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ABSTRACT

The loss of chlorophyll and total leaf nitrogen during autumnal
senescence of leaves from the deciduous tree Platanus occiden-
talis L. was accompanied by a marked decline in the photosyn-
thetic capacity of 02 evolution on a leaf area basis. When ex-
pressed on a chlorophyll basis, however, the capacity for light-
and C02-saturated O2 evolution did not decline, but rather in-
creased as leaf chlorophyll content decreased. The photon yield
of 02 evolution in white light (400-700 nanometers) declined
markedly with decreases in leaf chlorophyll content below 150
milligrams of chlorophyll per square meter on both an incident
and an absorbed basis, due largely to the absorption of light by
nonphotosynthetic pigments which were not degraded as rapidly
as the chlorophylls. Photon yields measured in, and corrected for
the absorptance of, red light (630-700 nanometers) exhibited
little change with the loss of chlorophyll. Furthermore, PSII pho-
tochemical efficiency, as determined from chlorophyll fluores-
cence, remained high, and the chlorophyll a/b ratio exhibited no
decline except in leaves with extremely low chlorophyll contents.
These data indicate that the efficiency for photochemical energy
conversion of the remaining functional components was main-
tained at a high level during the natural course of autumnal
senescence, and are consistent with previous studies which have
characterized leaf senescence as being a controlled process.
The loss of chlorophyll during senescence was also accompanied
by a decline in fluorescence emanating from PSI, whereas there
was little change in PSII fluorescence (measured at 77 Kelvin),
presumably due to decreased reabsorption of PSII fluorescence
by chlorophyll. Nitrogen was the only element examined to exhibit
a decline with senescence on a dry weight basis. However, on a
leaf area basis, all elements (C, Ca, K, Mg, N, P, S) declined in
senescent leaves, although the contents of sulfur and calcium,
which are not easily retranslocated, decreased to the smallest
extent.

The loss of Chl and decline in photosynthesis are two of
the phenomena associated with the process of senescence in
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leaves of higher plants (6, 19, 24, 29, 31, 34). Photosynthesis
at saturating photon flux densities is generally independent of
Chl content throughout the greater portion of a green leaf s
life span and is, instead, dependent on factors such as the
capacity for the enzymatic fixation of CO2 into starch and
sucrose and the capacity for photosynthetic electron transport
(4, 30). At limiting PFDs, photosynthesis based on incident
light (the apparent photon yield) has been found to be de-
pendent on Chl content (4, 5, 13). When corrected for changes
in absorptance, however, the photon yield is unaffected by
changes in Chl content, at least in the range found in healthy
green leaves (4, 5). In pale green to yellow leaves such correc-
tions may be more complicated due to an increase in the
proportion of light which is absorbed by components of the
leaf other than Chl.

Furthermore, during senescence, it is possible that the active
breakdown of chloroplasts and catabolism of Chl and other
components of the photosynthetic apparatus could result in a
lowering of the capacity and efficiency of photosynthetic
energy conversion for those components remaining in the
leaf. We have examined the changes in a number of photo-
synthetic characteristics from leaves of Platanus occidentalis
during the natural course of autumnal senescence to evaluate
the ability of the leafto maintain high levels ofphotosynthetic
efficiency in those components (particularly Chl) which re-
main as degradation progresses.

MATERIALS AND METHODS

Leaves from a large tree ofPlatanus occidentalis L., growing
in the Wurzburg Botanical Garden, were examined during
October of 1987 and September and October of 1988. During
1987 many leaves were collected prior to dawn, and the
majority of October was overcast. In both years care was
taken to use leaves which were not receiving direct illumina-
tion from the sun at the time of collection in order to avoid
the possibility of any high-light induced reductions in photo-
chemical efficiency (1, 2, 8). The leaves of P. occidentalis do
not senesce synchronously, and thus leaves with different Chl
contents (i.e. in various stages of senescence) could be exam-
ined at a given time during the period of this study. Further-
more, only leaves with a uniform color were chosen, and no
leaves were examined after minimum nocturnal temperatures
reached 0°C.
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Figure 1. Spectral absorptance curves obtained from the upper
surface of three different leaves of P. occidentalis at various stages
of senescence in 1987, with the integrated absorptance (400-700
nm) and Chl content for each leaf indicated. The upper curve was
obtained from a healthy green leaf on October 5, the middle curve
from a yellow-green leaf on October 20, and the lower curve from a
very yellow leaf on October 16.

Upon collection, a leafwas placed in a Petri dish containing
moist filter paper and immediately taken into the laboratory.
During October 1987, one disc (10 cm2) was removed for
measurements of02 exchange, reflectance, transmittance, and
Chl content, and up to six adjacent and smaller discs were

used to examine fluorescence characteristics from Chl asso-
ciated with both PSII and PSI. In 1988 discs were again
removed for measurements of 02 exchange, reflectance, trans-
mittance, as well as Chl and carotenoid contents, while one
to three additional discs from each leaf were used for elemen-
tal analyses.
Measurements of photon yield and photosynthetic capacity

(rate of 02 evolution between 1000 and 1700 ,umol photons
m-2 s- ', defined as Amax3) of leaves illuminated from the upper
surface were made at 25°C with 5% CO2 in a leaf-disc 02

electrode (LD-2 and LS-2 light source; Hansatech, King's
Lynn, Norfolk, UK) as described by Bjorkman and Demmig
(5). Photon yields of 02 evolution in red light were obtained
using a red cut-off filter (RG630; Schott Glaswerke, Mainz,
FRG). The light source was calibrated with a quantum sensor
(Ll- 190SB; Li-Cor, Lincoln, NE). Reflectance, transmittance,
and absorptance through the upper surface of the leaves, over
the range 400 to 700 nm (1987 and 1988) and 630 to 700 nm
(1988), were determined with an integrating sphere (LI- 1800-
12; Li-Cor) and spectroradiometer (LI- 1800; Li-Cor). Pigment
contents were determined by grinding each leaf disc (previ-
ously frozen in liquid N2) in a chilled buffer solution of 50
mM Hepes at pH 7.5 (KOH) in dim light followed by extrac-
tion in 80% acetone at 4°C in darkness, and estimated by

'Abbreviations: Amd,, photosynthetic capacity (CO2-saturated rate
of 02 evolution between 1000-1700 ,Amol photons m-2 s-1); FO,
instantaneous fluorescence emission; FM, maximum fluorescence
emission; Fv, variable fluorescence emission; Q, primary electron
acceptor of PSII.
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Figure 2. Changes in absorptance, transmittance, and reflectance in
relationship to changes in Chl content for leaves of P. occidentalis at
various stages of senescence during 1987. The region between the
open circles and the solid circles represents the fraction of light which
was abosorbed by each of the leaves, the region been the solid
circles and the open circles represents the fraction of light which was
transmitted by each of the leaves, and the region between the open
circles and 1.0 represents the fraction of light which was reflected by
each of the leaves.

spectrophotometric analysis of the extracts according to Ar-
non (3; Chl) and Robbelen (23; carotenoids). The Chl contents
of the leaves estimated from the equations of Robbelen (23)
(data not shown) were slightly lower than those following
Arnon (3).
Chl fluorescence was determined from small discs removed

from the leaf following the determination of the photon yield
and photosynthetic capacity (i.e. after a minimum of 2.5 h in
room light). Discs were removed from the area surrounding
that which was used in the measurements of 02 exchange.
Two or three discs were used to measure fluorescence at room
temperature, and fluorescence from both PSII and PSI was
measured from two to three additional discs frozen to 77K.
Chl a fluorescence at room temperature (primarily PSII) was

measured using a PAM Chl Fluorometer (Walz, Effeltrich,
FRG; 28). Leaf discs were darkened for 5 min, after which FO
and FM were ascertained (7). Fluorescence at 77K was meas-

ured using the instrument described in Demmig-Adams et al.

(8) from discs darkened for 5 min and then frozen in liquid
nitrogen for 5 min.

After digestion of the organic material using a pressure

ashing technique with nitric acid (26), Ca, K, Mg, P, and S
analyses were preformed by inductively coupled plasma emis-
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Figure 3. Changes in the light- and C02-saturated rate of 02 evolu-
tion on (A) a leaf area basis and (B) a Chl basis, and in the photon
yield of 02 evolution in white light on (C) both an incident and an
absorbed (400-700 nm) basis in relationship to changes in Chi
content for leaves of P. occidentalis at various stages of senescence
during 1987.
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Figure 4. Changes in (A) the carotenoid content, (B) the absorptance
of white (400-700 nm) and red (630-700 nm) light, and (C) the photon
yield of 02 evolution (absorbed light basis) measured in white and red
light in relationship to changes in Chi content for leaves of P. occi-
dentalis at various stages of senescence during 1988.

sion spectrometry (25) with a sequential spectrometer (model
JY 38 Plus, Jobin Yvon, France). Total C and N were
determined using an elemental analyzer (model CHN 1106,
Carlo Erba, Italy; 27).

RESULTS

Typical spectral absorptance curves (400-700 nm) for the
upper surface of three leaves of Platanus occidentalis in
various stages of senescence, from deep green to very yellow,
are shown in Figure 1. The decrease in integrated absorptance
across this range was only 24% with a 50% decrease in Chl
content, and no greater than 50% in the leaf which lost 95%
of its Chl. It is clear that there were massive losses of Chl
from these leaves during senescence with little reduction in
absorptance from 400 to 500 nm, which is the range in which
the carotenoids absorb light strongly. The decrease in inte-
grated absorptance (400-700 nm), as Chl content decreased,
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was due to an increase in both transmittance and reflectance
15 * (Fig. 2).

Lgo° § o FM|Changes in the light- and C02-saturated rateof02evolution
19 ~~~~~andin the photon yield measured with white light in relation-

c@ 10 ship to changes in leaf Chl content are depicted in Figure 3.
U) There was a marked decrease in the capacity for photosyn-0. ~~~~~~~~~~~~~~thesison a leaf area basis which accompanied the loss of Chl
_; 5 F0 (Fig. 3A). However, when expressed on a Chl basis, the

* 0 00 capacity forphotosyntheticc2evolution increasedas leafChl
@ E.0 B content declined during senescence (Fig. 3B). Similar results

0 were obtained in 1988 (data not shown), except that the
0 decline in photosynthetic capacity (area basis) appeared to be

20 more linear over the range of 250 to 50mg ChlMm2, and the
increase in photosynthetic capacity on a Chl basis with de-
creasing leaf Chl content was more pronounced (data not

15 shown).
The photon yieldof 02evolution remained fairly constant

7X ibetween 300 and 150 mg ChlMa2p, but declined with furthercc

,10 decreases in Chl content (Fig. 3C. The photon yields based
on absorbed light (400-700 nm) exhibited a similar pattern

Xo of change with leaf Chl content to that based on incident
58 0[F light, although the values on an absorbed basis were higher.

0 Gob o Since these photon yields were based on absorptances that

a c+ ++ M l included a high degree of absorption by the carotenoids, which
0 became proportionally greater with decreases in Chl content

(Figs. 1 and 4), photon yields were reexamined during the
10 * autumn of 1988 using red light.

0- A loss of 95% of the Chl content during senescence of these
* 8 IFM§ P. occidentalis leaves was accompanied by only a 50% decline
u ~~ ~ ~{in carotenoid content (Fig. 4A). The decline in the integrated

e absorptance of white light (400-700 nm) with decreasing Chl

u X

6 D content was similar to that observed in the leaves examined

0~~ ~~~ Fo, bouelvl fF n Mfo SImaue t7K C h

o ,t 0 during the autumn of 1987 (cf Figs. 1 and 4B). The absorp-
4 ~ T otne of red light (630-700 nm) was slightly higher than that

C h y t of white light in leaves with high Chl contents, but declined
>fto a much greater degree than the absorptance of white light

2dFigure 5. Changes in (A) the photochemical efficiency of PSII, (B) the
8~~ ~ ~~~~Dabsolute levels of Fo and Fm from PSII measured at 77K, (C) the0
0100200 300 400 ~~~~absolute levels of Fo and Fm from (primarily) PSII measured at room0100200 300 400 ~~~temperature, and (D) the absolute levels of F0 and Fm from PSI

Chlorophylt content, Mg mV2 measured at 77K in relationship to changes in Chi content in leaves
of P. occidentalis at various stages of senscence during 1987.
Standard deviations are indicated where n = 3, otherwise n = 2.
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Figure 7. Changes in (A) the carbon and nitrogen (r'= 0.94) contents,
(B) the calcium and potassium contents, (C) the sulfur, magnesium,
and phosphorus contents, and (D) the specific leaf weight (r2= 0.65)
in relationship to changes in Chl content for leaves of P. occidentalis
at various stages of senescence during 1988.

in leaves with very low Chl contents (Fig. 4B; see also Fig. 1).
Whereas the photon yield based on absorbed light exhibited
similar changes to those observed in the previous year (Figs.
4C and 3C), the photon yield measured in, and corrected for
the absorptance of, red light exhibited little change with the
decline in Chl content (Fig. 4C).

Characteristics of Chl fluorescence from both PSII and PSI
were examined in leaves of P. occidentalis at various stages of
senescence during 1987 (Fig. 5). There was little change in
the photochemical efficiency of PSII (Fv/FM; see ref. 18),
measured at either 77K or room temperature, with the pro-
gressive loss of Chl (Fig. 5A). There were no significant
changes in the absolute levels of Fo or FM from PSII measured
at 77K (Fig. 5B). On the other hand, both Fo and FM from
PSI measured at 77K exhibited marked decreases as leaf Chl
content declined (Fig. 5D). FM, and to a smaller extent Fo,
from fluorescence measured at room temperature also de-
clined during senescence (Fig. SC).

During both 1987 and 1988 the Chl a/b ratio of the
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Figure 8. The relationship between the light- and C02-saturated rate
Of 02 evolution and total nitrogen content in leaves of P. occidentalis
at various stages of senescence during 1988.

Table I. Contents of the Major Elements in Green (240-320 mg Chl
m-2) and Senescent (<100 mg Chl m-2) Leaves of Platanus
occidentalis during the Autumn of 1988

Values are means ± SD. Probabilities are the results of t-tests.

Content of Elements

Element Green leaves Senescent leaves

(n = 13) (n = 21)

Decrease

gmr2 %

Carbon 87.0 ± 14.2 51.4 ± 13.3*** -40.9
Nitrogen 2.90 ± 0.69 0.79 ± 0.26*** -72.8
Phosphorus 0.33 ± 0.07 0.15 ± 0.04*** -53.2
Magnesium 0.45 ± 0.11 0.24 ± 0.06*** -46.9
Potassium 1.99 ± 0.22 1.23 ± 0.23*** -38.2
Sulfur 0.92 ± 0.16 0.63 ± 0.14*** -31.5
Calcium 3.99 ± 0.98 2.94 ± 1.06** -26.3

** P < 0.01. *** P < 0.001.

senescing leaves of P. occidentalis remained remarkably con-
stant as Chl was degraded, and declined only at extremely
low Chl contents (Fig. 6).
There was a clear decline in leaf nitrogen content, when

expressed on either a dry weight basis (Fig. 7A) or on a leaf
area basis (Table I), which accompanied the loss ofChl during
leaf senescence. All other examined elements (C, Ca, K, Mg,
P, S) exhibited no significant changes per unit dry weight (Fig.
7, A, B, and C), although since the specific leafweight declined
markedly (Fig. 7D), there was a loss of all nutrients per unit
leafarea during senescence (Table I). There was a concomitant
decline in photosynthetic capacity and in leafnitrogen content
on a leaf area basis (Fig. 8).

DISCUSSION

The natural senescence of Platanus occidentalis leaves was
characterized by a decrease in Chl content and photosynthetic
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capacity on a leaf area basis. However, the decline in capacity
did not appear to involve either a decrease in photosynthetic
capacity on a Chl basis or a decrease in the efficiency of
photosynthetic energy conversion. In fact, the light- and CO2-
saturated rate of photosynthetic 02 evolution per Chl in-
creased as the Chl content ofthe leaves decreased. The photon
yield of 02 evolution for (red) light which was specifically
absorbed by the Chl also remained fairly constant, and the
photochemical efficiency of PSII (Fv/FM) remained high de-
spite large decreases in Chl content. Thus, there was a contin-
ued efficient use of the light captured by the remaining Chl
during senescence.
The capacity for photosynthetic 02 evolution on a Chl basis

increased during senescence, which indicates that, as senes-
cence proceeded, the biochemical capacity of the leaves to fix
CO2 declined more slowly than the capacity to harvest light
energy. Thus, during senescence, a relatively greater propor-
tion of the photons which were captured by the remaining
Chl could be used for CO2 fixation at light saturation. There-
fore, a sufficient capacity for the enzymatic reduction of CO2
was maintained as Chl was degraded. These results are, how-
ever, in contrast to those of Jenkins and Woolhouse ( 14) who
found that the capacity for photosynthetic electron transport
(Chl basis) at light saturation declined markedly in chloro-
plasts isolated from bean leaves at various stages of senes-
cence. This discrepancy may reflect species-specific differ-
ences, differences in growth conditions (natural versus growth
cabinet), or it may be due to the fact that isolated chloroplasts
were used in the previous study.
The fact that the photon yield of 02 evolution based upon

the light which was actually absorbed by the Chl remained
fairly high during senescence, supports the suggestion that
senescence of leaves is a controlled process of degradation
which leaves the remaining components functional (19). The
maintenance of a high photon yield is also consistent with
studies which have suggested that, at low PFDs, the efficiency
of electron transport in chloroplasts isolated from leaves at
various stages of senescence remained constant (9, 17).
The photochemical efficiency of PSII (Fv/FM) remained

virtually constant during the senescence of P. occidentalis
leaves, as had been observed previously in bean (16). The
absolute levels of FO and FM from PSII at 77K also remained
fairly constant with Chl loss. There was, however, a distinct
decline in FM from PSII measured at room temperature, and
both FM and FO from PSI (measured at 77K) declined with
decreasing Chl content. Decreases in FM from PSII at room
temperature which are not accompanied by decreases in FM
from PSII at 77K have previously (8) been attributed to a
decrease in the activity of the water-splitting complex. How-
ever, these differences in FM were accompanied by pro-
nounced differences in Fv/FM (8), whereas Fv/FM values were
similar at 77K and at room temperature in the present study,
and the photon yield also remained high. In addition, Jenkins
and Woolhouse (15) have reported that the water-splitting
complex was not affected during senescence of bean leaves.
An alternative explanation for a decline in PSII fluorescence
measured at room temperature (predominately at wavelengths
>720 nm) versus that measured at 77K (at 699 nm, 3 nm
half-bandwidth) may be derived from considerations of fluo-
rescence reabsorption within the leaf.

fluorescence emission such that there is considerable reab-
sorption of fluorescence emitted below 700 nm (further en-
hanced by the scattering properties of leaf tissue) and virtually
no reabsorption of fluorescence emitted above 720 nm (32,
33). Thus, a decrease in fluorescence emission (at 699 nm)
from PSII due to the loss of Chl may have been matched by
a concomitant decrease in the proportion of fluorescence
which was reabsorbed, such that no net changes in PSII
fluorescence emission from the leaves frozen to 77K were
detected during senescence. The decline in room temperature
fluorescence (>720 nm), which is almost exclusively associ-
ated with PSII (as the high values of Fv/FM also indicate),
more closely reflects the actual loss of PSII units accompa-
nying the degradation of Chl, since fluorescence at these
wavelengths is relatively free ofreabsorption phenomena. The
decrease in fluorescence emission from PSI at 77K (>720
nm) with the loss of Chl is also consistent with the fact that it
experiences little reabsorption within the leaf. Therefore the
presented data are consistent with the conclusion that there
is a parallel loss ofPSI and PSII throughout senescence, which
is further supported by the observed constancy of the Chl al
b ratio.
Of all of the examined elements, only nitrogen content

exhibited a decline on a dry weight basis during leaf senes-
cence. This loss of nitrogen was closely correlated with the
loss of Chl. Consequently, a decline in nitrogen content was
accompanied by a decline in photosynthetic capacity on a
leaf area basis, resulting in a relationship between nitrogen
content and photosynthetic capacity similar to those which
have been observed in other species under non-senescing
conditions (10-12). Only total leaf nitrogen was measured
and, therefore, it is unknown whether the proportion of
nitrogen represented by soluble proteins (e.g. ribulose bis-
phosphate carboxylase) versus that in thylakoid membrane
proteins was altered during senescence.
The majority of the decrease in the leaf content of the

elements examined during the period of this study was prob-
ably due to degradation and retranslocation into the tree for
storage, although a small amount ofleaching was also possible.
Sulfur, and particularly calcium, are not easily translocated
in the phloem (20, 21), and they exhibited the smallest decline
on a leaf area basis, and a slight trend for an increase on a
dry weight basis.
The results from this study indicate that, in P. occidentalis,

leaf senescence under natural conditions progresses such that
the loss of Chl and other chloroplastic components does not
result in an impairment to the functioning of those compo-
nents which are still retained within the leaf. Light which is
captured by the Chl in a yellowing leaf can still be used
efficiently in photosynthesis. This may be important to the
continued mobilization of degradation products out of a
senescing leaf for deciduous species such as P. occidentalis
which experience periods of dormancy. In evergreen species,
the leaves ofwhich may experience a very prolonged senescent
phase (2), the ability to continue contributing to the carbon
gain of the plant could be even more important. It should be
cautioned, however, that the observations in this study may
not apply to all species or environmental situations. Whereas
the Chl a/b ratio remained very stable in the leaves of P.
occidentalis, in most species the loss of Chl during senescence
is accompanied by a decline in this ratio (34). Furthermore,
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senescence of leaves under different environmental condi-
tions, such as in high irradiance habitats (22), i.e. involving
potentially photooxidative processes, would be expected to
lead to a decrease in the efficiency of photochemical energy
conversion.
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