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Abstract

Lichen vegetation reacts very sensitively to a variety of air pollutants including increased nitrogen
concentrations as well as to traffic exhaust in general, which makes lichens reliable monitoring
organisms for atmospheric pollution. Recent environmental studies have shown that decreasing
abundance of acidophytic lichen species and the increase of nitrophytic lichens can be explained
by elevated levels of atmospheric nitric-compounds adsorbed onto nanoparticles. One major
source of these atmospheric compounds amongst a wider pollution inventory is diesel exhaust—a
mixture of gases and particle matter. This study aimed to shed light on the impact of diesel ex-
haust on the viability of six differently sensitive lichen species. Diesel exhaust particle concentra-
tions in the laboratory experiments resembled those at a local highway during rush hour. By in-
cubation in a closed stainless steel chamber we could exclude influences from other pollutants
than diesel exhaust providing explicit data about the effects of diesel exhaust on lichens. The in-
vestigations revealed effects on the photosynthesis of the lichen photobionts and hence the lichen
vitality. The conclusions of this study are that 1) the photobiont is affected stronger as the myco-
biont and 2) older parts of the lichen are damaged first. Another remarkable result of this study is
that 3) these lichens are regenerating to some extent during incubation-free periods—unless the
organism is not damaged too much to restore photosynthetic activity. To our knowledge this is the
first study evaluating the impact of diesel exhaust on lichens under laboratory conditions separate
from other interfering pollutants.
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1. Introduction

Since Nylander (1866) [1] observed reduced lichen diversity in the wider area of Paris, lichens became known
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as sensitive biological indicators for air quality. Investigations during the last few decades have shown that also
excessive supply of atmospheric nitric compounds threatens plant diversity. Indeed recent research demonstrates
that lichens are especially sensitive to this kind of air pollutants [2]-[7].

Lichens are non-vascular symbiotic organism formed by a mutualistic partnership between a fungal species
(mycobiont) and one or more algal species and/or cyanobacteria (photobiont). Unlike most other plants, lichens
do not have any root system to take up nutriens and water from the soil but instead they are depending on at-
mospheric deposition for nutrient supply and so they also absorb harmful components directly together with es-
sential nutrients. This may be an advantage in areas with clean air but leads to toxic accumulation effects in
heavily polluted areas as these organisms do not possess an excretory system [8].

Emissions from fertilizers, manure of agricultural activities and biomass burning (including forest fires)
followed by anthropogenic fossil fuel combustion are the most important sources of ammonia (NHs). Especially
in urban areas and along highly frequented traffic routes there are elevated levels of ammonia generated by pe-
trol engines with catalysers [9]. In addition, the combustion of fossil fuels by diesel engines is also a major
source of nitric oxide (NO,), which is known to be another nitrogen-containing pollutant [10]. Additionally, es-
pecially diesel particle matter (DPM) in the exhaust of new-generation heavy-duty diesel engines has been re-
ported to have negative effects on the vitality of lichens [11].

In presence of water vapour and ozone, gaseous ammonia (generated by petrol engines with catalyser) com-
bines very quickly with NO, (generated by diesel engines) to ammonium nitrate (NH,NOz)—a fine particle
matter. Because this fine particle matter can persist within the atmosphere for long periods, it can even have a
negative impact several kilometers away from the site of origin [12] and according to recent investigations li-
chens take up ammonium nitrate (NH4;NOs) by dry deposition [9].

Experiments with nitric acid, a secondary product of NO, and (rain)water, revealed significant positive corre-
lations between exposure to traffic pollution and the total nitrogen concentration in lichens [8] [9] [13]. Usually
the effects of nitric-pollution are mainly caused by long-term exposure to nitrate and ammonium and lead to a
chronic accumulation of nitric compounds in plants [12]. Although nitrogen-compounds are an important nu-
trient source for both the photobiont and the mycobiont, its excessive supply is stressing these organisms [14]. In
particular lichens specialized on nitrogen poor habitats have evolved mechanisms for most efficient nitrogen
uptake, so they are particularly sensitive to the excess of nitrogen compounds [15].

Green-algal lichens take up nitrogen in form of ammonium, nitrate and organic nitrogen, while cyanolichens
exploit atmospheric N, [16]. NOy as prime nitrogen source can be excluded because when exposed to (rain)water
it is converted into the strong acids—nitric acid (HNO,) or nitrous acid (HNO,) which are leading to sub-opti-
mal pH conditions for the lichen metabolism and are directly damaging the lichen [9] [17]. Since NOy is also
part of diesel exhaust it has to be regarded as a major factor leading to reduced lichen diversity which can be
observed at traffic-exposed areas [18].

Recently it has been shown that lichen community composition near motorways is shifting towards species
associations with more nitrophytic lichens [19]. Generally, changes in N-deposition affect the composition of
plant diversity and may induce a dominance of nitrophytic species over those species that are more susceptible
to nitric-enrichment in nutrient-poor habitats [20]-[22]. One mechanism leading to this extreme sensitivity of
some lichens to excessive supply of nitrogen compounds may be the ability to bind such compounds within cell
walls until the concentrations become toxic by causing electrolyte leakage, as was shown for Evernia prunastri
by Munzi et al. (2009a, b) [23] [24].

Recent investigations in the Bluntau Valley—a secondary valley of the Salzach Valley (Salzburg, Austria)—
demonstrate that this area is heavily affected by airborne pollutants from a motorway which is several kilome-
ters away [19].

For this study we intended to simulate a situation like in the Bluntau Valley by using lichen species with dif-
ferent grades of sensitivity to air pollution which are typically growing in this area. These samples were exposed
to diesel exhaust under controlled conditions (apart from other airborne pollutants that may hamper an evalua-
tion of diesel-induced effects). Aerosol concentrations resembled those typically measured along this heavily
frequented motorway close to this valley.

The lichen vitality was monitored throughout the experiment by chlorophyll fluorescence and gas exchange
measurements. This experiment was done to address several questions. 1) Does diesel exhaust damage lichens?
and if so, 2) within which period the damaging effects become apparent? 3) Are all tested species affected to the
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same degree?

2. Material and Methods
2.1. Lichen Material

The following species were examined in this study: the green algal lichens Pseudevernia furfuracea (L.) Zopf,
Hypogymnia physodes (L.) Nyl., Usnea filipendula Stirt., Lobaria pulmonaria (L.) Hoffm. and the cyanolichen
Peltigera praetextata (Florke ex Sommerf.) Zopf.—L. pulmonaria was sampled in Salzburg, VVorderkaser at 690
msm in November and X. parietina in Salzburg, Lamprechtshausen at 458 msm in November. All other lichens
(P. furfuracea, H. physodes, L. pulmonaria and P. praetextata) were collected in Salzburg, Krimmler Was-
serfélle at 1300 - 1320 msm in November. All samples were air-dried at room temperature and then stored at
—20°C up to the time they were used in the experiment.

2.2. Exposure Chamber

The chamber consisted of a stainless steel case with a volume of about 1 m? that can be sealed hermetically with
an 8 mm glass-plate. A Philips HQ 400 W lamp was used as a light source to induce photosynthesis of the li-
chens inside the chamber. The photon flux density (PFD) on the surface of the lichens (280 pmol-m2-s™%) was
measured by using a LI-COR Quantum sensor model LI-189. Antistatic Tedlar-bags (capacity 30 L per bag;
Linde, Germany) have been filled with diesel exhaust emissions from a Volkswagen transporter without cata-
lyser, model: Kastenwagen LR TDI, version VW 7H/7J (engine displacement: 2461 ccm, 96 kW, year of manu-
facture 2004). According to specification the vehicle produces 0.691 g-km™ NO,. The diesel aerosols were con-
stantly pumped from the sampling bag into the chamber by using a shunt of a modified paint spray head that led
0.1 L diesel aerosols per liter of clean humidified air into the chamber at a flow-rate about 3 L-min*. Appropri-
ate humidity levels of 85% + 5% were provided using a 500 mL Drechsler impinge flask with an attached Hepa-
filter capsule (Model PALL PN12144). A water-cooling system was developed to keep the temperature inside
the chamber at 19°C + 1°C. The chamber was fitted with various adapters for thermometer, hygrometer and a
cable for an internal fan that mixed the air inside.

2.3. Aerosol Measurements

Nanoparticles of the diesel exhaust were quantified by a Grimm Scanning Mobility Particle Sizer (SMPS) model
5403 fitted with a long Dynamic Mobility Analyzer (DMA) capable to scan a particle size range of 10.5 to 1050
nm, with associated software version 3.14. According to the dataset (data not shown) the average total particle
concentration at a peak load of 28,274 particles per cm® (standard deviation: 4837) was reached within 12 mi-
nutes after the feeding process started. After this peak the particle concentration was constantly decreasing to the
half of the maximal load within one hour; two hours after the particle peak load the Tedlar-bag was empty and
the chamber was flooded with clean humidified air again. The diesel aerosol particle diameters were ranging
from 100 to 1000 nm. The maximal particle concentration in the incubation chamber is corresponding to the
overall aerosol concentration found along a local highway in Salzach valley [19] [25].

2.4. Fluorescence Measurements

Chlorophyll fluorescence was measured using a Walz photosynthesis yield analyzer model MiniPAM (puls am-
plitude modulation) following the manufacturer’s instructions (Walz GmbH, Effeltrich, 1999, Germany) [26].
False-colour images of whole-thallus chlorophyll fluorescence data were done with a Maxi Version of an Imag-
ing-PAM M-Series according to the user manual (Walz GmbH, Effeltrich, 2009, Germany) [27]. In this study
the vitality of lichens is shown by the relation of variable fluorescence to maximal fluorescence (F./F., value)
expressing the maximal photochemical quantum yield of photosystem I1.

2.5. CO; Gas Exchange Measurements

The current state of the entire lichen (myco- and photobiont) was monitored by gas-exchange measurements us-
ing an “open minicuvette system” (CMS 400, Walz, Germany) under constant controlled conditions of tempera-
ture (15°C), light intensity (500 umol-s*-m2) and measuring gas flow (400 mL-min*). These measurements
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were done three times for the test samples (at the beginning, in the middle and at the end of the investigations)
and twice for the control samples (once before the experiment and once at the end).

2.6. Treatment

The incubation experiment with diesel exhaust was carried out for three weeks corresponding to the rhythmic
rush hours circles of a local highway: samples were kept under a 10:14 hours day:night regime and exposed for
two hours five days a week during the diurnal-phase. On weekends, the samples were kept under dry and cool
conditions in closed petri-dish on the shaded windowsill. Before treatment and measurements, the lichens were
sprayed with distilled water. Additionally they were dark adapted for 15 minutes minimum before chlorophyll
fluorescence measurement using the Walz MiniPAM. Chlorophyll fluorescence was measured before and after
every second diesel incubation period, respectively. False colours images of the lichens’ chlorophyll fluores-
cence were taken using the Walz Imaging-PAM system. Imaging-PAM measurements were carried out twice on
all diesel exhaust treated samples: once before the experiment (on Nov. 17") and then again a few days after the
end of the experiment (on Dec. 21%).

2.7. Control Samples

Negative controls were kept under exactly the same conditions (day:night regime and regeneration time) as
treated samples but exposed to HEPA-filtered humidified air only. In contrast to the treated samples the controls
were frozen again after a single measurement with Imaging-PAM on Nov. 17" due to the sequential order of the
experimental timeline.

3. Results and Discussion

Measurement of photosynthetic capacity and gas-exchange capacity during the experiment proved a damaging
impact of diesel exhaust on the metabolism of all lichens within weeks, though the intensity of these effects
were species specific. Photosynthetic capacity was determined by chlorophyll fluorescence methods. Since it is
widely accepted that the maximum quantum yield-parameter (expressed as the ratio of variable chlorophyll flu-
orescence to maximum fluorescence, F./Fy,) is correlating with stress levels of plants (e.g. [28]-[30] and refer-
ences therein), this parameter was selected as a measure for the condition of the lichen samples.

Under ideal conditions the F,/F,, maximum of lichens with a green-algal photobiont reaches about 0.60 to
0.76 (e.g. X. parietina). This signal is lower, in the range of max 0.50 to 0.60 in cyanolichens (cyanobacterial
photobionts; e.g. P. praetextata) because PSII is missing and PSI gives only a weak signal [31] [32]. Values be-
low 0.1 indicate non-viable material [32].

Figure 1 shows relative changes of F,/Fy, values of each lichen species during 3 weeks of treatment with ex-
posure-free periods at the weekends (solid lines), while the dotted lines show F,/F,, changes of the negative con-
trol samples.

In our study we found for all of the investigated lichens that the F,/F,,, values of exhaust-treated samples (solid
lines with squares; Figure 1) were decreasing much stronger during treatment periods than values of control
samples (dotted lines with triangles; Figure 1). However, the most noteworthy finding was that the treated sam-
ples seemed to recover to some extent during exposure-free times. Since this pattern could not be found for the
control samples, which showed rather constant F,/F, values during the experiment (except P. praetextata), we
can exclude that this is an experimental artifact. Only in the case of the cyanolichen P. praetextata the control
samples also seemed to regenerate during incubation-free times which might be due to an adaptation process to
the climatic conditions in the incubation chamber, which seem to be sub-optimal for this lichen species.

P. furfuracea (Figure 1(a)) and H. physodes (Figure 1(b)) reacted strongest to the diesel exhaust treatments.
After the first week they had lost about 30% of their initial F,/F,, values and regained about 97% of their initial
activity within two treatment-free days. During the second week of aerosol-treatment the samples of P. furfura-
cea lost about 32% of their initial activity followed by a recovery up to 80% of the original F,/F, values during
the treatment-free period and lost about 37% of their initial capacity during the third week of treatment.

In contrast to P. furfuracea the lichen species H. physodes had lost only 22% of its initial F,/F., values after
the second week of treatment but regained about 90% during the exposure-free weekend. During the third week
of treatment F,/F,, of H. physodes was reduced again by about 20% of the initial value.

Throughout the experiment P. furfuracea lost about 37% and H. physodes about 20% of their initial F,/F,
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Figure 1. Relative change of F,/F, values (maximal photosynthetic yield of PSII) of (a) Pseudevernia furfuracea; (b)
Hypogymnia physodes; (c) Xanthoria parietina; (d) Usnea filipendula; (e) Lobaria pulmonaria; (f) Peltigera praetextata.
Treated samples: white squares; mean value of treated samples: black squares with solid line; control: white triangles; mean
value of control: black triangles with dotted line.

values. Both lichen species showed a clear downward trend the longer the samples were exposed to diesel ex-
haust. This trend confirms observations of Mayer et al. (2013) that chronic deposition of nitric compounds ef-
fects lichens more than a single incident [33].

The data of X. parietina (Figure 1(c)), U. filipendula (Figure 1(d)) and L. pulmonaria (Figure 1(e)) did also
show a clear decrease in photosynthetic yield during the exposure to diesel exhaust and a recovery after two
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treatment-free days, although the effects were much weaker than with P. furfuracea and H. physodes. Chloro-
phyll fluorescence of L. pulmonaria did not change strongly within the first two weeks of diesel exhaust expo-
sure, but in the third week of treatment the values dropped sharply. The cyanolichen P. praetextata was afflicted
most with diesel exhaust.

The untreated samples (negative control) of P. furfuracea (dotted line with triangles) showed a reduced activ-
ity at the beginning of the experiment, but the samples recovered continuously until the end of the experiment.
Similarly, an initial reduction of F,/F, values of the negative control samples followed by a slight recovery was
also found for L. pulmonaria (Figure 1(e)) and for H. physodes (Figure 1(b)). In contrast to the treated samples
the control samples were frozen one more time until they were used and we assume that the additional freezing
and thawing might have damaged those lichen species, which are already known to be quite sensitive to climatic
changes [34]. Bjerke (2009; 2011) has shown that some lichen species can hardly sustain freeze-thaw-cycles es-
pecially when they are not absolutely dry [35] [36] and as a consequence, the reason for the lower initial photo-
synthetic yield levels observed for the control samples of P. furfuracea, H. physodes, U. filipendula, L. pulmo-
naria and P. praetextata (see Figure 1). In the further course of the incubation only the control samples of X.
parietina and P. furfuracea were recovering again while L. pulmonaria remained at low F,/F, values. The F,/F,
values of the controls of U. filipendula lost about 7% after the first week. During the following 10 days the sam-
ples seemed to adapt to the conditions in the chamber and recovered continuously with a slight decrease at the
end of the incubation period.

In contrast to the tested lichen species with green algal photobionts, the control samples of the cyanolichen P.
praetextata did not adapt to the incubation conditions and did not recover like control samples of the other li-
chen species. But in any case, Figures 1(a)-(f) clearly show that every treatment with diesel exhaust has adverse
effects on the photosynthetic capacity of the lichens. Such loss of function in PSII may have various causes like
inhibited energy transfer from carotenoids to chlorophyll, damage of PSII reaction center complex, increased
heat dissipation in PSII antennae to avoid damage, blocked electron transport [37] or inhibition of the repair of
PSII because of diminished supply of ATP [38].

Which fraction of the diesel exhaust affects photosynthesis is still speculative at this stage of the investigation
since the analysis method allows no clear statement about the type of damage at subcellular level. However, the
experiment clearly shows that diesel exhaust exposure is a stress factor that affects the photosynthetic capacity
of lichens.

False colour imaging of the photosynthetic condition of samples from three selected lichen species (H. phy-
sodes, L. pulmonaria and P. furfuracea) using a chlorophyll fluorescence Imaging-PAM (Walz, Effeltrich,
Germany) also confirmed the loss of photosynthetic activity (Figure 2). These images are giving an overview of
the entire thallus, thus allowing an evaluation of the photosynthetic status of particular thallus parts. This data
reveals that especially older parts of the thallus are adversely affected by diesel exhaust: the dark blue colour of
the older central parts became turquoise and green corresponding to a total photosynthetic reduction to 60% and
50% of a healthy thallus while the younger parts of the thalli remain blue or light blue (particularly see L. pul-
monaria). False colour pictures of the clean-air-indicator P. furfuracea (Figure 2(e) and Figure 2(f)) also
proved the sensitivity of this lichen to air pollutants like diesel exhaust: The dark blue colour of the healthy
sample turned to green and yellow-green, indicating a loss of more than 50% of photosynthetic activity.

Additional CO,-exchange measurements could help to draw a more comprehensive picture of the damaging
effects on the lichen organism (see supplement data). These results are consistent with the chlorophyll fluores-
cence measurements and confirm the decrease in photosynthetic capacity during the experiment. But in contrast
to chlorophyll fluorescence measurements, the gas exchange measurement gave additional information by pro-
viding data concerning the metabolic activity of the mycobiont and the photobiont and hence the vitality status
of both lichen bionts. Since it is generally assumed that the mycobiont contributes to the majority of the dark
respiration (DR) of a lichen [39] the vitality of both bionts can be estimated by relating the DR to net photosyn-
thesis. At the end of the incubation period almost none of the specimens showed positive net photosynthesis
values in the gas-exchange measurements, implying that the algae could no longer sustain the energy require-
ments of the lichen thallus. In contrast, the untreated reference samples were still capable of net photosynthesis
to compensate the total respiration of the thallus. But, contrary to other studies examining the effects of envi-
ronmental pollution on lichens where the mycobiont was damaged first (e.g. [24] [40]), we found that the myco-
biont vitality was affected at a minor level since respiration values of the treated samples were not reduced in the
same extent as the assimilation rates of the photobionts (see supplement data). Such diminished photosynthesis
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Figure 2. False colour pictures based on F,/F,, values of (a) Hypogymnia physodes before and (b) after treatment, (c)
Lobaria pulmonaria before and (d) after treatment, (e) Pseudevernia furfuracea before and (f) after treatment.

leads to starvation of the mycobiont and eventually to a metabolic breakdown of the entire lichen.
Possible factors influencing susceptibility of lichens to environmental pollutants might be the different cation
exchange capacities of lichen species [6] [40] [41], because the sensitivity decreases in correlation with the
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cation exchange capacity [42]. This would indicate that also charged particles or ions from diesel exhaust are
bound to the mycobiont cell walls and distributed by apoplastic transport to other parts of the thallus. This me-
chanism might play a role in this investigation too, but since results from the chlorophyll fluorescence and the
gas-exchange measurements suggest that mainly the algae were damaged, it is more likely that the algae were
directly taking up the pollutants in its aerosol form. This finding is in agreement with a study of Hauck (2010)
who confirmed that it is the identity of the photobiont that plays a key role in the lichens’ tolerance to an excess
supply of ammonium and nitrate [16]. Recent studies have demonstrated that environmental stressors act pri-
marily by inhibiting the repair of PSII where much energy is needed to restore photosynthesis function by a
wide range of mechanisms, like the re-synthesis of affected proteins such as the D1 protein of PSII [43] [44]. If
these repair mechanisms are impaired, photoinhibition will lead to a reduction of photosynthetic productivity
and the energy produced will not be sufficient to sustain cellular structures [38] [43] [44]. In our experiment this
diminished synthesis of ATP might also have been a limiting factor for the repair of PSII [38] [43] [45]. For
example, investigations using HNO; exposure showed a negative effect on several lichens species and the phy-
siological condition of especially sensitive lichens was affected dramatically [46] [47]. The data of these inves-
tigations are well comparable with our data, as a typical component of diesel exhaust is particle matter of NOy
which were shown by our investigations to impact significantly the photosynthesis process.

4. Conclusion

This study suggests that lichens are directly affected by diesel exhaust in concentrations similar to those of
rush-hour exposure events as observed at a motorway in Salzburg, Austria. The impact on the lichens became
apparent in reduced chlorophyll fluorescence values (F./F,, values) during diesel exhaust exposure. Additional
gas exchange measurements showed that also the net photosynthesis rates of the test samples were progressively
decreasing, while dark respiration was affected only to a minor extent, suggesting that the treatment had more
impact on the photobiont than on the mycobiont in the short term. This will also lead to a metabolic breakdown
of the whole lichen by starvation in the long term if the organism is damaged too much to restore the photosyn-
thetic activity. False colour imaging also revealed that older parts of the thallus are much more affected by the
treatment than younger parts. Since diesel exhaust is a complex mixture of substances in different phases (ga-
seous to fine particle matter), it is not clear which of the compounds account for this observed impact. But the
most striking finding of this study is that diesel exhaust treated samples could recover to some extent during
treatment-free periods, although they did not reach their initial capacities. The practical implications of these
results are that low-traffic periods could indeed be beneficial for the biodiversity in ecologically sensitive areas.
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Table S1. CO, gas exchange measurements of Hypogymnia physodes, Pseudevernia furfuracea, Xanthoria parietina, Usnea
filipendula, Peltigera praetextata, Lobaria pulmonaria. The abbreviations indicate the lichen names, specimen numbers and
references (ref).

CO, Gas exchange
[mg CO; g "-h’]

HypoO1 Pseudev03 Pseud0l XanthO1 Usnea02 Pelt02 Lob01
21.11.2011 15°C

without light 16 0.8 1.7 2.7 2.3 4.1 15
with light -1.3 -3.6 -3.3 -3.7 -8.9 6.7 -0.9
7.12.2011 15°C
without light 1.0 1.1 1.2 1.8 1.6 2.2 0.3
with light 0.1 0.3 -0.1 -1.0 -0.5 9.7 -0.1
15.12.2011 15°C
without light 0.5 13 0.6 12 1.0 1.9 0.1
with light 0.2 0.7 0.1 0.6 0.4 1.2 0.0

Hypo Hypo Pseud Pseud Xanth ~ Xanth  Usnea  Usnea  Pelt Pelt Lob Lob
07ref 08ref 07ref 08ref 08ref 09ref 05ref O6ref  O6ref O7ref 07ref 08ref

11.1.2012 15°C

without light 0.6 11 0.2 13 0.1 1.0 2.1 0.9 3.1 2.2 11 0.1
with light -0.1 -1.9 -0.4 -2.3 -0.5 -0.4 -2.2 -0.7 -109 -10.7 -50 5.0

3.2.2012 15°C

without light 0 0.7 0.2 1.0 0.4 0.5 11 0.6 5.2 31 2.0 14
with light -0.4 -15 -0.9 -13 -0.9 -1.0 -0.9 -1.3 28 47 42 48
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