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Graphical abstract

Multilayer  polymer  films  (MPF)  enhances  plant  photosynthetic  efficiency  and  biomass  accumulation  by  reflecting  part  of  the  solar
radiation.

Public summary
■ The  solar  radiation  filtered  by  multilayer  polymer  films  (MPF)  effectively  reduces  the  ambient  temperature  around
plants and soil temperature, thereby alleviating environmental stress on plants.

■ Under MPF coverage, the midday photosynthetic efficiency of romaine lettuce improves, offsetting the biomass reduc-
tion caused by insufficient solar radiation and leading to a significant increase in yield.

■ This  study  provides  empirical  evidence  for  agrivoltaic  development  by  confirming  the  feasibility  of  light-separation
strategies in agriculture.
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Abstract: The main photosynthetic pigments utilized by plants for photosynthesis include chlorophyll A and chlorophyll
B, while the primary photosensitizing pigments employed for physiological regulation are Pr and Pfr. These pigments ex-
hibit absorption peaks predominantly in the blue, red, and near-infrared regions. Consequently, through a light-separation
strategy, plants can selectively receive the required solar radiation while reflecting the remaining wavelengths for photo-
voltaic power generation. In this study, multilayer polymer films (MPFs) were employed as light filters to investigate their
impact  on  plant  growth.  Comparative  experiments  were  conducted  to  validate  the  efficacy  of  the  light  filtering  system.
Compared with  those  in  the  other  groups,  the  environmental  temperature  and soil  temperature  of  the  plants  in  the  MPF
coverage group were lower,  thereby alleviating the environmental  stress faced by the plants.  The fluorescence data con-
firmed that during noontime hours, the plants under the MPF presented increased photosynthetic efficiency, compensating
for  the  reduced  rates  caused  by  insufficient  solar  radiation  exposure.  Furthermore,  biomass  analysis  demonstrated  MPF
cover group had a 10.3% increase in plant yield compared with glass group. This investigation validates the feasibility of
employing a light separation strategy in agriculture while providing robust empirical evidence supporting advancements in
agricultural photovoltaics.
Keywords: plant growth; multilayer polymer films; light separation
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1    Introduction
Due to the reduction in component costs, the cost of central-
ized photovoltaic power generation has dropped to approxim-
ately  0.13  CNY/kMh.  However,  the  electricity  generated  by
photovoltaic power  needs  to  be  transported  over  long   dis-
tances, so  compared  with  traditional  thermal  power   genera-
tion, the  cost  of  photovoltaic  power  generation  is  still   relat-
ively high. Consequently, distributed photovoltaic power gen-
eration  is  particularly  important  in  the  eastern  region  of
China.
However,  due  to  the  limitations  of  installation  conditions,

large-scale implementation of  distributed photovoltaic power
generation in  eastern  China  remains  challenging.   Con-
sequently, agricultural  land  is  extensively  chosen  as  the   in-
stallation site for photovoltaic equipment, commonly referred
to as  agricultural  photovoltaics  (APVs)[1–2].  Nevertheless,  this
practice  significantly  impacts  crop  growth  under  such
panels[3–4].  To ensure optimal crop growth on cultivated land,
researchers  have  employed  various  methods  to  mitigate  the
effects  of  photovoltaic  equipment,  including  mosaic
semitransparent  photovoltaic  panels[5–6], strip  tracking   photo-
voltaic panels[7], and spectral separated semitransparent photo-
voltaic panels[8–12]. Zhang et al.[13] implemented a light-filtering
photovoltaic power  generation  system  that  allows  the   trans-
mission of red and blue light conducive to plant growth while

reflecting  other  solar  radiation  wavelengths  for  photovoltaic
power  systems.  They  investigated  the  device’s  impact  on
overall system performance, and the maximum achievable in-
crease in the device’s power conversion efficiency was found
to  be  11.6%.  Additionally,  the  constructed  a  10  kW  power
generation station  with  an  annual  average  power  output   ex-
ceeding 10700 Wh/m2.  Nonetheless,  there is limited research
available  regarding  the  influence  of  APV  systems  on  plant
growth.  This  study  aims  to  further  validate  its  feasibility  in
cultivation by  examining  plant  growth  data  from  such   sys-
tems.
The  photosynthetically  active  radiation  (PAR)  within  the

wavelength range of 400–740 nm accounts for approximately
48.7% of  the  total  solar  radiation  energy,  implying  that   ap-
proximately 51.3% of the energy is not utilized by plants for
photosynthesis[14]. Light is essential for normal plant develop-
ment,  and  chlorophyll  A  and  chlorophyll  B  are  the  primary
photosynthetic  pigments  used  by  plants  to  capture  radiant
energy for photosynthesis[15,16]. As depicted in Fig. 1, their ab-
sorption  peaks  are  predominantly  found  in  the  blue  region
(400–500  nm)  and  red  region  (600–700  nm).  Additionally,
Fig. 1  illustrates  that  certain  photosensitizing  pigments,  such
as Pr and Pfr, exhibit absorption peaks in the red, ultraviolet,
and infrared regions to assist with photosynthesis and protect
leaves  from  light-induced  damage[17].  Although  near-infrared
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light cannot be directly utilized for photosynthesis, it signific-
antly influences  plant  growth  regulation,  accounting  for   ap-
proximately  85%  of  photosynthesis.  While  various
wavelengths  of  light  have  complex  effects  on  plants,  red,
blue, and near-infrared light primarily contribute to physiolo-
gical  regulation  by  providing  energy  for  photosynthesis,
whereas  other  wavelengths  of  light  play  a  supplementary
role[18].
Plants  are  unable  to  fully  absorb  solar  radiation  energy,

with a  significant  portion being dissipated through reflection
and heat[19], which cannot be used for photosynthesis. Excess-
ive  solar  radiation  can  even  trigger  plant  self-protection
mechanisms[20],  thereby  reducing  photosynthetic  activity.  By
segregating  unabsorbable  solar  radiation  energy,  it  becomes
feasible to  harness  and  utilize  this  surplus  energy  for  photo-
voltaic or  photothermal  power  generation,  consequently   in-
creasing land use efficiency[21]. Nevertheless, the potential im-
pact  of  such  light-separation strategies  on  plants  remains   in-
adequately examined and discussed[12]. 

2    Materials and methods
 

2.1    Filtration system
The  filtration  system employed  in  this  study  consists  of  two
main  components:  a  multilayer  polymer  film  (MPF)  and  an
arc-shaped glass plate. The filtering film utilizes the interfer-
ence of the multilayer film interface to create a highly reflect-
ive  band  within  a  specific  wavelength  range.  For  this
experiment,  we  selected  the  blue  band  (approximately
380–480  nm)  and  the  red/near-infrared  band  (approximately
600–900  nm),  as  depicted  in  Fig. 2,  while  reflecting
wavelengths  below  380  nm  (ultraviolet  band),  between
480–600  nm (green  band),  and  above  900  nm (near-infrared
band). However,  considering  that  incident  angles  can   influ-
ence  the  performance  of  the  interference  filtering  film  by
causing shifts in its reflective bands, we attached the filtering
film to  an  east‒west  oriented  arc-shaped  glass  plate  inclined
in the  southern  direction,  as  illustrated  in  the  Supporting   in-
formation Fig. S1. This  arrangement  ensures  that  direct   sun-
light is incident vertically onto the surface of the filtering film
throughout  the  daytime.  Generally,  the  aforementioned

method can ensure that solar radiation always enters at a per-
pendicular angle in a short  period of time. However,  as time
passes, the angle of incidence changes with the season. There-
fore,  if  the  growth  cycle  of  a  plant  is  relatively  long  or  if  it
spans  different  seasons,  the  orientation  of  the  MPF needs  to
be adjusted. If adjustment of the orientation is necessary, one
method  is  single-axis  tracking  in  the  north‒south  direction,
which can ensure perpendicular  incidence into the MPF sys-
tem  even  when  the  solar  azimuth  angle  changes.  Another
method  is  dual-axis  tracking,  which  can  guarantee  that  solar
radiation enters perpendicularly at any time. 

2.2    Experimental design and arrangement
To  investigate  the  impact  of  light-separation  strategies  on
plants,  a  combination  of  a  light  filter  film  and  a  glass  plate
was  used  in  the  experimental  group,  and  two control  groups
were  also  included:  one  with  only  an  arc  glass  plate  but  no
light  filter  film  and  another  with  an  open-sky  control  group
without either component.  Each of the three planting experi-
ments included these three control groups. The specific exper-
imental  details  and  arrangement  can  be  found  in  Supporting
information Tables S1, S2, and S3. 

2.3    Parameter measurement
 

2.3.1    Measurement of microenvironmental parameters

In  those  experiments,  an  irradiance  sensor,  multiple  sets  of
temperature  and  humidity  sensors,  light  intensity  sensors,  a

 

Fig. 1. Solar spectrum (AM1.5) and the absorption spectrum of photosynthetic pigments in plants.

 

Fig. 2. Transmittance of the MPF.
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wind  speed  sensor,  soil  temperature  sensors,  and  direction
sensors  (Shandong  Renke  Control  Technology  Co.,  Ltd.)
were utilized to record the relevant micro environmental and
soil data of each experimental group. Additionally, an optical
spectrometer  (PLA-30) from EVERFINE was  used  to  meas-
ure the spectroscopic data of various experimental groups. 

2.3.2    Measurement of plant fluorescence parameters

The  chlorophyll  fluorescence  data  were  tested  via  the
MINI-PAM-II  (Zealquest  Scientific  Technology  Co.,  Ltd.).
The testing period spanned from sunrise to sunset throughout
the  entire  day,  with  measurements  taken  once  every  hour.
Notably,  the  reason  for  conducting  tests  hourly  is  that  the
leaves require sufficient time for light adaptation to ensure the
accuracy of the measurements. On the other hand, it is inevit-
able  that  the  leaves  will  be  slightly  damaged  when  they  are
clamped with the leaf clip. Therefore, to ensure the accuracy
of  the  data  and  that  the  data  volume  reflects  the  trend
throughout the day, we chose to perform chlorophyll fluores-
cence tests on the leaves once every hour. Two healthy leaves
were  randomly  selected  from  random  plants  in  each  pot  in
each experimental group, and their fixed positions were used
for  measurement.  The  commonly  employed  method  for
studying chlorophyll  fluorescence  is  the  chlorophyll   induc-
tion  curve,  which  involves  inducing  fluorescence  through
photochemical light after sufficient dark adaptation to ensure
the closure of photosystem Ⅱ. The resulting curve represents
the chlorophyll induction process[22].

Fo

Fm

After  sufficient  dark  adaptation,  weak  photoluminescence
light can be employed to induce pigments and generate back-
ground fluorescence  without  any  photosynthesis.  The   result-
ing fluorescence is recorded as the minimum fluorescence  .
An  intense  saturating  pulse  light  is  subsequently  applied  to
rapidly drive photosystem Ⅱ into saturation. At this point, all
the absorbed light energy is converted into both fluorescence
and  heat,  with  the  detected  fluorescence  representing  the
maximum  value  .  By  utilizing  these  two  parameters,  the
maximum photosynthetic efficiency of photosystem Ⅱ can be
calculated as follows[23,24]:

Fv

Fm

=
(Fm −Fo)

Fm

.

Fv/Fm

For healthy higher plants, the maximum photosynthetic ef-
ficiency value  of  photosystem  Ⅱ typically  ranges  between
0.8 and 0.85. A decrease in this value indicates environment-
al  stress  on  the  plant,  making    a  crucial  indicator  for
studying such stressors.

F ′m

When chlorophyll is excited by stable photochemical light,
plant photosynthesis tends to stabilize over time. In this state,
chlorophyll can efficiently carry out normal fluorescence and
dissipate heat, resulting in a fluorescence value denoted as F.
However, when saturated pulse light is abruptly applied after
stability  is  achieved,  the  energy  that  should  be  utilized  for
photosynthesis is instead consumed through fluorescence and
heat  dissipation  processes.  The  corresponding  fluorescence
value at this point is referred to as  .  On the basis of these
two  parameters,  it  becomes  possible  to  calculate  the  actual
photosynthetic efficiency of photosystem Ⅱ:

Y
(
Ⅱ
)
=
∆F
F ′m
=

(
F ′m −F

)
F ′m

.

Fm

The fluorescence value F is lower than the maximum fluor-
escence  value    during  normal  photosynthesis,  indicating
the occurrence of  fluorescence quenching.  This  phenomenon
can be attributed to the utilization of energy for photochemic-
al reactions  and  dissipation  as  heat.  Photochemical   quench-
ing  (qL) refers  to  fluorescence  quenching  caused  by   photo-
chemical  reactions,  whereas  non-photochemical  quenching
(NPQ)  refers  to  fluorescence  quenching  resulting  from  heat
dissipation.  qL  serves  as  a  measure  of  plant  photosynthetic
activity because of its  association with the energy utilized in
photochemical reactions, whereas NPQ reflects the light pro-
tection  capability  of  plants  by  dissipating  excess  energy
through heat[25].
Photochemical  quenching  (qL)  and  non-photochemical

quenching (NPQ) can be calculated as follows:

qL =
(
F ′m −F

)(
F ′m −F ′o

) · F ′o
F
,

NPQ =
(
Fm −F ′m

)
F ′m

.

F ′o
F ′o

F ′o

However, the formula for calculating qL includes  . Since
measuring   requires far-infrared light,  which is   inconveni-
ent and challenging, many literature sources use Fo instead of
.  Although there may be slight differences in the obtained

values, comparing their magnitudes allows for a consistent as-
sessment of plant photosynthetic activity[26–28].
The photosynthetic  efficiency  of  photosystem Ⅱ,  denoted

as Y(Ⅱ), quantifies energy utilization in the process of photo-
synthesis. The  remaining  energy  is  partitioned  into   fluores-
cence and heat dissipation, with passive dissipation occurring
through heat  loss  and  fluorescence  emission,  which  is   re-
ferred to as the quantum yield of  non-modulated energy dis-
sipation in photosystem Ⅱ:

Y (NO) =
1

(NPQ+1+qL (Fm/F0 −1))
.

The portion of energy dissipated as heat  is  referred to as the
quantum yield  of  energy  dissipation  regulated  by   photosys-
tem Ⅱ:

Y (NPQ) =
F
F ′m
− F

Fm

.

The  parameter Y(NO)  serves  as  a  crucial  indicator  of  light-
induced damage,  whereas Y(NPQ) plays a  crucial  role  in  as-
sessing the efficacy of light protection measures.

Y(Ⅱ) Y (NPQ) Y (NO),  ,  and    have  the  following
relationship:

Y(Ⅱ)+Y (NPQ)+Y (NO) = 1.
 

2.3.3    Measurement of biomass

After harvest, all underground parts beneath the leaf were ex-
cised,  and  the  weight  recorded  at  this  point  was  considered
the  fresh  biomass  of  the  samples.  These  samples  were
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subsequently  introduced  into  a  preheated  drying  oven  set  to
110 °C for initial desiccation. After 30 min of chlorophyll de-
gradation, the drying oven temperature was adjusted to 80 °C.
These samples were dried at this temperature for 48 h until a
constant  weight  was  achieved.  The  weight  recorded  at  this
point was considered the dry biomass of the samples.
For the biomass analysis of lettuce planted in June 2023, to

investigate the impact of different growth stages on plant bio-
mass and  overcome  the  drying  oven  volume  issue   en-
countered in  the initial  experiment,  the planting trial  was di-
vided into three separate occasions: 15, 19, and 29 days after
transplantation. The plant samples were collected at different
stages, and their  biomass data were measured via the above-
mentioned methods. 

3    Results and discussion
 

3.1    Impact of the filtration system on the
microenvironment

According to  the environmental  data  in Fig. S2a,  the  highest
irradiance of 1057 W/m2 occurred at 12:09 and 12:17 at noon
on  May  14,  which  was  relatively  stable  without  an  obvious
sudden drop.  The  entire  day  was  basically  sunny and  cloud-
less. Since the minimum range of the solar irradiation sensor
is  1  W/m2, which  is  far  greater  than  the  1  lx  of  the  light   in-
tensity sensor, when the scattering light appears in the envir-
onment but the sun has not yet risen, the light intensity sensor
can detect and record the scattering light. Therefore, the first
time  the  solar  irradiation  sensor  recorded  the  light  was  at
5:45,  and  the  light  intensity  sensor  received  the  light  at  a
ratio of 4:58. As shown in Fig. S2c, the highest irradiance of
1016 W/m2  occurred  at  12:51  at  noon  on  June  1.  The  first
time the irradiance sensor detected the light was 5:34, but the
first time the light intensity sensor detected the light was 4:46.
The behavior of the two sensors on that day is consistent with
the  above  reasons.  However,  the  solar  irradiance  on  June  1

varies  greatly,  which  can  be  reasonably  explained  by  the
cloudy day. The sun was often blocked by clouds, resulting in
the  fluctuation  of  the  received  irradiance.  According  to  the
wind speed and direction charts in Fig. S2b and d, breezes oc-
curred  on  May  14  and  June  1;  the  night  of  June  1  was
windless.
Fig. 3a and b depict the changes in the light intensity of the

three  experimental  microenvironments  over  these  two  days.
The light intensity in the MPF experimental environment was
significantly lower  than  that  in  the  other  two control  experi-
mental  groups.  Fig. 3c–e  show  the  spectral  distributions  of
these  microenvironments,  as  measured  by  a  spectrometer.
Notably,  the  light  intensity  within  the  MPF  experimental
group  significantly  decreased  across  ultraviolet,  green,  and
near-infrared  wavelengths;  however,  it  did  not  completely
vanish.  This  portion  primarily  comprises  ambient  scattered
light  and  solar  radiation  that  is  not  reflected  by  the  MPF.
These scattered lights can partially fulfill  plant  physiological
regulations  without  disrupting  them  entirely.  Moreover,  the
red and  blue  components  of  sunlight  remain  largely   unaf-
fected,  thereby  meeting  the  plants’  photosynthetic  require-
ments.  The study confirmed that  glass  has  a  minimal  impact
on the solar spectrum but only slightly absorbs in the ultravi-
olet band, resulting in a reduced solar radiation intensity spe-
cifically within this range.
To  facilitate  the  comparison  of  light  intensity  differences

across  the  three  experimental  microenvironments,  this  study
calculated the average light intensity from initial detection to
final detection on these two days, and the results are presen-
ted  in  Table  S4.  As  shown  in  Table  S4,  Fig. 3a,  and  b,  the
light  intensity  in  the  MPF coverage  experimental  group  was
significantly lower than that in the open-sky group and glass
coverage group. On May 14, the average light intensity under
MPF was  approximately  32% of  that  under  open-sky condi-
tions.  In  addition,  on  June  1,  it  was  approximately  37%.
Therefore,  the  MPF  reflects  approximately  65%  of  solar

 

Fig. 3. Light intensity in the microenvironments of the three control groups on (a) May 14 and (b) June 1. Solar spectrum under (c) MPF coverage, (d)
glass coverage, and (e) open-sky.
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radiation, with only one-third of the total solar radiation trans-
mitted through it. On May 14 and June 1, the average light in-
tensities under  glass  were  approximately  94%  and  91%,   re-
spectively, compared to those under open-sky conditions. The
loss  of  light  can  be  attributed  to  three  main  factors:  Fresnel
reflection occurs when light enters glass with a higher refract-
ive index from the air  with a lower refractive index;  absorp-
tion  of  energy  within  the  ultraviolet  band  by  glass  results  in
partial energy loss; and stains or damages the glass, leading to
partial reflection  and  absorption,  thereby  reducing  the   trans-
mitted light intensity.
As  shown  in  Fig. 4a  and  b,  the  temperatures  recorded  at

8:00 a.m.  and 6:00 p.m.  are  similar  on these two days;  thus,
this study designates temperatures after 6:00 p.m. and before
8:00  a.m.  as  nighttime  temperatures  and  temperatures  from
8:00  a.m.  to  6:00  p.m.  as  daytime  temperatures.  Table  S5
presents  the  average  temperatures  of  the  three  experimental
microenvironments  during  these  two  days.  Remarkably,  the
open-sky microenvironment  presented  the  lowest   temperat-
ure  at  night,  with  a  night-time  temperature  approximately  1
°C  lower  than  that  of  the  glass  coverage  microenvironment,
and approximately 0.5–1 °C lower than that of the MPF cov-
erage microenvironment.  Humidity  has  an  inverse   relation-
ship  with  ambient  temperature,  whereby  the  glass  coverage
microenvironment at higher temperatures has a slightly lower
humidity than the other two experimental environments.

The  microenvironment  under  MPF  presented  the  lowest
daytime  temperature,  approximately  1  °C  lower  than  that  of
the open-sky group on May 14, over 2 °C lower than the am-
bient  temperature on June 1,  and more than 3 °C lower than
that  of  the  glass  coverage  microenvironment.  Moreover,  it
consistently  maintained  higher  humidity  levels  than  did  the
other  two  experimental  groups.  These  favorable  conditions
during  the  daytime  ensure  optimal  plant  transpiration  and
photosynthesis  while  minimizing  photoinhibition  and  light-
induced damage,  ultimately extending the duration of  photo-
synthetic activity.
The microenvironment  temperatures  of  the  three   experi-

mental  groups  were  influenced  to  varying  degrees  by  the
MPF light  filtering  effect  and  glass  plate  convection.   Addi-
tionally,  there  were  differences  in  the  soil  temperatures
among  the  three  groups.  Fig. 4c  illustrates  the  temperature
data for May 14 throughout the day. Prior to 9:00 a.m., due to
convection,  the  soil  temperature  under  the  glass  plate  was
significantly  greater,  with  a  difference  of  up  to  1.04  °C
compared with that of the open-sky group; moreover, the soil
temperature  of  the  MPF  group  was  notably  lower,  with  a
maximum temperature  difference  of  1.23  °C  compared  with
that of  the  glass  coverage  group.  Similar  results  were   ob-
served on June 1, as depicted in Fig. 4d. The soil temperature
under the glass-covered plate reached its peak and differed by
a  maximum  value  of  0.8  °C  from  that  under  open-sky

 

Fig. 4. Temperature and humidity in the microenvironment (a) May 14, 2023, (b) June 1, 2023. Soil temperature on (c) May 14, 2023 and (d) June 1,
2023.
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conditions  and  by  a  maximum  value  of  1.1  °C  from  that
under the MPF experimental conditions. A comparison of the
daytime soil temperature data after 9:00 a.m. on May 14 and
June 1 revealed that the open-sky soil temperature reached its
peak on both May 14 and June 1. In contrast, the soil temper-
ature in  the  MPF  group  significantly  decreased,  with   differ-
ences of approximately 2.96 °C and 2.8 °C on these two days.
This disparity can be attributed primarily to the ability of the
MPF  to  reflect  approximately  60% of  solar  radiation  during
daylight  hours.  However,  as  solar  radiation  gradually
weakened, the cooling rate of the open-sky soil surpassed that
of the glass group (as depicted in Fig. 4d), resulting in lower
soil  temperatures  than  those  recorded  in  the  glass  control
group at sunset. 

3.2    Fv/Fm of the chlorophyll fluorescence test
Fv/Fm

Fv/Fm

Fv/Fm

As previously mentioned,   serves as a crucial indicator
for  investigating  the  presence  of  environmental  stress  in
plants.  The  maximum  photosynthetic  efficiency  value  of
photosystem Ⅱ typically  ranges  between  0.8  and  0.85;  any
decrease in this value signifies plant stress. Therefore, during
the initial tobacco planting experiment,   was measured
throughout the entire  period from predawn to the absence of
direct sunlight. For the fixed-point marking test,  three robust
blades  were  randomly  selected  in  each  experimental  group,
with  a  testing  interval  of  1  h.  Before  the  test,  dark-adapted
blade clamps were used to ensure that the tested area had un-
dergone  at  least  30  min  of  dark  adaptation.  The  average

  results  for  each  experimental  group  are  presented  in
Fig. 5.

Fv/Fm

Fv/Fm

Fv/Fm

Fv/Fm

Fv/Fm

The   values  of  the  three  experimental  groups  tested
at  different  time  intervals  are  closely  aligned.  Additionally,
both before 11:30 and after 14:30, all three groups presented

 values exceeding 0.8,  thereby meeting the criteria for
healthy higher  plants.  Furthermore,  even  under  ample   sun-
light  conditions  at  noon,  a  slight  decline  in  values  is
observed  following  a  sufficient  dark  adaptation  process,
which can be attributed to potential stress induced by the en-
vironmental  temperature  and  humidity.  Nevertheless,
throughout  the  entire  fluorescence  testing  procedure  of  the
samples,  it  can  be  inferred  from  the  recorded    values
that  neither  plant  health  nor  leaf  condition  was  affected.
Therefore,  the   values were assessed only once before
dawn  in  subsequent  tests,  ensuring  that  the  blade  remained
undamaged from repeated fixed-point dark adaptation clamp-
ing. This precautionary measure aimed to mitigate any poten-
tial  interference  caused  by  other  fluorescence  induction  tests
conducted under  photoluminescence  conditions  in   sub-
sequent experiments. 

3.3    Y(Ⅱ) of chlorophyll fluorescence test
Y(Ⅱ) represents  the  quantum  yield  of  photosynthetic   reac-
tion Ⅱ under  these  specific  conditions,  reflecting  the  actual
photosynthetic efficiency of plants. Therefore, a higher Y(Ⅱ)
indicates  greater  photosynthetic  efficiency  in  plants  under
these light  conditions. Fig. 6a presents the Y(Ⅱ)  data for the
three  experimental  groups  at  different  periods  throughout
these  days.  The Y(Ⅱ)  values  remained  at  approximately  0.8
in  all  three  experiments,  indicating  that,  regardless  of  the

experimental environment,  the  plant  photosynthetic   effi-
ciency  was  relatively  high  before  sunrise.  However,  as  solar
radiation  increased,  the  ambient  temperature  increased,  the
humidity  decreased,  and  the  plant  photosynthetic  efficiency
decreased  under  environmental  stress  conditions.  Although
there  was  a  decline  in  photosynthetic  efficiency  across  all
three experimental groups, the rate of decline varied. At noon,
when solar radiation was highest, plants in the MPF microen-
vironment  presented  greater  photosynthetic  efficiency  than
did those in the other two groups.
As shown in Fig. 6a and b, plants in the MPF coverage mi-

croenvironment  maintained  a Y(Ⅱ)  level  above  0.5  at  noon,
whereas those in the other control groups dropped below 0.2.
This  is  attributed primarily  to  the increase in  solar  radiation,
which induces  an  increase  in  ambient  temperature  and  a  de-
crease  in  humidity,  thereby  triggering  the  self-protective
mechanism  of  plants  known  as  the  “afternoon  nap”.  Con-
sequently, the radiation energy that is typically absorbed and
utilized for photochemical reactions by plants is diverted from
photosynthesis. This leads to partial deactivation of the reac-
tion centers,  a  reduction  in  photochemical  capacity,  and  dis-
sipation of excess energy through heat generation and fluores-
cence emission.
However, the  plants  protected  by  MPF  exhibited   substan-

tial photosynthetic activity in an environment with intense il-
lumination, enabling  continuous  energy  transport  to   photo-
chemical  reactions  for  photosynthesis  with  a  photosynthetic
efficiency  exceeding  0.5.  Thus,  despite  partially  blocking
solar  energy  absorption  by  plants,  MPF protection  increased
their  photosynthetic  efficiency  and  sustained  high  rates  of
photosynthesis  over  extended  periods.  This  compensatory
mechanism  offset  the  reduced  photosynthesis  during  other
times and ensured that  plants  under the MPF did not  experi-
ence  decreased  output  while  effectively  filtering  most  of  the
solar radiation. This effect was particularly pronounced in en-
vironments  with  intense  solar  radiation,  as  depicted  in  Fig.
6b.  On  May  14,  2023—a  sunny  day  (Fig. S2)—solar   radi-
ation  at  noon  was  exceptionally  strong;  however,  under
cloudy  or  even  overcast  conditions,  differences  among  the
three  experimental  groups  were  less  apparent  (Fig. 6c). Dur-
ing an extended period of cloud cover at noon on that day, all
three experimental groups maintained similar levels of photo-
synthetic  efficiency;  although  slightly  greater  under  MPF
conditions,  this  difference  was  not  significant.  Nevertheless,
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Fv/FmFig. 5. Daytime testing of   for tobacco on September 30, 2022.
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at approximately 2:00 p.m., when continuous sunny days with
intense  solar  radiation  prevailed,  the  advantage  of  extremely
high photosynthetic  efficiency  in  the  MPF  environment   be-
came evident. 

3.4    NPQ of chlorophyll fluorescence test
NPQ reflects the fraction of energy dissipated as heat in pho-
tosystem Ⅱ,  and Y(NPQ)  indicates  the  proportion  of  energy
dissipated as heat in photosystem Ⅱ. A high NPQ or Y(NPQ)
signifies an excessive influx of radiant energy that necessitates
its  dissipation  in  the  form  of  thermal  energy.  In  a  similar

environment,  the  values  of NPQ  and Y(NPQ)  can  also  serve
as  indicators  of  a  plant’s  self-regulatory capacity  and can be
used to assess the photo-protective abilities of different leaves
or plants within the same environment.
Fig. 7a–c and Fig. 7d–f show the NPQ and Y(NPQ) values

for September 30, 2022, May 14, 2023, and June 1, 2023, re-
spectively,  in  three  different  microenvironments.  The  plants
under MPF coverage were consistently the lowest among the
three environments except at sunrise. As the light intensity in-
creased,  the  differences  among  these  three  environments
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Fig. 6. Y(Ⅱ) values for three full-day fixed-point fluorescence induction tests: (a) September 30, 2022—tobacco; (b) May 14, 2023—lettuce; (c) June 1,
2023—lettuce.
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Fig. 7. NPQ values for three full-day fixed-point fluorescence induction tests: (a) September 30, 2022—tobacco; (b) May 14, 2023—lettuce; (c) June 1,
2023—lettuce. Y(NPQ) values for three full-day fixed-point fluorescence induction tests: (d) September 30, 2022—tobacco; (e) May 14, 2023—lettuce;
(f) June 1, 2023—lettuce.
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became  more  pronounced.  After  8:30  a.m.,  the NPQ  of  the
other control groups significantly surpassed that of the experi-
mental group  under  the  MPF  cover.  This  observation   sug-
gests a relatively minor allocation of energy toward heat dis-
sipation in  photosystem  Ⅱ of  plants  under  MPF  coverage,
implying a predominant utilization of energy for photochem-
ical reactions. This finding aligns with our earlier observation
of higher Y(Ⅱ) values in plants under MPF cover, providing
evidence that more absorbed energy is converted into chemic-
al  energy  while  minimizing  heat  dissipation.  Furthermore,
when  considering  the  Y(Ⅱ)  value  shown  in  Fig. 6,  plants
under MPF cover clearly presented greater photosynthetic ca-
pacity  not  only  under  extreme  light  intensity  but  also  under
weaker light radiation conditions; even during cloudy periods
on  June  1,  when  sunlight  was  blocked  for  several  hours,
plants under MPF cover maintained high photosynthetic effi-
ciency  and  low  heat  loss  ratios  compared  with  those  of  the
other controls. Therefore, it can be concluded from those ex-
periments  that  MPF  not  only  has  advantages  under  extreme
light conditions  but  also  has  superior  photosynthetic   effi-
ciency  even  in  common  cloudy  environments,  as  supported
by Y(Ⅱ) data analysis. 

3.5    Plant biomass analysis
As  shown  in  Fig. S3,  there  was  no  significant  disparity  in
plant growth among the three control groups within the exper-
imental  setting.  Although  the  light  intensity  under  MPF was
only one-third that  under  the other  two control  treatments,  it
had a minimal effect on plant growth. Furthermore, as depic-
ted in Fig. S3b, plants covered with glass exhibit signs of de-
hydration due to high temperatures and low humidity at noon.
Consequently, the  plants  in  the  other  two control  groups  ex-
perienced considerable environmental stress, resulting in a de-
cline  in  photosynthetic  efficiency,  which  aligns  with  the
abovementioned test results.
The growth  states  of  plants  in  different  periods  under  dif-

ferent  experimental  environments  shown  in  Fig. S4b12  and
c12 also clearly revealed that the plants experienced dehydra-
tion  at  noon,  but  the  MPF experimental  group  was  basically
not  affected much in Fig. S4a, whereas  the dehydration phe-
nomenon  of  the  plants  in  the  glass  and  open-sky  control
groups was still very obvious, which proved that the plants in
the MPF coverage group experienced relatively light environ-
mental stress at the high-temperature stage at noon and could
still maintain high photosynthetic efficiency. This finding also
revealed why there was essentially no visual difference in the
plants under such a weak light intensity.
In  the  first  lettuce  planting  experiment  conducted  in  May

2023,  two issues requiring further exploration and resolution
were identified. First, it was necessary to investigate whether
MPF  had  differential  effects  on  plant  biomass  at  different
growth stages. We observed that the plants in the MPF cover-
age experimental group were significantly larger than those in
the other two control groups during the early stage of the ex-
periment, but there was a phenomenon of backward excess in
the latter half of the growth period. Second, this planting ex-
periment  coincided  with  Hefei’s  plum  rain  season,  resulting
in more than 60% of the entire planting cycle being character-
ized by rainy or  cloudy days.  The prolonged plum rain  days

failed in the MPF coverage experimental group to achieve the
saturation  light  intensity  required  for  optimal  plant  growth.
The stress did not result in the inhibition of the other two con-
trol groups  at  noon,  potentially  resulting in  the  observed de-
crease  in  final  MPF  biomass.  Consequently,  a  subsequent
lettuce planting experiment was conducted in June 2023, de-
noted  as  the  second  trial  for  lettuce  planting  in  that  month.
The obtained biomass results are illustrated in Fig. 8.
In  the  lettuce  repeat  experiment  conducted  in  June  2023,

three distinct  growth stages were selected for biomass meas-
urement.  With  respect  to  fresh  biomass,  during  the  early
growth phase of plants, those under the MPF coverage envir-
onment  presented  a  relatively  high  water  content  due  to  the
protective effect of MPF. This protection resulted in reduced
transpiration  and  soil  water  evaporation,  leading  to  a  higher
plant  water  content  than  those  in  the  other  control  groups.
However, as the plants grew, on the 19th day, fresh biomass
of  MPF  cover  group  were  lower  than  the  other  two  control
groups.  This  can  be  attributed  to  this  stage  being  crucial  for
lettuce  growth  with  high  light-intensity  demand.  However,
due to the shielding caused by the MPF, the plants were un-
able to reach saturated light intensity for an extended period.
Consequently, the photosynthetic capacity of the plants in the
MPF  treatment  was  lower  than  that  of  the  control  plants
which  had  access  to  high  light  intensity  during  this  period.
However,  during  the  subsequent  10-day  growth  period,  the
protective effect  of  MPF continued to  exert  a  discernible   in-
fluence, resulting in a higher plant water content and a 10.3%
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Fig. 8. Comparison  of  the  biomass  of  lettuce  at  different  growth  stages
(June 2023).
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increase in the fresh biomass of lettuce compared with those
under  glass.  Throughout  the  entire  growth  cycle  of  lettuce,
there  were  no  significant  differences  in  the  fresh  biomass  of
the plants between the MPF coverage experimental group and
the two control groups. However, on day 19 of growth, a sig-
nificant  difference  was  observed  between  the  glass  control
group  and  the  open-sky  control  group  (P = 0.04),  indicating
that  the  limited  convection  microenvironment  provided  by
glass  alleviated  the  effects  of  environmental  stress  on  plant
physiology. 

4    Conclusions
Despite being affected by local plum rain weather and experi-
encing numerous rainy days, the experimental groups covered
by MPF presented remarkable outcomes. Compared with that
of the  control  groups,  the  photosynthetic  efficiency  and   re-
duced environmental  stress  were greater,  and the biomass of
the MPF group was 10.33% greater than that of glass group,
which  was  not  significantly  different  from  the  other  control
groups.  These  findings  validate  the  feasibility  of  employing
the MPF light separation strategy. Although there was a slight
decrease  in  biomass  production,  two-thirds  of  the  reflected
solar  radiation  after  light  separation  could  still  be  utilized  in
other  domains,  such  as  photovoltaic  power  generation,
thereby generating additional  economic benefits,  and the  ex-
periments provided  valuable  data  for  researchers   investigat-
ing light separation strategies in agriculture. 
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