED panels forming an 
angle of 120◦ and the front of each LED panel approximately 11 cm away 
from the radial centre (Figs. 1 and 2B). Three thick layers of poly
propylene fibre clothes (1.2 m * 1.2 m) formed (in overhead view) an 
equilateral triangular-shaped semi-closed lightbox (Fig. 2A) just beneath 
the LED lights. In the overhead view, the lightbox’s triangular centre 
overlaps the LED lights’ radical centre, and its three perpendicular bi
sectors overlap the LED panels’ central lines (Fig. 2B). Geometrically 
there existed a light column along the lightbox’s triangular central line 
with a radius of approximately 11 cm, and the total distances to the 
three LED light sources for any two points within any cross-section of the 
light column were equal, theoretically creating a homogeneous illumi
nation over the cross-sectional area. Irradiances bounced back by the 
walls of the light box further enhanced the intensities of the cross- 
sectional areas. As a result, the illumination unit could provide a ho
mogenous frontal illumination area (also with a radius of 11 cm) for the 
incubation water bath placed 0.5 m below the LED lights. 

The incubation water bath’s centre also overlaps the lightbox’s 
triangular centre in the overhead view. And at just below the surface of 
the incubation water bath, we mapped the distribution of PAR (photo
synthetic active radiation) at a resolution of 2 cm by 2 cm with a flat 
underwater quantum sensor (Li-192, LiCor, USA) to delineate the evenly 
illuminated area. To create a gradient of irradiances for PI curve anal
ysis, different numbers of layers of white cotton fabric (as neutral den
sity filters) were placed on an 80*80 cm polycarbonate board 10 cm 
above the water bath (Fig. 2A). Insertions of neutral density filters would 
increase scatterings of emitted photons between the LEDs and the in
cubation water bath, rendering the illumination more homogeneous 
over the incubated area. By mapping PAR distributions of the homo
geneously illuminated area, we recorded the mode and range of PARs 
within the incubation area at each irradiance level. 

2.1.2. Incubation water bath 
The incubation water bath was in a black plastic tank (length 50 cm; 

width 30 cm; height 30 cm), equipped with a supporting rack, a sub
merged water pump (23w, compact pump 1001, Eheim, GmbH), an 
aquarium temperature-controlled heater (Thermocontrol 50, Eheim, 
GmbH), and a cooling unit (a temperature-controlled cooling liquid 
circulating water bath). The rack was 1 cm below the water surface, so 
the incubation vials (approximately 0.8 cm in diameter) placed on the 
rack were just beneath the water surface, receiving frontal illumination 
from LEDs above. The tank, the submerged water pump, and the 
aquarium heater were all in black to minimize light reflection and 
scatterings that generate upwelling irradiances within the water bath; 
the incubation area of the rack was also wrapped with black tape to 
minimize light reflection (Fig. S2). Because of the short light path (0.8 
cm) and high transparency of the incubation medium (crystally clear), 
the light attenuation through the glass walls of the vials and through the 
incubation medium was considered ignorable, thus recorded irradiances 
just beneath the water surface (mentioned earlier) were used as the 
received irradiance by incubated leaves in vials. A submerged water 
pump circulated the water bath to ensure a well water-mixing regime for 
temperature control. The temperature could be well maintained be
tween 5 and 35 ◦C with a resolution of 0.1 ◦C. 

Three pendulums, each made of a cotton thread attached to a nail, 
hung from the middle of the front edge of three LEDs and dropped into 
the water bath. The three intersecting points at the water surface could 

Fig. 1. Overview of the illuminating unit over an incubation water bath; the 
blue circle indicates the homogeneously illuminated area (the illuminating unit 
consists of three radically arranged LED panels over a semi-closed lightbox 
made of three thick layers of polypropylene fiber clothes; the incubation water 
bath was beneath layers of neutral density filters on a polycarbonate board). 
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indicate the location of the homogeneous-illuminated area for the po
sition of the rack to be adjusted accordingly for incubation. Micro- 
oxygen sensors (PreSens GmbH, Germany) allow the choice of small 
incubation vails. Here glass vials (12 mL) sealed with rubber-lined screw 
lids were used for incubation, and up to 22 samples could be homoge
neously illuminated simultaneously (Fig. S3). 

2.1.3. Sample-handling water bath 
The incubation water bath was exclusive for incubations. For sample 

preparations and dissolved oxygen (DO) sensing, there was another 
water bath in a plastic tank (length: 40 cm; width: 20 cm; height: 30 cm) 
filled with tap water of the same temperature as for incubations. The 
water bath had a test-tube holder to hold the incubation vials straight 
vertically, with its body submerged and its opening above the water 
surface. The sample-handling water bath was exposed to dim light at 
5–10 μmol photons m− 2 s− 1, approximately the light compensation 
irradiance for leaves of submerged macrophytes. The incubation me
dium was prepared separately. It was enriched with sodium bicarbonate 
by 10 mmol/L to prevent carbon limitation and photorespiration during 
incubations. The medium was continuously air-bubbled, with a sub
merged air stone connected to an air pump, to standardize the initial 
oxygen content and carbon dioxide level to 100% air saturation (Madsen 
et al., 1993; Nielsen and Sand-Jensen, 1989). 

2.2. Photosynthesis-irradiance curve analysis 

Individual leaf with incubation medium was sealed in the glass vial. 
Together with a sample in each glass vial, there put two glass beads (5 
mm in diameter). Three blank vials with only incubation mediums were 
prepared as controls. Incubation in darkness was created by wrapping 
the glass vials with aluminum foil; afterward, samples were incubated 
along a gradient of increasing irradiance levels step-wisely. The incu
bation time in darkness was 60 min and was shortened according to the 
irradiance levels (Table 1). Shortening incubation time at higher 

irradiance levels was to prevent air saturation over 130% during incu
bation, above which air bubbles started to form and resulted in under
estimated oxygen production. With the current experimental protocol, 
the oxygen saturation percentages at the end of incubations across the 
defined gradient of irradiance levels were in the range of 95%–124%. 

Every 10 min, glass vials were tilted back and forth by hands to allow 
the glass beads to travel from side to side within the vial, facilitating in- 
vial water mixing. At the end of incubation at each irradiance level, the 
vials were transferred to the sample-handling water bath in dim light. 
Each vail was tilted back and forth again before its medium was deter
mined for percentages of oxygen saturation, with an oxygen micro- 
sensor (PM-PSt7, PreSens GmbH, Germany) connected to a data logger 
(Microx 4, PreSens GmbH, Germany). After oxygen sensing, the incu
bation medium in each vial was refreshed before being transferred to the 
incubation apparatus at the next irradiance level. 

After incubations at all light levels were complete, the oxygen evo
lution rates were calculated as the difference in oxygen content relative 
to the average of the control vials and normalized to incubation time and 
dry weight. When incubations began, non-linear changes in O2 content 
associated with lag phases (a few minutes) of oxygen evolution of sub
merged leaves upon illumination after a period in darkness (Carr and 
Axelsson, 2008; Samuilov and Fedorenko, 1999) would occur at the 
lowest actinic light level, but the 60 min incubation time was long 
enough to render the effects of the lag phase ignorable. However, at 
higher actinic light levels with shortened incubation time, potential 
existence of a much weaker lag phase effect (Carr and Axelsson, 2008; 
Samuilov and Fedorenko, 1999) might just slightly under-estimate 
photosynthetic rates. 

For each sample, oxygen evolution rates against the gradient of 
irradiance levels were fitted, using non-linear least square methods (the 
Gauss-Newton algorithm) to the hyperbolic tangent model (Eq. (1)), a 
robust aquatic photosynthesis-irradiance model both empirically 
(Jassby and Platt, 1976) and theoretically (Chalker, 1980): 

P=Pmax × tanh(α× I /Pmax) + R (Equation 1) 

Fig. 2. Schematic representation of the side view (A) and the overhead view (B) of the configuration of an illuminating unit that delivered homogeneous illumi
nations over cross-sectional area of an imagined conceptual light column (C) (B: the lightbox formed an equilateral triangular; its triangular centre overlaps with the 
radical centre of the three LED lights, and its three perpendicular bisectors overlap with the central lines of LED lights. C: at any cross-sectional area of the imagined 
light column, the sum of distances to the three LED panels between any two points, the total length of green broken lines for point 1 versus that of red broken lines for 
point 2, are equal, so are light intensities between the two points theoretically). 

Table 1 
The number of filters used, the mode, range, range-to-mode ratio of distributed PAR within the incubation area, and incubation time for the eight irradiance levels.  

Irradiance Levels I II III IV V VI VII VIII 

Number of layers of filters 21 19 15 11 7 3 1 0 
Mode of PAR (μmol photons m− 2 s− 1) 20.7 46.1 65.9 89.2 129.0 191.5 242.0 317.0 
Range of PAR (μmol photons m− 2 s− 1) 2.6 3.6 1.8 1.8 3.0 3.0 9.0 14.0 
Range/Mode ratio 12.4% 7.8% 2.7% 2.0% 2.3% 1.6% 3.7% 4.4% 
Incubation time (minutes) 60 60 60 45 45 30 30 20  
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P is the net photosynthetic rate, and I is the photosynthetically active 
radiation. α is the initial slope of the curve before the onset of maximum 
photosynthesis and represents light utilization efficiency. Pmax is the 
light-saturated photosynthetic rate. And R is the dark respiration rate. 
Model fitting yields three key PI curve parameters, respectively: 
maximum photosynthetic rate (Pmax), light utilization efficiency (α), and 
dark respiration rate (R). 

2.3. Photo-acclimations in leaves of S. pectinata 

Photo-acclimations to contrasting light conditions were investigated 
for S. pectinata in a greenhouse and a field scenario. In greenhouse 
conditions, sprout tubers of S. pectinata were each planted in 200 mL, 8 
cm tall plastic beaker filled with sediment (a mixture of fine clay and 
sand of equal volumes) and were placed in a glass fiber tank (diameter 
2.6 m) with water depth at 0.6 m. Half of the water was replaced weekly 
with fresh tap water (PO4

3− = 0.1–0.13 mg/L; NO3
− -N = 1.0–1.1 mg/L). 

Air was bubbled continuously into the water by four air pumps (each 4 
L/min, ACO-2005, HAILEA®). Water was also gently moved by three 
submerged pumps (23 w, 1001, EHEIM, GmbH). Throughout the 
experiment, the water temperature was between 15 and 20 ◦C, turbidity 
was less than 2 NTU (Nephelometric Turbidity Units), and morning pH 
was between 6.7 and 7.7 (PHE-7352-15 pH Sensor, Omega, US). One 
green polyethylene 70% shade cloth (100 cm × 60 cm) was positioned 
10 cm above the water surface, creating a shaded area for low light 
treatment (LL). In contrast, an unshaded area in the same water body 
was high light treatment (HL). On sunny days, solar-noon irradiance at 
25 cm deep averaged 150 μmol photons m− 2 s− 1 and 520 μmol photons 
m− 2 s− 1 for the LL and HL treatment, respectively (Li-193 Spherical 
Quantum Sensor and Li-1700 Data-logger Li-Cor, Inc., US). Day length 
through the experiment averaged 11 h. There were 16 replicates in each 
treatment. One month later, 8 healthy-looking fully-grown leaves from 
each treatment and each from a randomly selected plant were collected 
and analyzed for PI responses using the elaborated incubation 
apparatus. 

In a brackish and turbid lake (Lake Ellesmere, New Zealand), a small 
population of S. pectinata persisted in a relatively sheltered bay. In 
March 2016, 12 surface-reaching plants in waters 0.5 m deep were 
randomly collected, stored in ambient water in darkness, and trans
ferred back to the laboratory. On the sampling day, the water temper
ature was 25 ◦C, salinity was 7 ppt, and the downwelling light 
attenuation coefficient was 11.8 m-1. The next day, 6 surface-reaching 
leaves and 6 leaves submerged at approximately 25 cm deep were 
analyzed for PI responses with the elaborated incubation apparatus. The 
salinity of the incubation medium was adjusted to 7 ppt with natural sea 
salt. An attenuation coefficient of 11.8 m-1 means leaves at 25 cm deep 
received approximately 5% of irradiance incident on surface-reaching 
leaves. Therefore submerged and surface-reaching leaves were consid
ered LL acclimated and HL acclimated, respectively. 

There were four light treatments (LL versus HL in the greenhouse and 
the field). For each replicate leaf of each treatment, photosynthetic rates 
were normalized to dry leaf matter (weighted after drying at 80 ◦C for 
24 h) and fitted to the PI curve model yielding three key parameters 
(Pmax, α, R). 

2.4. Effects of irradiance homogeneity on variations of Pmax and α 

We intend to compare the efficacies in PI curve analysis between the 
elaborated apparatus with improved illumination homogeneity and 
conventional apparatus. For each of the light treatments described 
above, standard deviations (SD) and means were calculated for Pmax and 
α respectively, and coefficients of variation (CV) were then computed 
(CV=SD/mean) for Pmax and α of each light treatment to indicate effi
cacies of the elaborated apparatus. As for efficacies of conventional 
apparatus, we searched the Web of Science for studies on PI responses of 

submerged macrophytes or macroalgae, analyzed with conventional 
incubation apparatus and through the same data processing (dry-weight 
standardized PI curve data fitted to the Hyperbolic Tangent model using 
non-linear least squares regression technique) (Jassby and Platt, 1976). 
PI curves of thirteen groups were sought with dry-weight standardized 
Pmax and α, both of which were reported for each group in average 
plus/minus either standard deviation or standard error (Branco et al., 
2017; Necchi, 2004; Sorrell et al., 2001). Standard errors were con
verted to standard deviations (SD) if necessary (SD=SE × √n, n is the 
number of replicates) before coefficients of variation (CV) were 
computed for each of the thirteen groups, to indicate efficacies of con
ventional apparatus. 

The thirteen groups include apical segments of three Characeae 
species collected at a depth of 10 m in an ultra-oligotrophic lake (Sorrell 
et al., 2001), five filamentous macroalgae species each collected from a 
stream section (10–20 m in length) of rocky substrate and high light 
availability (Necchi, 2004), and five populations of submerged macro
phytes (three angiosperms and two bryophytes) each from a spot in 
partially shaded trophic streams (Branco et al., 2017). Replicates of the 
apical segments of each Characeae species and of each filamentous 
macroalgae experienced almost identical diurnal light regime in their 
original habitats; while the five submerged macrophytes were 
pre-acclimated to a stable light regime (140 ± 15 μmol photons m-2 s-1, 
12 h:12 h day-night cycle) at 20 ◦C for three days before analysis (Branco 
et al., 2017). Replicates of each group experienced a same light history 
before PI curve analysis with conventional apparatus, as were replicates 
of each of the four light treatments analyzed with the elaborated 
apparatus. Thus, photo-physiological states for replicates of each group 
were similar before analysis and previous plant growth conditions are 
thought not to contribute differently to the variations of Pmax and α of 
each group analyzed with either conventional apparatus or the elabo
rated one. And PI curve analysis with both conventional and elaborated 
apparatus involved enrichments of incubation mediums with bicar
bonate, to prevent insufficient carbon supplies and photo-respirations 
during incubations that potentially introduce extra variations to the 
derived Pmax and α of each group. In addition, analytic procedures (such 
as oxygen sensing, dry weight determination etc.) for PI curve analysis 
with both conventional and elaborated apparatus are assumed to be 
performed with best practices and consistently among replicates, thus 
resulting in no extra variations. Therefore, though not in a strict 
reductionist mindset, comparisons of coefficients of variations of Pmax 
and α between conventional apparatus and the elaborated apparatus, 
after excluding contributions from plant growth conditions, inorganic 
carbon supplies, and analytic procedures as previously described, most 
likely could differentiate efficacies in PI curve analysis between con
ventional illumination homogeneities and the improved irradiance 
homogeneity. 

2.5. Statistics 

For comparison of the photo-acclimations to contrasting irradiance 
levels under each scenario (greenhouse and field), differences of key PI 
curve parameters (Pmax, α, and R) between LL and HL treatments were 
analyzed with student t-test after normality of each light group was 
confirmed with Shapiro-Wilk test. For efficacies between levels of illu
mination homogeneity, differences in CVs of Pmax and α were analyzed 
with Wilcoxon tests between the four light treatments (improved illu
mination homogeneity) and the thirteen groups of macroalgae and 
submerged macrophytes (conventional illumination homogeneity). 
Also, the CVs of Pmax and α were displayed in box plots between the two 
different homogeneity levels. The statistically significant level was set at 
0.05. All analyses were performed in JMP statistic software (Version 13, 
SAS Institute Inc. USA). 
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3. Results 

3.1. Achieved homogeneous illumination 

At the incubation water bath’s surface, a 415 cm2 flat, circular area 
(23 cm in diameter) was almost homogeneously illuminated (Fig. 1 and 
Table 1). The elaborated incubation apparatus could provide an eight- 
irradiance-level gradient ranging from 21 to 317 μmol photons m− 2 

s− 1. The best homogeneity achieved within the incubation area, as 
indicated by the Range/Mode ratio, was at intermediate irradiance 
levels (III, IV, V, VI) where Range/Mode ratios were less than 3% 
(Table 1). At lower irradiance levels (I, II), the homogeneity decreased 
with Range/Mode ratio rising to 12.4% and 7.8% because of lower 
irradiance intensities (Mode). And at high irradiance levels (VII, VIII), 
the homogeneity also decreased slightly, with Range/Mode ratios 
increasing to 3.7% and 4.4% due to larger variations of irradiance 
(Range) (Table 1). 

3.2. Photo-acclimations in leaves of S. pectinata 

LL acclimated leaves had higher Pmax and α, and similar R than HL 
acclimated leaves in both scenarios (Fig. 3). In the greenhouse, Pmax of 
LL acclimated leaves (9.16 ± 1.74 μg O2 g− 1 DW s− 1, mean ± SD) was 
significantly greater than that of HL acclimated ones (7.25 ± 0.76 μg O2 
g− 1 DW s− 1) (t-test, p < 0.01). α of LL leaves (0.064 ± 0.005 μg O2 m2 

g− 1 μmol− 1), although not statistically, was considered biologically 
larger than that of HL leaves (0.058 ± 0.010 μg O2 m2 g− 1 μmol− 1) (t- 
test, p = 0.08). R of LL leaves (− 0.22 ± 0.36 μg O2 g− 1 s− 1) was not 
different from that of HL leaves (− 0.33 ± 0.11 μg O2 g− 1 s− 1) (t-test, p =
0.2). In the field, Pmax of LL leaves (4.94 ± 0.42 μg O2 g− 1 DW s− 1) was 
significantly larger than that of HL leaves (3.97 ± 0.56 μg O2 g− 1 DW 
s− 1) (t-test, p < 0.01), α of LL leaves (0.043 ± 0.006 μg O2 m2 g− 1 

μmol− 1) was also significantly higher than that of HL leaves (0.023 ±
0.002 μg O2 m2 g− 1 μmol− 1) (t-test, p < 0.01), whereas R of LL leaves 
(− 0.40 ± 0.09 μg O2 g− 1 DW s− 1) was not different from that of HL 
leaves (− 0.37 ± 0.09 μg O2 g− 1 DW s− 1) (t-test, p = 0.25). 

3.3. Efficacies of improved homogeneous illumination for PI curve 
analysis 

PI curves of various submerged macrophytes and macroalgae or the 
same species in different light treatments analyzed with the elaborated 
incubation apparatus and conventional ones were compiled in Table 2. 
And the coefficient of variations (CV) for key PI curve parameters (Pmax 
and α) of those PI curves of each group are listed in Table 3. Compared to 
conventional apparatus, the elaborated apparatus with improved illu
mination homogeneity significantly reduced variations of α, but not 
variations of Pmax. The interquartile ranges of CV for Pmax and α were 
respectively 9–18% and 8–16% for the group of the elaborated 

apparatus with improved illumination homogeneity, and 13–24% and 
17–48% for the group of conventional apparatus. CVs of the elaborated 
apparatus with improved illumination homogeneity were not different 
from those of the conventional ones for Pmax (Wilcoxon test, p = 0.18) 
(Fig. 4A) but were significantly reduced for α (Wilcoxon test, p = 0.03) 
(Fig. 4B). 

4. Discussion 

This study presents an elaborated incubation apparatus with a novel 
configuration of illuminating unit that supplied a gradient of irradiances 
with elevated homogeneity for aquatic PI curve analysis. Subsequently, 
it demonstrates the effects of higher illumination homogeneity on var
iations of derived PI curve parameters (Pmax and α). At last, notices on 
usages of the apparatus and its potential implications are discussed. 

4.1. Achieved irradiance homogeneity 

The novel configuration of three LED lights over an equilateral- 
triangular-shaped lightbox (Fig. 2) created a nearly homogeneously 
illuminated incubation area (Table 1). The homogeneity achieved in our 
apparatus is higher than in other reported homogeneous illuminating 
apparatuses for photosynthetic research (Thestrup et al., 2008; Yano and 
Fujiwara, 2012). For instance, Thestrup et al. (2008) presented a 
high-power LED homogeneous illumination platform capable of illu
minating a 600 cm2 flat area (20 cm by 30 cm) at 299 μmol photons m− 2 

s− 1 with a Range/Mean ratio of 20%. In comparison, our apparatus 
achieved a Range/Mode ratio of 4.4% at the highest irradiance of 317 
μmol photons m− 2 s− 1 for a flat area of 415 cm2 (Table 1), a better 
homogeneity at a higher irradiance than the homogeneous illumination 
platform in Thestrup et al. (2008). Again, Yano and Fujiwara (2012) 
reported a plant lighting system that could illuminate an area of 1800 
cm2 uniformly at 438 μmol photons m− 2 s− 1 with a coefficient of vari
ation of 9.6%. In comparison, our apparatus, although casting a lower 
irradiance (317 μmol photons m− 2 s− 1) over a smaller area (415 cm2), 
created a much higher homogeneity with a Range/Mode at 4.4% (it is 
worth noting variations computed by Range/Mode are larger than by 
coefficients of variation that is SD/Mean). Potentially our illuminating 
unit could be constructed at a larger size while retaining its configura
tion to achieve a greater illuminated area and, be equipped with more 
powerful LED panels to obtain higher irradiances. The configuration of 
our illuminating unit may provide technical insights for achieving a 
homogeneous frontal illumination over a large and flat area. 

4.2. Improved irradiance homogeneity for photosynthesis research 

The elaborated incubation apparatus successfully developed 
photosynthesis-response curves for S. pectinata in four light treatments 
under two scenarios (Fig. 3). Acclimations to lower irradiance levels 

Fig. 3. Photosynthetic rates against irradiance for HL acclimated and LL acclimated leaves of S. pectinata in the greenhouse (A) and in field (B) scenarios (error bar 
represents standard error of the mean). 
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involved higher maximum photosynthetic rates and boosted light utili
zation efficiencies, compatible with strategies of low-light acclimations 
in algae and submerged macrophytes in general (Anderson et al., 1995; 
Moejes et al., 2017; Walters, 2005). 

Homogeneous illumination over a large flat area is difficult to ach
ieve (Chertov et al., 2012). Conventional incubation apparatus did not 
pay extra attention to improving the homogeneity of distributed irra
diance for PI curve analysis, likely because their illumination homoge
neity was sufficient for addressing the scientific inquiries on 

photo-physiologies (Drew, 1977; Necchi Jr and Zucchi, 2001; Pilon 
and Santamaria, 2002; Sorrell et al., 2001; Titus and Adams, 1979). Only 
Hogewoning et al. (2010) reported heterogeneous irradiance within 
incubation chambers led to considerable errors in PI curves analysis, 
serious underestimation of light utilization efficiencies and urged the 
development of homogeneous illuminations. In this study, we found that 
improved homogeneity of illumination likely reduced variations in 
derived light utilization efficiency (α) but not in maximum photosyn
thetic rate (Pmax) (Fig. 4). Reduced variations in α of the improved 
irradiance homogeneity group were for leaves of S. pectinata (submerged 
angiosperm), when compared to those of the conventional illumination 
homogeneity group for photosynthetic tissues of a wide range of mac
roalgae and submerged macrophytes (Table 2). The cellular arrange
ment in leaves of S. pectinata, an angiosperm, is expected to be more 
complicated than that in photosynthetic tissues of macroalgae (fila
mentous algae and Characeae species) and of bryophytes, which 
comprise the majority (10 out of 13) of species of the conventional 
illumination homogeneity group (Table 2). Simpler cellular arrange
ments logically result in more evenly distributed irradiance and smaller 
variations in photo-physiological states among photosystems within 
photosynthetic tissues, therefore, smaller variations of α. Then varia
tions of α were expected to be larger for S. pectinata (improved homo
geneity group) than for macroalgae and bryophytes (conventional 
homogeneity group) had variations of α been attributed to intrinsic 
structural differences of photosynthetic tissues among species. Thus, 
most likely reductions in the variation of α are attributed to improved 
homogeneity of irradiances. Improved homogeneity did not signifi
cantly affect variations in Pmax, likely because Pmax is light-saturated, 
where photon absorption rates exceed steady-state electron transport 
from water to CO2 (Falkowski and Raven, 2007b), and is less sensitive to 
variations of incident irradiances. 

Table 2 
Complied list of taxonomy, Pmax, α, number of replicates analyzed, and original data sources for reported PI curves developed with the elaborated incubation apparatus 
and conventional ones (Pmax and α are presented in mean ± standard deviation).   

Taxonomy Pmax α Number of 
replicates 

Data source 

S. pectinata (HL- 
Greenhouse) 

Angiosperm 7.25 ± 0.76 (μg O2 g− 1 DW 
s− 1) 

0.058 ± 0.010 (μg O2 m2 g− 1 DW μmol− 1 

photons) 
8 this study 

S. pectinata (LL- 
Greenhouse) 

Angiosperm 9.16 ± 1.74 (μg O2 g− 1 DW 
s− 1) 

0.064 ± 0.005 (μg O2 m2 g− 1 DW μmol− 1 

photons) 
8 this study 

S. pectinata (HL-Field) Angiosperm 3.97 ± 0.56 (μg O2 g− 1 DW 
s− 1) 

0.023 ± 0.002 (μg O2 m2 g− 1 DW μmol− 1 

photons) 
5 this study 

S. pectinata (LL-Field) Angiosperm 4.94 ± 0.42 (μg O2 g− 1 DW 
s− 1) 

0.043 ± 0.006 (μg O2 m2 g− 1 DW μmol− 1 

photons) 
5 this study 

Chara fibosa Characeae 35.0 ± 5.2 (μmol C g− 1 DW 
h− 1) 

1.5 ± 0.6 (μmol C g− 1 h− 1)/(μmol m− 2 s− 1) 4 Sorrell et al. 
(2001) 

Chara globularis Characeae 55.0 ± 9.6 (μmol C g− 1 DW 
h− 1) 

2.3 ± 1.0 (μmol C g− 1 h− 1)/(μmol m− 2 s− 1) 4 Sorrell et al. 
(2001) 

Chara corallina Characeae 61.9 ± 10.8 (μmol C g− 1 DW 
h− 1) 

2.8 ± 1.0 (μmol C g− 1 h− 1)/(μmol m− 2 s− 1) 4 Sorrell et al. 
(2001) 

Cladophora glomerata Filamentous Green 
Algae 

5.3 ± 0.6 (mg O2 g− 1 DW 
h− 1) 

0.02 ± 0.01 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Necchi (2004) 

Nitella furcata var. sieberi Filamentous Green 
Algae 

35.5 ± 1.5 (mg O2 g− 1 DW 
h− 1) 

0.10 ± 0.01 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Necchi (2004) 

Rhizoclonium 
hieroglyphicum 

Filamentous Green 
Algae 

6.4 ± 0.7 (mg O2 g− 1 DW 
h− 1) 

0.02 ± 0.01 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Necchi (2004) 

Spirogyra sp. Filamentous Green 
Algae 

31.2 ± 3.9 (mg O2 g− 1 DW 
h− 1) 

0.02 ± 0.01 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Necchi (2004) 

Compsopogon coeruleus Filamentous Red Algae 4.8 ± 0.8 (mg O2 g− 1 DW 
h− 1) 

0.12 ± 0.04 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Necchi (2004) 

Apinagia reidelii Angiosperm 2.4 ± 0.5 (mg O2 g− 1 DW 
h− 1) 

0.09 ± 0.01 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Branco et al. 

(2017) 
Egeria densa Angiosperm 4.2 ± 2.8 (mg O2 g− 1 DW 

h− 1) 
0.06 ± 0.03 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Branco et al. 

(2017) 
Utricularia sp. Angiosperms 11.0 ± 2.8 (mg O2 g− 1 DW 

h− 1) 
0.17 ± 0.02 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Branco et al. 

(2017) 
Thamniopsis pendula Bryophytes 2.4 ± 0.9 (mg O2 g− 1 DW 

h− 1) 
0.11 ± 0.04 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Branco et al. 

(2017) 
Fissidens sp. Bryophytes 1.4 ± 0.2 (mg O2 g− 1 DW 

h− 1) 
0.14 ± 0.05 (mg O2 g− 1 DW h− 1)/(μmol m− 2 

s− 1) 
5 Branco et al. 

(2017)  

Table 3 
Coefficients of variation for Pmax and α for the submerged macrophytes or 
macroalgae listed in Table 2 analyzed under illuminations of improved versus 
conventional homogeneity levels.  

Species Pmax α Illumination Homogeneity 

S. pectinata (HL greenhouse) 10.5% 17.2% Improved 
S. pectinata (LL greenhouse) 19.0% 7.8% Improved 
S. pectinata (HL field) 14.1% 8.7% Improved 
S. pectinata (LL field) 8.5% 14.0% Improved 
Chara fibosa 14.8% 40.0% Conventional 
Chara globularis 17.4% 43.4% Conventional 
Chara corallina 17.4% 35.6% Conventional 
Cladophora glomerata 11.3% 50% Conventional 
Nitella furcata var. sieberi 4.2% 10.0% Conventional 
Spirogyra sp. 12.5% 50% Conventional 
Compsopogon coeruleus 16.7% 33.0% Conventional 
Cladophora glomerata 11.3% 50% Conventional 
Apinagia reidelii 20.8% 11.1% Conventional 
Egeria densa 66.7% 50% Conventional 
Utricularia sp. 25.5% 11.8% Conventional 
Thamniopsis pendula 37.5% 36.4% Conventional 
Fissidens sp. 14.3% 35.7% Conventional  
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More accurate estimation of light utilization efficiency (α) of sub
merged macrophytes (and potentially phytoplankton) benefits sophis
ticated photo-physiological research. As α is related to the relative size 
(functional cross-section of photosystem II) and the numbers of photo
synthetic units (Falkowski and Raven, 2007a), increased accuracy could 
potentially indicate fine-tunings of photosynthetic apparatus that is too 
subtle to be revealed. Photo-acclimations in aquatic phototrophs to 
variable light intensities are well understood (Anderson et al., 1995; 
Huner et al., 2012; Walters, 2005), but their acclimation strategies to 
changes in underwater spectrum or waters of different optic properties 
are relatively less explored. Improved accuracy in α may reveal subtle 
effects of slightly different spectral quality on photon absorption rates 
for phytoplankton and submerged macrophytes. The illuminating unit of 
the apparatus could be further adapted for studies on photosynthetic 
efficiencies associated with secondary pigment synthesis in responses to 
different spectral qualities (Borlongan et al., 2020). Due to rapid de
velopments in LED illuminating technology, irradiances of self-defined 
spectrum distribution (including monochromes) could be modulated 
(Glemser et al., 2016; Yano and Fujiwara, 2012) such that the LED 
panels in our apparatus could be replaced with ones in concordance with 
defined experimental spectrums, to develop spectrum-specific PI curves. 

4.3. Notices on and implications of the incubation apparatus 

The novelty of the reported incubation apparatus lies in the geometry 
of its illuminating unit, which has, compared to many conventional 
apparatuses, improved homogeneities of frontal illuminations over a 
circular area for incubations (Fig. 2). Although we only reported ho
mogeneous illumination at the water surface of the incubation water 
bath, theoretically the illuminating unit should have created homoge
neous illuminations at any depth through the water bath. Because for 
any cross section of the imagined light column, total distances to the 
three LEDs were the same for any two points within the cross-sectional 
area, the very rationale behind the homogeneous illumination (Fig. 2C). 
Ideally, incubation vials could be placed deeper in the water bath while 
receiving lower irradiance, which attenuates as distances (D) from the 
LEDs increase (and theoretically following a function that is Id = I0/ 
(4πD2), where I0 and Id are light intensity at just beneath the LEDs and at 
depth d in the water bath respectively). But technically, the tank walls of 
the water bath likely blocked scattered irradiances from the light box, 
reducing the irradiances in the water bath further, therefore we chose to 
place incubated samples just beneath the water surface. In this study, we 
used small-sized glass vials of short diameters (0.8 cm) filled with highly 
transparent incubation mediums, such that we could ignore the light 
attenuation through the incubation medium for convenience. However, 
if optically active incubation mediums (such as algal cultures) were 
incubated or the ratio of the vials’ diameter (light path) to their dis
tances from the light source (50 cm in our case) was not close to zero, 

light attenuation through the incubation medium would need to be 
accounted. Either by estimations based on light attenuation coefficients 
of incubation mediums (determined separately) and length of the light 
path, or by direct in-vial measurements using miniatured light sensors. 

Besides being used in incubation apparatus for PI curve analysis, the 
illuminating unit could be installed in other frontal-illumination 
providing apparatus, such as plant growth chambers where replicate 
plants receive downwelling irradiance. Also, designs of photo
bioreactors for algal culturing might benefit from the geometry of our 
illuminating unit. A number of bench-top experimental photo
bioreactors (e.g. Labfor 5 LUX, PSI Photobioreactor FMT 150, and PSI 
Multi-Cultivator MC 1000, as mentioned in Glemser et al. (2016)) utilize 
frontal illumination, however, the illuminated surface of algal cultures 
are likely not receiving homogeneous illumination, because the sum of 
distances to all the LED chips is not the same, particularly between the 
central area and the marginal area of illuminated areas. Our illumi
nating unit, if adapted appropriately, would likely render the frontal 
illuminations received by algal cultures more homogeneous. 

5. Conclusions 

This study presents an elaborated incubation apparatus that supplied 
a gradient of irradiance levels with improved homogeneity for aquatic 
photosynthesis-irradiance curve developments. The achieved homoge
neity was created with a novel configuration of three LED panels over an 
equilateral triangular-shaped lightbox and has exceeded the homoge
neities of other reported homogeneous-illuminating apparatus for 
photosynthetic research. The configuration of our illuminating unit may 
provide insights for advancing techniques in photosynthetic and 
botanical research that require a homogeneous frontal illumination. 
Improved illumination homogeneity likely increased accuracies of 
derived light utilization efficiency, which could potentially refine the 
subtleties of photo-acclimation studies. 
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