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Effects of Elevated CO2 Concentrations on Leaf Senescence
and Late-Season Net Photosynthesis of Red Maple (Acer
rubrum)
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Abstract To investigate the effects of elevated atmo-
spheric CO2 concentrations ([CO2]) on autumnal phe-
nology and end of season photosynthesis of different
bud-break leaves of trees, we fumigated 2-year-old red
maple seedlings with 800, 600, and 400μL L−1 [CO2] in
nine continuous stirred tank reactor (CSTR) chambers.
Leaves were subdivided into first (B1), second (B2), and
third bud-break (B3) leaves. The results indicated that
(1) autumnal leaf senescence, including the beginning
date, end date, and duration of leaf abscission of all three
bud-break leaf groups, was not affected by elevated
[CO2]; (2) elevated [CO2] increased leaf photosynthesis
of B1, B2, and B3 leaves throughout the whole of the
growing season; (3) elevated [CO2] significantly in-
creased whole plant photosynthesis only for B2 leaves,
accounting for 41.2–54.7% of the whole plant photo-
synthesis, due to the larger whole leaf area of B2. In
conclusion, enhanced seasonal carbon gain in response
to atmospheric CO2 enrichment is the result of strong

stimulation of photosynthesis throughout the growing
season, especially for B2 leaves but not by extending or
shortening the growing season in autumn.

Keywords Elevated CO2
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1 Introduction

Elevated atmospheric [CO2] has been shown to affect
the growth rhythm of forest trees by altering the timing
of spring bud-break (Bigras and Bertrand 2006),
flowering (Springer and Ward 2007), and autumnal leaf
senescence (Taylor et al. 2008; Tallis et al. 2010;
Warren et al. 2011). The timing of autumnal leaf senes-
cence has a significant impact on plant carbon gain,
which is directly affected by how many leaves are
maintained on the plant and their photosynthetic rates,
especially during the late season. However, results from
previous experiments, performed with a variety of
methods ranging from controlled indoor growth cham-
bers to open-top chambers to free-air CO2 enrichment
(FACE) experiments in the field, showed a large vari-
ability of specific forest trees going into the autumnal
phenophase in response to elevated [CO2]. The response
ranged from advances (Warren et al. 2011; Quercus in
Asshoff et al. 2006; Sigurdsson 2001; McConnaughay
et al. 1996) to delays (Taylor et al. 2008; Tallis et al.
2010; Carpinus and Fagus in Asshoff et al. 2006; Rae
et al. 2006; Li et al. 2000) to no effects (Norby et al.
2003a; Norby et al. 2003b; Herrick and Thomas 2003;
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Li et al. 2018). From these studies, the ecological con-
sequences of elevated [CO2] on phenological changes
and productivity seem highly uncertain. There are few
reports of the effects of elevated [CO2] on autumnal
senescence of leaves of different ages, especially in
conditions where nutrients, light, and water are not
limiting.

Elevated [CO2] initially increases net primary pro-
duction by enhancing leaf photosynthesis in most plant
communities (Ainsworth and Long 2005; Overdieck
2016). Although the response of leaf-level photosynthe-
sis to CO2 enrichment has been well documented
(Ainsworth and Long 2005; Overdieck 2016; Michael
et al. 2017), we found that most leaf-level photosynthe-
sis was determined by only one instantaneous middle
growing season measurement (Norby et al. 1999). One
aspect of this stimulation has been given little attention,
and that is whether elevated [CO2] changes leaf photo-
synthesis during the end of the growing season, espe-
cially in different aged leaves. The response of photo-
synthesis to elevated [CO2] as a function of leaf age and
CO2-induced changes in leaf longevity could affect
seasonal integrated carbon gain. For the age effect,
studies suggest that deciduous broad-leaved trees, after
full photosynthetic capacity is attained and maintained
following leaf full expansion and maturation, invariably
experience a strong decline in leaf photosynthesis with
the onset of senescence (Koike 1990; Reich et al. 1999).
For CO2-induced changes in leaf longevity, it has been
found that due to the different responses to carbon
demand under CO2 enrichment, some species inclined
to early senescence in autumn while some leaf senes-
cence was delayed in autumn in favor of a longer
growing season (Taylor et al. 2008; Warren et al.
2011). Late leaves of overstory sweetgum (Liquidambar
styraciflua) had significantly greater photosynthesis
from late September to late October under elevated
[CO2] than older leaves, while in early October and
November, there were no significant differences
(Herrick and Thomas 2003). Leaf phenology and pho-
tosynthetic function define how much carbon a plant
fixes during the season. A change in either of these
factors will substantially affect carbon gain as CO2

continues to increase. It is important to understand
late-season net photosynthesis at the leaf level and
whole plant scale to integrate the response to elevated
[CO2] across an entire growing season. Few studies
directly incorporate estimates of the response of differ-
ent bud-break leaves of seedlings to elevated [CO2].

Based on the above, we assume that net photosynthesis
cannot be determined by only a single instantaneous
middle growing season measurement without consider-
ing phenology, leaf age, and consecutive measurements
of late-season net photosynthesis. It is therefore of con-
cern to evaluate whether changes in the length of the
growing season that affect changes in leaf senescence
could explain some of the inconsistencies between leaf/
plant level photosynthesis and annual growth.

Red maple is one of the most common and wide-
spread deciduous trees of eastern and central North
America and is adaptable to a very wide range of site
conditions. In this experiment, we examine whether
elevated [CO2] alters the timing of leaf drop during
autumnal senescence when soil nitrogen and water are
not limiting, and whether elevated [CO2] alters photo-
synthetic carbon gain during autumnal senescence in
leaves and the whole plant as a function of leaf age.
We hypothesize that atmospheric CO2 enrichment pro-
longs leaf span and thus delays the timing of leaf ab-
scission of redmaple, so photosynthesis also lasts longer
until delayed leaf senescence finishes. Red maple trees
in our experiment have shoots that are produced three
times during the growing season. Thus, we followed
demography and late-season gas exchange by dividing
all leaves into first, second, and third bud-break leaves.

2 Materials and Methods

2.1 Experimental System and Design

The experiment was performed in nine continuously
stirred tank reactor (CSTR) chambers, which were lo-
cated inside a glass greenhouse at the University of
Massachusetts, Amherst. The irradiance inside was
around 85–95% of that outside. Details of the operation
of the CSTRs and CO2 control and measurement system
were previously described (Li et al. 2018; Elagöz et al.
2006; Manning and Krupa 1992). Light, water, and
nutrient were not limiting factors in the experiment.
The time course of the irradiance was adjusted to be
similar to the natural environment outside the green-
house. Three [CO2] treatments, 800 (A800), 600
(A600), and 400 (A400) μL L−1 were set randomly
among the nine chambers with three replications each.
[CO2] enrichment was administered with pure CO2

continuously for 24 h, with the [CO2] fluctuation range
being ± 10 μL L−1 around the target [CO2].
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2.2 Plant Material and Management

Two-year-old red maple seedlings grew from field seeds
obtained from a nursery of North Amherst, MA.
Twenty-seven seedlings, uniform in height and basal
diameter, were selected and divided into nine groups
of three pots each (bottom diameter 18 cm, top diameter
25 cm, and height 24 cm). Readings began in early
April, 2014 when first bud-break leaves were observed
and marked. All seedlings with their pots were
transplanted to the greenhouse on 3 June. The growing
medium used was SunGro MetroMix 300 (SunGro
Horticulture, MA, USA). Before being placed into
CSTRs, the seedlings were acclimated to the greenhouse
environment from 3 June to 25 June (23 days) until all
seedlings grew well. The seedlings were then moved
with their pots into the CSTRs on 26 June. All seedlings
were watered every other day and fertilized with a
water-soluble fertilizer (16–17–18; Peters Professional;
Scotts, OH, USA) (3.9 g L−1) weekly. A micronutrient
soluble trace (B + Cu + Fe +Mn +Mo + Zn, Micromax
TE Mix, Micromax, SD, USA) was applied once on 8
August. Leaves were separated and marked into three
groups: first bud-break (B1) leaves were produced
mainly in late April, second bud-break leaves (B2) were
produced generally in the period 3–20 June, and then
after a bud-break suspension for almost 10 days, third
bud-break leaves (B3) were produced until 10 July. The
position of all seedlings inside the chamber was moved
every week to mitigate the possibility of extraneous
effects. Readings were carried out from 26 June to 28
November, 2014 (156 days).

2.3 Leaf Dynamics Measurements

The red maple trees produced leaves continuously from
late April to early July. We consider natural leaf senes-
cence as significant declines in photosynthetic capacity,
with the color of the leaves also changing during senes-
cence (Kikuzawa and Lechowicz 2011). The senescing
leaves were easily identified as they displayed yellowish
colors and were easily removed by very gentle shaking.
Leaf numbers at B1, B2, and B3 were counted twice
every month prior to October, when leaf senescence
began and the frequency was changed to once every
other day until total abscission.

Leaf area was calculated by the formula (Wargo
1978):

Leaf area ¼ 3:676þ 0:49� L�W ð1Þ
where L andW were the longest length (cm) and widest
width (cm) of the maple leaf, respectively. The whole
plant leaf area was calculated as the sum of the total first,
second, and third bud-break leaf areas, which were
calculated in turn as the products of individual leaf
number and leaf area in the first, second, and third
bud-break leaves, respectively. We measured six select-
ed marked leaves (the same leaves used for photosyn-
thesis measurements) from three bud-break cohorts ev-
ery time.

2.4 Chlorophyll Index

Chlorophyll index was measured weekly from 5 Sep-
tember until complete senescence with a SPAD-502
meter (Konica Minolta, Tokyo, Japan) in the same
marked leaves used for determining both leaf area and
photosynthesis. Readings on each of the selected leaves
were taken in triplicate at each measurement date. The
non-destructive SPAD measurements are considered to
be a good surrogate for leaf chlorophyll concentration
(Hoel and Solhaug 1998) and have previously been used
in other atmospheric CO2 enrichment studies (Herrick
and Thomas 2003).

2.5 Leaf and Whole Plant Light-Saturated Net
Photosynthetic Rate

Leaf light-saturated net photosynthetic rate (PNsat) was
measured using a portable Li-Cor 6400 photosynthesis
system with a 6400-02B LED light source chamber (Li-
Cor Inc., Lincoln NE, USA). The system controlled
saturating PPDF at 1000 μmol m−2 s−1 (light saturation
point), and the [CO2] inside the leaf chamber was set to
be similar to the CO2 treatments through a supply from a
CO2 cylinder. Each of two fully expanded sun leaves
from the first, second, and third bud-break leaves per
seedling were selected individually and marked for the
measurements of leaf light-saturated net photosynthetic
rate. The CO2 and irradiance-acclimated time for a leaf
was around 10–15 min until the cuvette photosynthetic
rate parameters kept stable. To avoid the “noon-sleep”
phenomenon, all measurements were conducted from
09:00 to 11:30 and 14:00 to 15:00. The whole plant
light-saturated photosynthetic rate (PNsatw) in B1, B2,
and B3 was determined by the sum of products of PNsat
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and whole plant leaf area (i.e., the products of leaf
number and individual leaf area) from B1, B2, and B3,
respectively.

2.6 Data Analysis

The effects of [CO2] on leaf phenology (i.e., beginning,
end, and duration of leaf abscission) were analyzed by
one-way ANOVAwith the chamber as the experimental
unit (three chambers at each [CO2]) and the three [CO2]
as the levels of the treatment factor. The remaining
response variables (e.g., photosynthetic rate and leaf
number) were analyzed using repeated measures analy-
sis of variance with [CO2] and leaf age (if present) as
between-subject variables and the measurement time as
the within-subject variable. Multiple comparisons
among the first, second, and third bud-break leaves were
performed with the Bonferroni test when the CO2 or age
effect was significant, considered to occur when
P < 0.05. Before the statistical analyses, data were tested
for normality with the Kolmogorov–Smirnov test. All
data analyses were carried out with SPSS statistics soft-
ware (Version 18.0, SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Autumnal Leaf Phenology

We found that the timing of the start, end, and duration
of the autumnal leaf abscission of the first (B1), second
(B2), and third (B3) bud-break leaves was not influ-
enced by [CO2] but they were significantly different due
to leaf age (Tables 1 and 2). The average starting date of
abscission of B1 leaves was 48 and 59 days earlier than
B2 and B3 leaves, respectively, while the end date of
abscission of B1 leaves was 9 and 13 days earlier than
B2 and B3 leaves, respectively. Thus, the average dura-
tion of abscission in B1 leaves was 39 and 46 days
longer than B2 and B3 leaves, respectively. No interac-
tions between elevated [CO2] and leaf age were detect-
ed (Table 2).

3.2 Chlorophyll Index, Leaf Number, and Whole Plant
Leaf Area

CO2 concentration and leaf age both significantly af-
fected chlorophyll index as measured by SPAD
(Table 2), but the effect of these treatments throughout

the growing season is not straightforward, given the
different leaf phenologies. For all leaf age groups, chlo-
rophyll index declined continually throughout the mea-
surement period (Fig. 1). First and second bud-break
leaves did not display a significant effect due to [CO2]
(P > 0.05), although there was a trend towards lower
SPAD values resulting from elevated [CO2] (A600 and
A800) compared with A400. For B3 leaves, [CO2]
significantly affected the chlorophyll index (P = 0.03),
showing a 17.3% and 22.3% decline due to the A600
and A800 treatments at its greatest extent (day 232, 20
August), respectively.

Unlike chlorophyll index, differing [CO2] did not
affect leaf number and whole plant leaf area (Table 2).
However, leaf age did affect those response variables
(Fig. 2, Table 2), as B3 leaves were more abundant
while B2 grew a larger whole plant leaf area (Fig. 2).
Significant synergistic interactions of [CO2] and leaf age
were found on whole plant leaf area (Table 2). For
instance, whole plant leaf area of B2 increased by fac-
tors of 8.01, 4.12, and 1.61 on average due to A800,
A600, and A400 treatments, respectively, compared
with B1 (Fig. 2).

Table 1 Leaf phenology of the date that abscission began, the
duration of leaf abscission, and the ending date of leaf abscission
of redmaple (Acer rubrum) of the first (B1), second (B2), and third
bud-break (B3) leaves under three CO2 concentration treatments,
400 (A400), 600 (A600), and 800 (A800) μL L−1

A400 [CO2]
A600

A800

Abscission start, DOY

B1 286 ± 31 B 263 ± 17 B 273 ± 0 C

B2 326 ± 13 A 326 ± 10 A 314 ± 2 B

B3 335 ± 8 A 335 ± 6 A 330 ± 2 A

Abscission end, DOY

B1 335 ± 11 331 ± 10 B 330 ± 9

B2 341 ± 0 342 ± 2 AB 343 ± 2

B3 346 ± 2 346 ± 2 A 345 ± 2

Abscission duration

B1 48 ± 34 68 ± 9 A 60 ± 9 A

B2 15 ± 13 16 ± 9 B 29 ± 2 B

B3 11 ± 8 11 ± 7 B 15 ± 0 C

Values signify mean ± SD. Uppercase letters indicate significant
(P < 0.05) multiple comparison results among the first, second,
and third bud-break leaves. No significant differences were found
among [CO2] treatments

DOY the day of the year
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3.3 Leaf and Whole Plant Light-Saturated Net
Photosynthetic Rate

Leaf light-saturated net photosynthesis (PNsat) was sig-
nificantly affected both by [CO2] and leaf age (Table 2,
Fig. 3). B3 leaves generally had higher PNsat than B1
and B2 leaves. Although PNsat variably declined strong-
ly as they aged and with the onset of senescence, ele-
vated [CO2] consistently enhanced leaf PNsat of B1, B2,
and B3 leaves until late in the growing season (Fig. 3).
At their greatest extent (prior to day 268, 25 Sept.), PNsat
in A800 showed a 105.6%, 59.8%, and 74.5% increase,
respectively, compared with A400 in B3, B2, and B1
leaves, while A600 showed a 43.8%, 37.6%, and 28.6%
increase. After day 268 (25 Sept.), when leaf abscission
started, these differences among the effects of A800,
A600, and A400 tended to be maintained until the end
of the observation period. No significant interaction
between [CO2] and leaf age was observed for PNsat

(Table 2).
Although whole plant light-saturated net photosyn-

thetic rate (PNsatw) was significantly affected both by
CO2 concentration and leaf age, as was PNsat, there was
a significant interaction between the two factors
(Table 2). Elevated [CO2] only significantly enhanced
PNsatw of B2 leaves but not B1 and B3 leaves (Fig. 4).
For the B2 leaves, A800 and A600 enhanced PNsatw by
189.9% and 78.4% compared with A400 (Fig. 4). For
age effects, PNsatw of B2 was 44.3% and 108% higher,
respectively, than PNsatw of B3 and B1.

We also determined the contribution of the three bud-
break leaf groups to PNsatw. On average, B1 contributed
14–22%, B2 41–55%, and B3 29–40% (Table 3), there
being no direct effect of [CO2] or interaction with leaf
age (Table 2).

4 Discussion

The timing of autumnal leaf senescence has a significant
impact on ecosystem productivity (Moors 2010; Polgar
and Primack 2011). The present results indicated that
autumnal phenology (including the beginning date, end-
ing date, or the duration of leaf abscission) of Acer
rubrum was not affected by elevated [CO2], results of
which are similar to those of Norby et al. (2003b), who
found that CO2 enrichment (+ 300 μL L−1) had no effect
on the timing of autumnal leaf abscission of Acer
rubrum after 4 years of growth in open-top chambers
with seedlings planted into soil. This result for Acer
rubrum is also in accordance with our previous study
(Li et al. 2018) on sugar maple (A. saccharum Marsh),
but different from the outcome for American linden
(Tilia americana L.) (Li et al. 2019a). The experiments
with the three species were conducted at the same time
with the same treatments. We attribute its lack of re-
sponse to elevated [CO2] to the nature of its sensitivity
to the photoperiod (day length relative to night length)
(Körner and Basler 2010) and temperature (Norby et al.
2003a, 2003b) of this early-successional species (Miao
and Bazzazs 1993). This characteristic is controlled
genetically and cannot be easily changed by transplan-
tation or variable environmental factors (Borchert et al.
2005). The life span of single leaves including the
timing of abscission, the differences of the duration of
abscission in the B1, B2, and B3 leaf groups can also be
explained by a cost-benefit theory, which suggests that
leaf longevity is the result of a trade-off among photo-
synthetic rates, construction costs, and maintenance
costs as the leaf tries to maximize total biomass produc-
tion (Kikuzawa and Lechowicz 2011). We also found
that abscission duration in B1 lasted longer, which may

Table 2 Effects of CO2 concentration [CO2], leaf age (LA), and
their interaction on leaf abscission beginning time (BT), ending
time (ET), duration (DT), leaf PNsat, chlorophyll index (SPAD),

whole plant leaf area (WLA), leaf number (LN), whole plant
photosynthesis (PNsatw), and the proportion of three bud-break
leaves in PNsatw (P-PNsatw)

Treatments BT ET DT PNsat SPAD WLA LN PNsatw P-PNsatw

CO2 0.26 0.94 0.32 0.00 0.01 0.75 0.67 0.01 1.00

LA 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.04

CO2 × LA 0.47 0.94 0.61 0.37 0.67 0.02 1.00 0.01 0.11

Entries are probability values; they are considered to be significant when P < 0.05

*P < 0.05

** P < 0.01
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lead to higher N resorption efficiency in autumn (Li
et al. 2019b).

Chlorophyll has an important role in photosynthesis
and a high correlation with N contents (Sharwood et al.
2017). Interestingly, PNsat in B1, B2, and B3 were
consistently enhanced by elevated [CO2] until the end
of the growing season (Fig. 3) while chlorophyll index
significantly declined under elevated [CO2] (Fig. 1). It is
possible that less nitrogen is invested in the light-
harvesting complex in chloroplasts (Overdieck 2016)
but more nitrogen is allocated to RuBP (ribulose-1,5-
bisphosphate) regeneration and Pi (inorganic phosphate)
regeneration (Moore et al. 1999; Urban et al. 2012).
Thus, the nitrogen use efficiency of plants in

photosynthesis increases and could also maintain suffi-
cient photosynthetic capacity during the growing
season.

Elevated [CO2] stimulates photosynthesis of many
plant species when rates are measured during the middle
portion of the growing season but less is known about
the situation during the end of the growing season
(Ainsworth and Long 2005). We found that during the
period that leaf senescence occurred, one growing sea-
son elevated [CO2] consistently stimulated photosynthe-
sis of B1, B2, and B3 leaves until the end of experiment,
unlike the findings that elevated [CO2] reduced photo-
synthetic rates midway through the senescent period
(McConnaughay et al. 1996). The magnitude of the

Fig. 1 Chlorophyll index (assessed as SPAD values) of the first
(a), second (b), third bud-break (c) leaves of red maple (Acer
rubrum) under three CO2 concentration treatments, 400 (A400),

600 (A600), and 800 (A800) μL L−1. Values signify mean ± SD.
Uppercase letters in the graph indicate significant differences
among the three bud-break leaf groups (P < 0.05)

Fig. 2 Attached leaf numbers and whole plant leaf area of first
bud-break (a, d), second bud-break (b, e), third bud-break (c, f) of
red maple (Acer rubrum) under three CO2 concentration treat-
ments, 400 (A400), 600 (A600), and 800 (A800) μL L−1. Values

signify mean ± SD. Uppercase letters in the graph indicate signif-
icant differences among the three bud-break leaf groups (P < 0.05)
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photosynthetic response to elevated [CO2] was variable
and was maintained at the end of the growing season as
the leaves senesced. Before day 269 (26 Sept.), PNsat
with treatment A800 showed a 59.8–105.6% increase
compared with A400, while A600 gave a 28.6–43.8%
increase compared with A400 (Fig. 3), which was com-
parable with other similar studies, e.g., on Acer rubrum
(red maple) (Norby et al. 1999; Norby et al. 2010),
Liriodendron tulipifera (yellow-poplar), and Quercus
alba (white oak) (Gunderson et al. 1993). This enhance-
ment of photosynthesis by elevated [CO2] in late season
is in accordance with Herrick and Thomas (2003), who
found that whole-shoot net photosynthetic rates of over-
story sweetgum (Liquidambar styraciflua) were en-
hanced by atmospheric CO2 enrichment throughout
the season until early November. These results indicate
that atmospheric CO2 enrichment stimulates seasonally
integrated C gain of red maple trees by increasing pho-
tosynthesis consistently until the end of, but not by
changing the length of, the growing season for leaf
phenology. PNsat and PNsatw displayed inconsistencies

due to significant differences in whole plant leaf area of
B2 leaves (Fig. 2), where in mid-season, more appro-
priate temperature and light led to larger whole plant leaf
area than for B1 and B3 leaves. It is therefore important
when estimating whole plant photosynthesis to divide
leaves into different bud-break stages before making
individual leaf photosynthesis measurements, as the
effect of elevated [CO2] on whole plant photosynthesis
is expressed mainly through the B2 leaves.

Although in this experiment we investigated condi-
tions where water, nutrient, and light were not limiting,
and we employed large pots as space permitted, it has to
be noted that autumnal leaf phenology was confounded
and controlled by a complex suite of environmental
factors besides elevated [CO2], such as soil nutrient
conditions, plant culture, temperature, duration of the
experiment, and photoperiod, of which temperature and
photoperiod are the most important. Thus, our results
may only apply when light, soil nutrition, and soil water
are not limiting. Complementary long-term experiments
are clearly needed.

Fig. 3 Effects of CO2 concentration, 400 (A400), 600 (A600),
and 800 (A800) μL L−1, on PNsat of the first (a), second (b), and
third bud-break leaves (c) of Acer rubrum. Values signify mean ±

SD. Uppercase letters in the graph indicate significant differences
among the three bud-break leaf groups (P < 0.05)

Fig. 4 Whole plant PNsatw of the first bud-break (a), second bud-
break (b), and third bud-break leaves (c) of Acer rubrum under
three CO2 concentration treatments, 400 (A400), 600 (A600), and

800 (A800) μL L−1. Values signify mean ± SD. Uppercase letters
in the graph indicate significant differences among the three bud-
break leaf groups (P < 0.05)
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5 Conclusions

We found that elevated [CO2] did not alter the abscis-
sion timing of leaves in first, second, and third bud-
break leaves, and thus had no effect on the length of the
growing season in autumn. Elevated [CO2] increased
net photosynthesis in all leaves throughout the season
and the second bud-break leaves contributed more to
whole plant photosynthesis due to their larger leaf area.
Thus, enhanced carbon gain in response to atmospheric
CO2 enrichment in Acer rubrum will be the result of
strong stimulation of photosynthesis throughout the
growing season specifically on second bud-break
leaves, including the portion of the season during which
leaves senesce, but not by extending or shortening the
growing season in autumn.
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