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Both external and internal factors induce heterogeneity in senescing
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Abstract

Autumn senescence is characterized by spatial and temporal heterogeneity. We show that senescing
birch leaves possessed lower PSII activity (probed by the Fy/Fu chlorophyll a fluorescence
parameter) during late than during early autumn. We confirmed that PSII repair slows down with
decreasing temperature, while rates of photodamage and recovery, measured under laboratory
conditions at 20°C, were similar in these leaves. We propose that low temperatures during late
autumn hinder repair and lead to accumulation of non-functional PSII units in senescing leaves.
Next, fluorescence imaging of birch revealed that chlorophyll preferentially disappeared from inter-
veinal leaf areas. These areas showed no recovery capacity and low non-photochemical quenching
while green veinal areas of senescing leaves resembled green leaves. However, green and yellow
leaf areas showed similar values of photochemical quenching. Analyses of thylakoids isolated from
maple leaves revealed that red leaves contained high amounts of carotenoids and a-tocopherol, and
our calculations suggest that a-tocopherol was synthesized during autumn. Thylakoids isolated from
red maple leaves produced little singlet oxygen, probably due to the high antioxidant content.
However, the rate of PSII photodamage did not decrease. The data show that the heterogeneity of

senescing leaves must be taken into account to fully understand autumn senescence.
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Summary text: Often, autumn senescence does not proceed uniformly, as green pigments
(chlorophylls) disappear and red pigments (anthocyanins) appear unevenly along leaf blades of
senescing leaves of deciduous trees. We show that only green parts of senescing leaves show
efficient recovery from photodamage and that red parts contain high amounts of antioxidants and
thus, produce little harmful reactive oxygen species (singlet oxygen). To fully understand tree

physiology, the heterogenous nature of (autumn) senescence should be considered.
Introduction

During (autumn) senescence, plants degrade chlorophylls, proteins (including the complexes of the
photosynthetic electron transport chain) and other macromolecules. While senescence is a regulated
process (for reviews, see Kuai et al. 2018; Sasi et al. 2022), it is also an inhomogeneous process, as
chlorophyll degradation and other senescence-related phenomena do not often proceed uniformly,
neither in all leaves of a tree (Mattila et al. 2018; Kitao et al. 2022) nor within a single leaf (Dodge
1970; Keskitalo et al. 2005; Ruberti et al. 2014; Junker and Ensminger 2016). In silver birch
(Betula pendula), for example, cells close to veins typically retain chlorophyll longer than cells in
other leaf areas (Quirino et al. 2000; Mattila et al. 2021). A similar pattern was observed in
senescing tobacco (Nicotiana tabacum) leaves where the inter-veinal areas containing low amounts
of chlorophyll also showed low PSII activity and low expression of many photosynthesis genes
(Niewiadomska et al. 2009). However, some senescence-associated genes were upregulated (in
comparison to non-senescing leaves) even in the green veinal areas of senescing leaves

(Niewiadomska et al. 2009).

Senescing leaves of many species synthesize anthocyanins, which may protect the leaves from
excess light or from insect herbivory (Renner and Zohner 2019; Agati et al. 2021; Hughes et al.
2022; Lev-Yadun 2022) or provide a sink for carbon skeletons produced at the last phase of
senescence (Mattila and Tyystjarvi 2023). Anthocyanins typically accumulate heterogeneously, too,
both between and within leaves (Anderson and Ryser 2015; Kitao et al. 2022; Mattila and
Tyystjarvi 2023). Some of the variation may originate from different light environments of leaves
(Garcia-Plazaola et al. 2003; Anderson and Ryser 2015; Kitao et al. 2022). In addition, differences
in the translocation capacity of nutrients or photosynthates may explain the variability (Lihavainen

et al. 2021; Mattila and Tyystjarvi 2023).
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It has been suggested that the degradation of photosynthetic complexes promotes production of
reactive oxygen species in the chloroplasts of senescing leaves (Cheeseman 2009; Shi et al. 2012;
Krieger-Liszkay et al. 2019; Mattila et al. 2021). In addition, senescing leaves, as well as other
leaves with low chlorophyll content, experience faster photoinhibition (light-induced irreversible
damage to Photosystem II (PSII); see Tyystjarvi 2013) than greener leaves (Pitsikké et al. 2002;
Mattila et al. 2021; Serédio and Campbell 2021). Nevertheless, photosynthesis functions
remarkably well in senescing leaves until almost all chlorophyll has been degraded, using the
remaining complexes of the electron transport machinery (Keskitalo et al. 2005; Rantala et al.
2023). For a comparison, prematurely bleached summer leaves of a maple (Acer saccharinum)
exhibit much lower PSII activities (Uzarevi¢ ef al. 2011) than normally senescing leaves with a

similar, low chlorophyll content (Moy et al. 2015).

Here, spatial and temporal heterogeneity of autumnal senescence was studied in leaves of deciduous
trees. First, we investigated if the advancement of autumn affects photoinhibition or repair in
senescing birch leaves. Then, chlorophyll a fluorescence imaging was used to further study these
processes in differently coloured (green and yellow) areas of senescing leaves. In addition, to
compare yellow and red (anthocyanic) leaf areas, also maple leaves were used. Finally, thylakoids
were isolated from green, yellow and red maple leaves, to study photoinhibition in optically similar
samples and to measure pigment compositions as well as production of reactive oxygen species. We
show that both environmental factors (temperature) and internal factors (protective pigments) affect

senescing leaves’ capacities to protect themselves from high light.
Materials and methods
Plant material

Silver birch or downy birch (B. pendula Roth. and Betula pubescens Ehrh., respectively) and
Norway maple (Acer platanoides L.) leaves were collected on 26/5/2020-21/10/2020, 15/7/2021,
24/9/2021-9/10/2021, 3/10/2022-3/11/2022 and 20-27/9/2023 from the height of 1-2 m, from trees
growing in small city parks (Turku, Finland). Measurements and treatments on the leaves were then

conducted in laboratory conditions on the collection day, unless otherwise mentioned.

Thylakoid membranes were isolated from dark-acclimated (> 30 min) maple leaves as follows;
main veins were removed and the rest of the leaf material was ground in a blender for about 10 s (at
4 °C), after which the isolation was further conducted as described by Hakala et al. (2005).
Thylakoids were stored at -75 °C in storage buffer consisting of 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES; pH 7.4), 0.5 M sorbitol, 10 mM MgCl,, and 5 mM NaCl.

3



92

93
94
95
96
97
98

99
100
101
102
103

104
105

106
107

108
109
110
111
112
113
114
115
116

117

118
119
120
121
122

Measurements of chlorophylls, carotenoids and a-tocopherol

Leaf chlorophyll contents were measured with an optical SPAD method (MultispeQ v1, PhotosynQ
Inc., USA; see Hunt and Daughtry 2014). To calibrate the optical measurements, chlorophylls a and
b were extracted in dimethylformamide (DMF) in darkness at 4 °C for 4-10 days, until the leaf disc
(d = 6 mm) was completely bleached. After the extraction, chlorophylls were quantified
spectrophotometrically (Porra et al. 1989) and the results were compared with the optical SPAD

measurements from the same leaves.

Chlorophyll values measured with MultispeQ showed a curvilinear response to chlorophyll content
measured with extraction in DMF (Fig. S1). The response also slightly differed between birch and
maple (Fig. S1). To convert the optical SPAD values to pg chlorophylls a and » cm?, the following
polynomial equations (intercept = 0) were obtained after fitting the data points in Microsoft excel

(Fig. S1):

Chlorophyll a + b content in birch leaves, pg cm™ = MultispeQ value® x 0.0343 - MultispeQ value x
0.1507

Chlorophyll a + b content in maple leaves, ug cm™ = MultispeQ value® x 0.0226 + MultispeQ value
x 0.0345

Chlorophylls a and b and total carotenoid contents of thylakoid suspensions were measured after
extraction (= 10 min) in 80 % acetone (buffered with HEPES to pH 7.4) according to Porra et al.
(1989) and Wellburn (1994), respectively. In addition, chlorophylls, different carotenoid species
and a-tocopherol were measured from thylakoids, dissolved in methanol, with a 1100 series high
performance liquid chromatography (HPLC) system (Agilent Technologies, Palo Alto, CA), as
described in Lehtiméki et al. (2011). Chlorophylls and carotenoids were identified by their spectra
and quantified according to the peak area. Chlorophyll quantification was verified by the above-
described spectroscopy method (Porra ef al. 1989). a-tocopherol was identified and quantified with
a standard (a-tocopherol, > 96%; Sigma-Aldrich).

Illumination treatments

Leaves were illuminated with a sunlight simulator (SLHolland) with the photosynthetic photon flux
density (PPFD) of 1300-2000 umol m?s” for one to four hours, as indicated. During the
illumination, leaves were kept on a wet paper placed on a temperature-controlled metal block (set to
20 °C). After the illumination, leaves were let to recover for 4-14 h, as indicated, at room

temperature or on a temperature-controlled metal block (set to 5 or 12 °C) under low light (PPFD
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10-20 umol m? s™") on a wet paper. Before and after the illumination, and after the recovery, leaves
were dark-acclimated at room temperature, after which chlorophyll a fluorescence was measured

(see below).

Thylakoids (50 pg chlorophyll ml™") were suspended in 27 pl (3 mm light path; in the case of singlet
oxygen measurements; see below) or in 100 pl (1 cm light path; in the case of photoinhibition
measurements; see below) of the storage buffer and illuminated (PPFD 2000 pmol m™ s™) for 10—
30 min, as indicated, at 20 °C. For photoinhibition experiments, thylakoids were illuminated with
the sunlight simulator and for singlet oxygen measurements, with red light (obtained with a 650 nm
long pass filter LL650; Corion, USA). In both the cases, thylakoid suspensions were regularly

mixed during the illumination.
Chlorophyll a fluorescence

(Fm-Fo)/Fm = Fv/Fu was measured with FluorPen (Photon System Instruments, Czech Republic) or
with Open FluorCam FC 800-0O/2504 (Photon Systems Instrument), after at least 30 min (leaves) or
5 min (thylakoids) in the dark. (Fu'-Fo')/Fu' = Fyv'/Fu' was measured with MultispeQ (PhotosynQ)

under darkness, after 30 min in the dark.

Fluorescence imaging was performed with Open FluorCam FC 800-O/2504 (Photon Systems
Instrument), as follows. Always before the imaging, leaves were kept in darkness for at least 30
min. The measurement protocol started with a measurement of the Fo fluorescence level (only the
low-intensity measuring flashes on; flash duration: 10 ps) after which a saturating flash (800 ms;
photosynthetic photon flux density (PPFD) > 2500 umol m™ s') was fired to measure Fy, to
calculate Fyv/Fy. Then red actinic light was switched on (PPFD ~265 or ~235 pmol m™ s for birch
and maple leaves, respectively). Seven saturating flashes were fired during the actinic illumination
and three more after the actinic light was switched off, to follow photochemical quenching qL=
(FmM'—F)/(FM' — Fo')x(Fo'/F) where Fo' = 1/(1/Fo — 1/Fu + 1/F\'), according to Oxborough and Baker
(1997) and Kramer et al. (2004) and non-photochemical quenching NPQ = (Fy—Fu')/Fu'.

For quantitative analyses of the fluorescence images, background (including holes and leaf areas
containing no chlorophyll) was first manually excluded. In the case of senescing birch leaves, two
separate leaf areas (areas close to the main veins and areas between the veins; Fig. S2) were
defined. In the case of senescing maple leaves, up to nine circular areas (d = ~1 cm) were manually
selected from each leaf and annotated as green, yellow or red, based on visual estimation. Careful

visual inspection was done to target the same areas for analysis (as each leaf was imaged three
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times; before and after the light treatment and after recovery). Fluorescence yields and parameter

values were averaged over the defined areas.

In the case of thylakoids, photoinhibition was quantified by calculating its rate constant in
SigmaPlot (SYSTAT) by fitting the decrease in the Fv/Fy parameter value to the first-order reaction
equation. The final rate constant of photoinhibition (kp) was achieved by calculating the rate
constants of PSII inactivation separately in the light (kueur) and in the dark (kpark) and by

subtracting the values of kpark from the values of kyigur.
Oxygen evolution

The maximum rates of oxygen evolution of PSII were measured from thylakoid suspensions (10 pg
chlorophyll ml™") at 20 °C with an oxygen electrode (Hansatech; UK) in saturating white light
(PPFD > 2000 umol m? s') in the presence of an electron acceptor (0.5 mM 2.,6-
dimethylbenzoquinone), otherwise as described by Hakala ez al. (2005).

Measurements of singlet oxygen

Thylakoid suspensions were diluted with the storage buffer (50 pg chlorophyll ml™) and illuminated
at 20 °C for 10 min with red light (PPFD 2000 umol m™ s™) in the presence of 5 uM Singlet oxygen
sensor green (SOSG; Invitrogen). Before and after the illumination, SOSG fluorescence, excited
with 500 nm light (full width at half maximum 10 nm), was measured with a QEPro spectrometer
(Ocean Insights). Quantification was done by integrating the signal at 529—532 nm, and subtracting

the signal obtained before the illumination.

Weather data

Weather data were obtained from the Finnish Meteorological Institute.
Statistical tests and figures

Leaves (n > 3) were collected from three or four individual trees, except for Fig. 1c—e, in which
case they were collected from a single tree. Three separate isolations of thylakoids were conducted,
each one with leaves collected from a different tree, except in the case of a-tocopherol analysis, in
which case only two isolations (4 replicates) were used. In the case of spring thylakoids, only one
isolation (4 replicates) was done. T-tests (heteroscedastic) were calculated in Microsoft Excel.
Statistically significant differences are indicated in the respective figures with asterisks; P < 0.05 =

*, P<0.01 =**and P <0.001 = ***, Figures were prepared with SigmaPlot (SYSTAT).

Results
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Fv/Fm values were low in senescing birch leaves during late autumn

Birch leaves were collected from outdoors-grown trees during spring, summer and autumn and their
PSII activities were probed by the Fy/Fy fluorescence parameter, measured after 30 min dark-
acclimation. In general, the Fyv/Fu values stayed high (> 0.7) even in leaves with low chlorophyll
content (i.e. in young and senescing leaves), however, leaves collected during late autumn showed

low (< 0.6) Fy/Fy values (Fig. 1a).

To see if the Fv/Fy values were low during late autumn because senescing leaves become more
vulnerable to the damaging reaction of PSII photoinhibition or because their capacity to repair PSII
decreases towards the end of autumn, green and senescing leaves were collected from a single
senescing birch tree at four different dates during autumn. The dates were chosen so that the leaves
were collected when the tree was mainly green and just started to senesce, at the middle of
senescence (before and after a cold period) and when the tree had dropped almost all of its leaves
(Figs. 1b and S3). Senescing leaves were selected so that all leaves within one type of sample had,
on the average, a similar chlorophyll content (Fig. 1c) and thus, were at the same phase of
senescence. The average chlorophyll content of the green leaves decreased when autumn progressed
(Fig. 1c), presumably because the number of leaves that had not yet started to senesce was
decreasing. The observation that senescing leaves showed lower Fv/Fy values when they were
collected later during the autumn (even though having the same chlorophyll contents) was

confirmed (Fig. 1a,d).

Leaves were then given a high light treatment after which they were let to recover few hours under
low light, at room temperature (20 °C). Unsurprisingly, green leaves were photoinhibited to a lesser
degree than senescing leaves and also recovered better (almost to 100 % of control values; Fig. 1e).
When all individual photoinhibition measurements were plotted against the chlorophyll contents of
the leaves, it could be seen that the high-light-induced decline in the Fy/Fy values increased
curvilinearly with decreasing chlorophyll content of the leaf (Fig. S4). However, the collection date
had no effect on the extent of photoinhibition or on the subsequent recovery in low light in
senescing leaves (Fig. le). In the green leaves collected at the last date, recovery was slightly
slower, compared to other green leaves, but this was likely due to the low chlorophyll content of

this group (Fig. 1c,e).

Senescing leaves collected after a cold period showed the lowest Fv/Fy values (prior the high light
treatment) (Fig. 1b,d). Therefore, the effect of temperature on the recovery was tested. For this,

leaves were illuminated at 20 °C, as previously, but then let to recover at 5, 12 or 20 °C (Fig. 1f-h).
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The amount of recovery obtained decreased with decreasing temperature (Fig. 1g). Still, even at 5
°C, green and senescing leaves could repair 50 % and 30 % of the damage, respectively (Fig. 1h).

The temperature response of recovery was similar in green and senescing leaves (Fig. 1h).
In birch, leaf areas close to veins senesced last

The experiments described above showed Fy/Fu values measured with a conventional fluorometer,
which averages the signal over a certain leaf area. However, senescing birch leaves do not turn
uniformly from green to yellow, but areas close to main veins typically stay green longer than other
areas (Fig. 2a). To take the heterogeneous nature of senescence into account, fluorescence imaging
was performed (Fig. 2b—m). In addition, after an initial Fy/Fy measurement, an actinic light of
moderate intensity (PPFD ~265 umol m™ s) was switched on for several minutes to record NPQ
(non-photochemical quenching) and qL (photochemical quenching) (Fig. S5). Green leaves
produced relatively even fluorescence images and heterogeneity in the fluorescence signal was not
systematically related to a particular position within the leaf (Fig. 2b—c; for quantification, see Fig.
2n). In senescing leaves, on the contrary, the greenest areas close to main veins emitted more
fluorescence than the yellower areas between veins (Fig. 2d—e,n). Similarly as above (Fig. 1), Fv/Fu
values, when averaged over a whole senescing leaf, were lower (0.67) in senescing leaves than in
green leaves (0.79). However, Fv/Fy values in the green areas of senescing leaves (0.73) were fairly
close to the values of green leaves. On the other hand, Fv/Fy values in the yellow areas of senescing

leaves were low (0.60).

Next, leaves were given a high-light treatment, after which the fluorescence imaging was repeated.
Clear decreases in the Fy and Fyv/Fy values were observed in both green and senescing leaves (Fig.
2f—i). Again, the high-light-induced decline of the Fy/Fyu parameter value was smaller in green
leaves (to 72 % of the control value) than in senescing leaves (to 52 % of the control value; Fig. 2n).
Fv/Fu values of the green parts of yellow leaves decreased less (to 59 % of the control value) than
those of the yellow parts (to 42 % of the control; Fig. 2n). Here, the difference between green and
senescing leaves was bigger than in Fig. 1, presumably due to the lower chlorophyll content of the

senescing leaves used in Fig. 2 (according to a visual estimation).

After the leaves were let to recover, Fyv/Fy values of green leaves returned to 90 % of the initial
values (Fig. 2j—k,n). Senescing leaves recovered heterogeneously; while Fy/Fy values in the green
areas near veins recovered to 75 % of the initial values, Fv/Fy values in the yellow areas between
veins recovered only marginally (Fig. 2l-m,n). Accordingly, fluorescence seemed to diminish

especially from leaf areas between veins, most clearly seen in the images of the Fy values (Fig. 21—
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m). On the contrary, unequal recovery was seen in green leaves only in the areas close to the edges

which were often visually damaged already before the illumination (Fig. 2a,j—k).

In general, senescing leaves induced less NPQ (during the actinic illumination) than green leaves,
and the difference was more pronounced in the yellow areas between veins than in the green vein
areas (Fig. 2n). After the high light treatment, less NPQ was induced (except in green leaves when
measured after 1.1 min of illumination with the actinic light). After the recovery, NPQ measured
after 1.1 min and 3.6 min of the actinic illumination behaved differently; the early NPQ induction
further diminished whereas NPQ at the later time point again increased (Fig. 2n). Photochemical
quenching increased after the high light treatment and decreased after the recovery, with no

apparent differences between green and senescing leaves (Fig. 2n).
Green sections of senescing maple leaves behaved very similarly as fully green leaves

Chlorophyll degradation is not the only visually observable heterogenous process in autumn
senescence; also red pigments may accumulate unevenly in senescing leaves. Thus, fluorescence
imaging was next performed on green and senescing maple leaves, the latter ones containing green,
red and yellow sections (Figs. 3a—b and S6). Before the high light treatment, Fy/Fy values of green
sections of senescing leaves were only slightly lower (0.75) than those of fully green leaves (0.76)
while Fy/Fy values of yellow and red sections of senescing leaves were 0.67 and 0.64, respectively

(Fig. 3c—n, for quantification, see Fig. 30).

Similarly as in birch leaves, the high-light-induced decrease in Fv/Fy values was much stronger in
those parts of senescing maple leaves that had a low chlorophyll content (i.e. red and yellow parts)
than in green parts or in fully green maple leaves (Fig. 30). Furthermore, Fy/Fu values of green
leaves and green sections of senescing leaves recovered completely from the high light treatment
during the recovery period (Fig. 30), whereas Fv/Fu values of the yellow and red sections of
senescing leaves recovered much less (Fig. 30). In general, only small differences were observed

between red and yellow sections of senescing maple leaves (Figs. 3).

NPQ and qL behaved quite similarly in maple as in birch; the high light treatment caused a decrease
in NPQ induction under the moderate actinic light, and this decrease in NPQ capacity recovered
only at the later measurement point (after 3.6 min of actinic illumination). Also qL increased and
decreased due to the high light treatment and recovery, respectively (Fig. 30). Like in birch, NPQ
was low in senescing maple leaves while qL was not much affected (Fig. 30). NPQ and qL behaved

similarly in red and yellow sections of senescing maple leaves.
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Red senescing maple leaves contained more a-tocopherol and carotenoids than yellow or

green leaves

To further study the possible differences of red and yellow senescing maple leaves, thylakoids were
isolated from fully green maple leaves, and from red and yellow senescing leaves (see Table 1). All
thylakoids were functional, as indicated by reasonable rates of PSII oxygen evolution, measured on
chlorophyll basis (Fig. S7). Thylakoids isolated from senescing leaves, especially those isolated
from red leaves, contained more a-tocopherol and carotenoids (normalized to chlorophyll content)
than thylakoids isolated from green leaves (Fig. 4a—b). Most of the carotenoid species that increased
in senescing leaves could not be identified (Fig. 4c; Table S1); of the recognized carotenoids, the
xanthophyll cycle pigments (violaxanthin, antheraxanthin and zeaxanthin) as well as lutein and
neoxanthin increased significantly only in thylakoids isolated from red senescing leaves (Fig. 4d).
Zeaxanthin was not abundant in any of the thylakoids, which is expected as the leaves were kept in

darkness before the thylakoid isolation.

To test the effects of the different amounts of tocopherols and carotenoids on photoinhibition,
thylakoids were illuminated with high light. Thylakoids isolated from red senescing leaves
produced the least singlet oxygen of all the thylakoids, and thylakoids isolated from green leaves
the most (Fig. 4e). Next, PSII activity was estimated with the Fy/Fy parameter (measured after a
short dark-acclimation; Fig. 4f) and photoinhibition was quantified by fitting the light-induced
decline in the Fyv/Fy values to a first-order reaction equation. The differences in the rate constants
were not very big but, in any case,, thylakoids isolated from yellow senescing leaves exhibited
slower photoinhibition, when dark-inactivation was taken into account, than thylakoids isolated
from green or red leaves (Table 1). In all measurements, thylakoids isolated from green summer
leaves resembled those of autumn green leaves but because the results from summer leaves are

based on only one thylakoid isolation, no further analyses were performed.
Discussion

Usually, (autumn) senescence is not a homogenous process. Chlorophyll degradation may not begin
at the same time in all leaves of a plant (Mattila er al. 2018) and different leaves often show
different colours (Anderson and Ryser 2015; Mattila and Tyystjarvi 2023). Furthermore, senescence
can proceed in a non-uniform manner also within a single leaf (Keskitalo et al. 2005;
Niewiadomska et al. 2009). The heterogenous nature of senescence has received surprisingly little

attention. Thus, we utilized fluorescence imaging, as well as other means, to investigate the reasons

10
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and consequences for temporal and spatial heterogeneity in naturally senescing birch and maple

leaves.
Fluorescence imaging reveals the heterogeneity of senescence

Some of the processes studied here, like the repair of PSII damage and induction of NPQ, differed
between senescing and non-senescing leaves, as well as between green and yellow (or red) parts of
a senescing leaf. Other parameters, like photochemical quenching, varied less (Figs. 2-3). These
findings are in line with those of Niewiadomska et al. (2009) who observed that some senescence-
associated genes were upregulated (when compared to non-senescing leaves) in all parts of a
senescing leaf while expression of other genes greatly differed between green and yellow areas of
senescing leaves. Thus, senescence may be initiated over the whole leaf but proceeds at different

rates in different parts of the leaf.

The observed high photochemical quenching in senescing leaves likely reflects the need to keep
photosynthesis going on, in order to produce energy for nutrient resorption. In birch, main veins and
cells close to them retain chlorophyll longer than other leaf areas (Quirino et al. 2000; Fig. 2a), a
common senescence strategy also in other species (e.g. Wingler et al. 2005; Niewiadomska et al.
2009; Wojciechowska et al. 2018; Dani et al. 2022), which may help to ensure efficient nutrient
resorption. However, a different strategy is utilized by maple, as well as by some other species (e.g.
Keskitalo et al. 2005), suggesting that there are multiple viable ways to senesce (see also Krupinska
et al. 2012). An increase in photochemical quenching, observed in all leaves after a high-light
treatment (Figs. 2-3), may be an indication of an oxidized plastoquinone pool, resulting from

reduced amount of functional PSII units.

In both maple and birch, the Fo values measured from green and senescing leaves were similar
(Figs. 2-3), despite the latter ones having much lower chlorophyll contents. While the PSII antenna
(LHCII) may partly stay undegraded until late senescence, PSII-LHCII-supercomplexes disappear
early during autumn senescence in maple (Moy et al. 2015; Rantala et al. 2023). This might suggest
that the detachment of PSII antenna increases the Fo and Fy fluorescence yields and thereby lowers
the Fv/Fu values of senescing leaves. However, 77K chlorophyll fluorescence spectrum (reflecting
the antenna compositions of PSII and PSI) measured from ground birch leaves did not show an
increase in 680 nm emission in senescing leaves (Mattila ef al. 2021), indicating that if senescence
leads to detachment of antenna complexes from the reaction centres, the detached complexes have a

low fluorescence yield. On the other hand, the decreased recovery capacity of senescing leaves, as
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compared to that of green leaves (Figs. 1-3), may lead to net photoinhibition, possibly increasing

the Fo level and, consequently, decreasing Fv/Fu.

Here, senescing leaves showed low NPQ (Figs. 2-3), an observation made also in earlier studies of
deciduous (Junker and Ensminger 2016; Mattila et al. 2021; Rantala et al. 2023) and also other
species (e.g. Wingler et al. 2004). Low content of PSII and/or (functional) PSII antenna in
senescing leaves (Lepedus et al. 2010; Moy et al. 2015; Rantala et al. 2023) may explain the
results. On the other hand, NPQ may also increase during autumn senescence (Mattila and
Tyystjarvi 2023). Also here, NPQ, if measured right after switching on an actinic light (at 1.1 min),
was high especially in senescing birch leaves (Fig. 2). Accordingly, Wingler et al. (2004), who also
generally observed low NPQ in senescing leaves of Arabidopsis thaliana, reported that some parts
of senescing leaves showed high levels of NPQ. Furthermore, the high light treatment and the
subsequent recovery affected NPQ differently, if the NPQ was measured after 1.1 min of an actinic
illumination or after 3.6 min; at the later time-point NPQ decreased after high light and then again
increased while NPQ at the earlier time-point further decreased after the recovery (Figs. 2-3). At
least part of the decrease after high light may be explained by increased photoinhibitory quenching.
Accordingly, in senescing leaves in which recovery from photoinhibition was also weak, NPQ
recovered after a low light recovery period only little or not at all. As similar behaviour was not
observed at the early NPQ time-point, part of the decrease may also originate from regulation of
NPQ. To conclude, the NPQ capacity of senescing leaves is difficult to judge because NPQ capacity

may vary both spatially and temporally (during a short-term illumination).

Previous measurements from deciduous species show a decrease in total amounts of the xanthophyll
pigments during autumn senescence, while the proportion of zeaxanthin is generally high (Garcia-
Plazaola et al. 2003). It has been proposed that NPQ and anthocyanin accumulation present
compensatory strategies against high light stress (Cooney et al. 2018; Yu et al. 2021). Accordingly,
Moy et al. (2015) observed an increase in the amount of the PsbS protein in oak and suggested that
the yellow-senescing oak relies on NPQ while the red-senescing sugar maple (Acer saccharum)
relies on anthocyanin synthesis. Also, the reddest species (Cornus sanguinea) studied by Garcia-
Plazaola et al. (2003) did not show an upregulation of zeaxanthin that was observed in all other
studied species. Here, NPQ did not increase in senescing maple leaves (capable of synthetizing
anthocyanins during autumn) in the early measurement point (at 1.1 min after switching on an
actinic light) as it did in birch (which does not turn red during autumn) (Figs. 2-3). Unfortunately, it
1s not known whether the PsbS protein or zeaxanthin are upregulated during autumn senescence in

birch. However, we observed an increase in xanthophyll pigments (on chlorophyll basis; Fig. 4c—d;
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Table S1) in red senescing leaves of maple but not in yellow senescing leaves. Furthermore, despite
differences in xanthophyll pigments, no difference was observed in NPQ between yellow and red
parts of senescing leaves. Previously, we have observed more NPQ (as well as other stress
symptoms, such as low Fv/Fy values) in red maple leaves than in yellow maple leaves (Mattila and
Tyystjarvi 2023). Also here, the red maple leaves showed lower Fv/Fy values than yellow leaves
(Fig. 3; Table 1). It should be noted, however, that the red leaves used here contained less
chlorophyll than yellow leaves (Table 1), which may have exaggerated the differences, as the Fv/Fu
values tend to further decrease when senescence proceeds. Low Fv/Fy values have been observed
also in other species with red leaves (Nikiforou et al. 2011). To conclude, an inverse relationship

between anthocyanins and NPQ does not seem to be a universal phenomenon in autumn leaves.

High carotenoid and a-tocopherol content lower the production of reactive oxygen species in

red senescing maple leaves

Thylakoids isolated from senescing maple leaves, especially those isolated from red leaves,
contained more a-tocopherol and carotenoids than thylakoids isolated from green leaves (Fig. 4a,b).
Here, the antioxidants were quantified on chlorophyll basis, and therefore, it is unclear if the
antioxidants increased in senescing leaves, or if their degradation was just slower than that of
chlorophyll. Chlorophyll contents of yellow and red senescing leaves, used for the thylakoid
isolation, were ~30% and ~20% of that of green leaves (Table 1). Assuming a similar original
chlorophyll content, senescing yellow and red leaves contained ~60% and ~75% of their original
carotenoid contents, respectively, and ~80% and ~130% of their original o-tocopherol content,
respectively. Based on this estimation, only a-tocopherol in red leaves increased during senescence.
The calculation agrees with previous literature, as slow degradation of carotenoids (compared to
degradation of chlorophyll) has been observed in several deciduous species during autumn
senescence while synthesis of tocopherols, especially during early senescence, has been reported
(Rise et al. 1989; Garcia-Plazaola et al. 2003; Szymanska and Kruk 2008; Junker and Ensminger
2016). The high tocopherol content of senescing leaves (Szymanska and Kruk 2008) speaks for the

importance of tocopherols for these leaves.

Carotenoids and tocopherols are efficient quenchers and scavengers of singlet oxygen (for a review,
see Khorobrykh ef al. 2020) and thus, we suggest that the low singlet oxygen production in
thylakoids isolated from red senescing leaves (Fig. 4e) was due to the high content of carotenoids
and a-tocopherol (Fig. 4a,b). In addition, tocopherols can scavenge lipid radicals (Mesa and Munné-
Bosch 2023), which may explain the previously detected low amounts of carbon-centered radicals
in thylakoids isolated from senescing maple leaves (Rantala et al. 2023). Based on our present and
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previous results (Fig. 4e; Rantala ef al. 2023), it can be speculated that thylakoids of senescing
leaves are not a significant source of reactive oxygen species during autumn senescence of maple.
However, that might still be the case in different species or in different types of senescence
(Springer et al. 2015; Krieger-Liszkay et al. 2015). It should be also noted that the photosynthetic
electron transport chain remains highly reduced in isolated thylakoids during an illumination
treatment, due to lack of electron sinks (e.g. carbon fixation) and, consequently, the production rates
of reactive oxygen species may differ between isolated thylakoids and intact leaves (e.g. Mattila et

al. 2020; 2023).

Despite the high antioxidant content, thylakoids isolated from senescing leaves were photoinhibited
at similar rates as thylakoids isolated from green leaves (Fig. 4f). Similarly, even though singlet
oxygen may be important in photoinhibition of PSII (e.g. Vass 2012; Davis ef al. 2016; Mattila et
al. 2023), addition of antioxidants does not always protect isolated thylakoids from photodamage
(Mattila et al. 2023). Furthermore, the reduction state of the photosynthetic electron transport chain
does not seem to determine the rate of the damaging reaction of photoinhibition (Hakala et al. 2005;
Mattila et al. 2023); the presence of an artificial electron acceptor during illumination of isolated
thylakoid membranes has even been shown to slightly boost photoinhibition instead of offering
protection (Hakala et al. 2005). The present data show that thylakoids isolated from senescing
leaves are not intrinsically more vulnerable against PSII photodamage than those of green leaves
(Fig. 41), but the high rates of photoinhibition observed in senescing leaves (Figs. 1-3; Mattila et al.
2021) may indeed derive from the low chlorophyll content of these leaves (Fig. S4; Pétsikké et al.
2002; Serodio and Campbell 2021).

Isolated thylakoids possess no recovery capacity. In A. thaliana leaves, removal of singlet oxygen
improves recovery, especially in a tocopherol-less mutant (Hakala-Yatkin et al. 2011). Here, we
observed no significant differences in the recovery capacity between yellow and red leaf sections of
senescing maple (Fig. 3) but, previously, senescing leaves of a highly pigmented garden maple
showed very poor recovery (Rantala ef al. 2023). Thus, the connection between antioxidants and

recovery from PSII damage requires further studies in senescing leaves.

Slow repair of PSII at low temperatures may explain low Fv/Fy values during late autumn in

senescing birch leaves

Fv/Fu values of senescing birch leaves collected during early autumn were higher than those
measured from leaves with a similar chlorophyll content (indicating a similar phase of senescence)

but collected during late autumn (Fig. la,d). Net photoinhibition is determined by the balance
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between the rates of the damage and the repair (for reviews, see Murata et al. 2007; Tyystjérvi
2013) and thus, the observed chronic photoinhibition in these leaves may derive either from an
increased rate of the damaging reaction or from a decreased rate of the repair reactions. Leaves
collected from a single tree at different times during the autumn were photoinhibited at a similar
rate and also possessed similar recovery capacities, at laboratory conditions (Fig. 1c—e). However,
repair clearly slowed down when temperature was lowered (Fig. 1f~h). Indeed, synthesis of the new
D1-protein is known to slow down at low temperatures (Greer et al. 1986; Grennan and Ort 2007).
The rate of the damaging reaction of photoinhibition, on the other hand, has been shown to decrease
with decreasing temperature (Mattila et al. 2020; Mattila et al. 2023). Weather during late autumn is
usually colder than during early autumn (e.g. Fig. 1b) and therefore, we suggest that low
temperatures during late autumn slow down the repair reactions, which leads to an accumulation of
non-functional PSII units in senescing leaves. Previously, we observed large, reversible drops in
PSII functionality after cold (below-zero) nights during autumn, both in senescing and green maple
leaves (Mattila and Tyystjarvi 2023); inhibition of the repair reactions by low temperatures may

explain also these observations.

Senescing leaves have also previously been shown to recover from photoinhibition, albeit weakly
(Mattila et al. 2021; Mattila and Tyystjarvi 2023). The fluorescence imaging revealed that only the
green parts of senescing birch leaves recovered (Fig. 2). Similarly, some areas in senescing maple
leaves showed no recovery (see Fig. 3n), although in general more recovery was observed in
senescing maple than in senescing birch. Senescence of a leaf lasts from one to two weeks (Mattila
et al. 2018; Mattila and Tyystjarvi 2023), but it is not known, to our knowledge, for how long it
takes for a cell or a chloroplast to senesce. It can be speculated, therefore, that the recovery
observed in senescing leaves derives only from those cells that have not yet started to senesce, but

further studies are needed to test this hypothesis.
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624  Figure 1. PSII activity and photoinhibition in birch leaves collected during spring, summer and
625 autumn. (a) Fv/Fu values measured from leaves with different chlorophyll contents, collected on
626 27/5/2020 (May), 25/6/2020 (June), 28/7/2020 (July), 1/9/2020 (September I), 14/9/2020
627 (September II), 23/9/2020 (September III), 13/10/2020 (October I) and 20/10/2020 (October II).
628 The symbols represent individual measurements on leaves, collected from three individual trees. (b)
629 Daily maximum (red circles) and minimum (blue circles) temperatures during autumn 2022. The

630 arrows highlight the collection dates for the leaves used in (c—e); 3/10/2022 (early), 22/10/2022
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(middle), 25/10/2022 (middle, cold) and 3/11/2022 (late). (c) Chlorophyll contents, (d) control
Fv/Fum values and (e) Fv/Fu values (as percentages of the control) after 1 h of high light (HL; PPFD
2000 umol m? s™) and after 4 h of recovery (Rec; PPFD ~15 pmol m? s™) both at 20°C, of non-
senescing (green) and senescing (yellow) leaves, collected during early, middle (before and after a
cold night) and late phases of autumn senescence from a single tree (see Fig. S3). (f) Chlorophyll
contents and (g) Fv/Fu values (as percentages of the control) after 1 h of high light (at 20°C, PPFD
2000 umol m™ s™) and after 4 h of recovery (PPFD ~15 umol m™ s™) at the indicated temperatures
(5, 12 or 20°C) of non-senescing (green) and senescing (yellow) leaves, collected on 20-26/9/2023.
(h) Percentage of the photoinhibition (decrease in Fy/Fy after high light) that was recovered,
calculated based on (g), as a function of recovery temperature. Fy/Fyu values have been measured
after 30 min in darkness (at 20°C). Bars represent average values and error bars SD, calculated
based on 3—4 (green) or 4-12 (yellow) measurements on individual leaves, collected from at least
three individual trees, except in (c—e) where the leaves are from a single tree. Statistically

significant differences between the indicated groups are highlighted with asterisks.
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Figure 2. Chlorophyll a fluorescence imaging on non-senescing (green) and senescing (yellow)

birch leaves, collected on 14/10/2020. (a) A photograph of the leaves. (b—m) Examples of false-

coloured, otherwise untreated, fluorescence images taken from dark-acclimated (> 30 min) leaves;

maximal fluorescence Fu (b, d, f, h, j, I) and the fluorescence parameter Fv/Fy (c, e, g, 1, k, m).
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Scale bars are in the right. After the first fluorescence imaging (Control; b—e), green leaves were
illuminated for 4 h and yellow leaves for 2 h (PPFD 1300 umol m™ s™), dark-acclimated (> 30 min)
and re-imaged (High light; f—1). Finally, leaves were let to recover over-night (14 h) under low light
(PPFD ~10 pmol m? s'), dark-acclimated (> 30 min) and imaged again (Recovery; j—m). (n)
Quantification of the measurements. In the case of yellow leaves, in addition to the fluorescence
values averaged over the whole leaf, leaf parts close to main veins and leaf parts between veins
were analysed separately (see Fig. S2). Fo = minimum fluorescence. qL and NPQ were calculated
after illuminating the leaves with an actinic light (red light of PPFD ~265 umol m™ s™) and firing
additional saturating pulses at the indicated times. Ctl = Control, HL = After high light, Rec = After
recovery. Bars show averages and error bars show SD, calculated based on imaging of four

individual leaves collected from four trees. See Fig. S5 for the original fluorescence traces.
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Figure 3. Chlorophyll a fluorescence imaging on non-senescing (green) and senescing (containing
green, red and yellow sections) maple leaves, collected on 12—-19/10/2020. (a—b) Examples of the
leaves. (c—n) Examples of false-coloured, otherwise untreated, fluorescence images taken from
dark-acclimated (> 30 min) leaves; maximal fluorescence Fu (c, e, g, 1, k, m) and the fluorescence
parameter Fyv/Fy (d, f, h, j, 1, n). Scale bars are in the right. After the first fluorescence imaging
(Control; ¢—f), leaves were illuminated for 2 h (PPFD 1300 pmol m? s™), dark-acclimated (> 30

min) and re-imaged (High light; g—j). Finally, leaves were let to recover over-night (14 h) under low
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light (PPFD ~10 pmol m™ s™), dark-acclimated (> 30 min) and imaged again (Recovery; k-n). (0)
Quantification of the measurements. In the case of senescing leaves, leaf sections were manually
annotated as green, yellow or red and analysed separately. Fo = minimum fluorescence. qL and
NPQ were calculated after illuminating the leaves with an actinic light (red light of PPFD ~235
umol m™ s™) and firing additional saturating pulses at the indicated time points. Ctl = Control, HL =
After high light, Rec = After recovery. Bars show averages and error bars show SD, calculated
based on imaging of at least three individual leaves collected from at least three trees. See Fig. S6

for the original fluorescence traces.

a *kk —_— 08 | b
l) 14 4 *% ﬂ
= =
£ 1.2 1
5 5061
510 5
Sos ’ 5
° 2 0.4
206 S
C
8— [0}
© 0.4 02
- M
3 0.2 o
0.0 0.0
Green Green Yellow Red Green Green Yellow Red
(Summer) (Autumn) (Summer) (Autumn)
120 jc===a Xanthophyll cycle ==== Neoxanthin 05 |d *
— ==zz Lutein m=x= Unidentified : === Green (summer) -
£ 100 | = Green (autumn)
g £04 = Yellow
° go | © mmmm Red
= 803
8 60 g z
2 502
@ ] ] =
g 40 £ *
©
O 20 01 :
0 - 0.0 - ——
Green Green  Yellow Red A i it it et
(Summer) (Autumn) \l'\C’\a\'&;«\'&\'\e‘a’(a 7622 neot? v
_ 150 {e * f —-@— Green (Summer)
g 0.6 1 —&— Green (Autumn)
Z_ ——4&— Yellow
2 100 1 Red
g 504 -
n L
o >
Ie) (1
2
o 907 0.2
1)
O
)
0 - 0.0 -— - - - - - -
Green Green Yellow Red 0 5 10 15 20 25 30
(Summer) (Autumn) Time, min

27



678
679
680
681
682
683
684
685
686
687
688
689

Figure 4. Antioxidants, singlet oxygen and photoinhibition in thylakoids isolated from non-
senescing (green) leaves (collected either during summer or autumn, as indicated) and from yellow
or red senescing leaves of maple, collected on 15/7/2021 and 24/9/2021-9/10/2021. (a) Ratio of a-
tocopherol to total chlorophyll, measured with HPLC. (b) Ratio of carotenoids to total chlorophyll,
measured spectrophotometrically. (c¢) Proportions of the detected carotenoids, measured with
HPLC. (d) Amounts of violaxanthin, antheraxanthin, zeaxanthin, neoxanthin and lutein, measured
with HPLC. (e) Production of singlet oxygen, detected with SOSG, during a 10 min illumination
with red light (PPFD 2000 pmol m? s™). (d) Time course of photoinhibition, quantified by the
fluorescence parameter Fyv/Fy, during illumination with white light (PPFD 2000 umol m™ s™). For
quantification, see Table 1. The data show averages from at least three independent experiments,
and error bars show SD. Statistically significant differences between the indicated groups are

highlighted with asterisks. Summer thylakoids have not been compared to the other groups.
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Figure S1. Calibration of optical (SPAD) chlorophyll measurements. Chlorophyll contents of birch
(a) and maple (b) leaves were measured first with an optical method (MultispeQ) and then
spectrophotometrically after extraction in DMF (Chlorophyll a + b, pg cm?). Symbols show
individual measurements and lines show second-order polynomial equations fitted to the data (R?
values of the fits are indicated). See Materials and methods for the equations.



Figure S2. Selected areas of interests for the analysis of chlorophyll a fluorescence images from
senescing birch leaves for Fig. 2. The underlaying grayscale image shows chlorophyll fluorescence.
Black corresponds to background. Manually selected areas of interests are super-imposed on the
fluorescence image with green colour and highlighted with blue labels. Two areas of interests are
drawn on each leaf; areas close to main veins and areas between the main veins.



Figure S3. Photographs, taken on (a) 3/10/2022, (b) 22/10/2022, (¢) 25/10/2022 and (d) 3/11/2022,
of a senescing silver birch tree, used for the experiments in Fig. 1c—e. Note that more yellow leaves
appear in (a) than in (b) because a slow progression of senescence during the first two dates.
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Figure S4. Remaining PSII activities, as percentages of the control (prior an illumination) Fv/Fum

values, after a high light treatment (HL) plotted against the chlorophyll content of the leaf. The
symbols show individual measurements. The data are from Fig. 1c—e.
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Figure S5. Fluorescence traces measured from green (a) and senescing (yellow; b—d) birch leaves. In
the case of yellow leaves, fluorescence values were averaged over whole leaves (b), and also over
leaf parts close to main veins (c) and over leaf parts between veins (d). See Fig. S2 for examples. The
imaging protocol is shown above the figures; black horizontal bars indicate darkness (only a weak
measuring beam on) and the yellow bars indicate actinic illumination (red light of PPFD ~265 pmol
m2 s™!). In addition, 10 saturating pulses were fired to calculate Fy/Fy, NPQ and qL; the asterisks in
(a) indicate the time points for NPQ measurements (Fig. 2). Before the fluorescence imaging, leaves
were kept at least 30 min in the dark. After the control measurements, leaves were illuminated for
four (green leaves) or two (yellow leaves) hours (PPFD 1300 umol m™ s™'; After high light), after
which they were let to recover over-night (14 h) under low light (PPFD ~10 umol m™ s’'; After
recovery). Leaves were collected on 14/10/2020, from four birch trees (one green leaf and one yellow
leaf per tree). Lines show averages and from four independent measurements.
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Figure S6. Fluorescence traces measured from green (a) and senescing (b—d) maple leaves. In the case
of senescing leaves, leaf sections were manually annotated as green (b), red (c) or yellow (d). The
imaging protocol is shown above the figures; black horizontal bars indicate darkness (only a weak
measuring beam on) and the yellow bars indicates an actinic illumination (red light of PPFD ~235
pumol m2 s1). In addition, 10 saturating pulses were fired to calculate Fv/Fy, NPQ and gL; the
asterisks in (a) indicate the time points for NPQ measurements (Fig. 3). Before the fluorescence
imaging, leaves were kept at least 30 min in the dark. After the control measurements, leaves were
illuminated for two hours (PPFD 1300 umol m™ s™!; After high light), after which they were let to
recover over-night (14 h) under low light (PPFD ~10 umol m s™'; After recovery). Leaves were
collected on 12—-19/10/2020, from three maple trees (one green leaf and at least one senescing leaf
per tree). Lines show averages from at least three independent measurements.
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Figure S7. Light-saturated (maximum) oxygen evolution capacity of PSII in the presence of an
artificial electron acceptor (0.5 mM 2,6-dimethoxybenzoquinone), measured from thylakoids isolated
from fully green leaves (collected either during summer or autumn, as indicated) and from yellow or
red senescing leaves of maple. All samples contained the same amount of chlorophyll. Statistically
significant differences between the indicated groups are highlighted with asterisks.



Table S1. Retention times and areas (related to chlorophylls) of peaks associated with different
carotenoids (recognized based on their absorption spectra), detected with HPLC from thylakoids,
isolated from fully green leaves (collected either during summer or autumn, as indicated) and from
yellow or red senescing leaves of maple. neo = neoxanthin, vio = violaxanthin, ant = antheraxanthin
and zea =zeaxanthin. N.d. = not detected. N.a. = not available.

Peak Retention | Green Green Yellow Red Yellow, % | Red, %
time, min | (summe | (autumn) of Green | of Green
r)

1 4.1 0.0011 0.0012 0.0019 | 0.0031 154 248
2 5.8 0.0009 0.0011 0.0012 | 0.0014 112 123
3 6.5 0.0027 0.0024 0.0028 | 0.0040 113 164
4 6.7 0.0038 0.0054 0.0070 | 0.0115 129 211
5 (neo) 7.3 0.0673 0.0681 0.0640 | 0.1195 94 175
6 (vio) 9.7 0.0732 0.0523 0.0622 | 0.1759 119 337
7 10.7 0.0065 0.0037 0.0074 | 0.0186 203 508
8 11.6 0.0005 0.0007 0.0008 | 0.0021 117 320
9 12.1 0.0022 0.0056 0.0053 | 0.0117 95 210
10 (ant) 12.5 0.0121 0.0015 0.0034 | 0.0176 228 1194
11 (lutein) 13.8 0.2409 0.2928 0.2889 | 0.4726 99 161
12 (zea) 14.0 0.0156 n.d. n.d. 0.0145 n.a. n.a.
13 (zea) 14.2 0.0112 0.0162 0.0190 | 0.0223 117 138
14 16.1 0.0012 0.0008 0.0018 | 0.0015 216 182
15 16.3 0.0048 0.0041 0.0036 | 0.0045 86 108
16 16.5 0.0026 n.d. n.d. n.d. n.a. n.a.
17 16.7 0.0072 n.d. n.d. n.d. n.a. n.a.
18 16.9 0.0131 n.d. n.d. n.d. n.a. n.a.
19 (Chl b) 17.3 0.2310 0.2435 0.2170 | 0.2132 89 88
20 18.1 0.0034 0.0010 0.0240 | 0.0442 2319 4272
21 18.5 0.0080 0.0004 0.0070 | 0.0101 1637 2370
22 18.7 0.0022 n.d. 0.0132 | 0.1123 n.a. n.a.
23 (Chl a) 19.0 0.7690 0.7565 0.7830 | 0.7868 104 104
24 19.3 0.0005 n.d. 0.0066 | 0.0034 n.a. n.a.
25 19.5 0.0013 n.d. 0.0030 | 0.0115 n.a. n.a.
26 19.8 n.d. n.d. 0.0010 | 0.0062 n.a. n.a.
27 20.3 n.d. 0.0002 0.0023 | 0.0047 1323 2680
28 20.4 n.d. 0.0003 0.0040 | 0.0104 1475 3850
29 20.6 n.d. n.d. 0.0045 | 0.0164 n.a. n.a.
30 20.8 n.d. 0.0002 0.0031 | 0.0096 1640 5048
31 21.0 n.d. 0.0007 0.0009 | 0.0010 144 150
32 21.5 n.d. 0.0042 0.1545 | 0.2001 3695 4785
33 22.0 0.0030 0.0028 0.0031 | 0.0004 110 14
34 223 n.d. n.d. 0.0054 n.d. n.a. n.a.
35 22.4 n.d. n.d. n.d. 0.0076 n.a. n.a.
36 23.8 n.d. 0.0003 0.0078 | 0.0106 2598 3513
37 24.8 n.d. n.d. 0.0020 n.d. n.a. n.a.
38 26.7 0.0271 0.0225 0.0322 | 0.0100 143 44
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