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Abstract

Key message The understory evergreen trees showed
maximal photosynthetic capacity in winter, while the
overstory deciduous trees showed this capacity in
spring. The time lag in productive ecophysiologically
active periods between deciduous overstory and ever-
green understory trees in a common temperate forest
was clearly related to the amount of overstory foliage.
Abstract In temperate forests, where deciduous canopy
trees and evergreen understory trees coexist, understory
trees experience great variation in incident radiation
corresponding to canopy dynamics represented by leaf-
fall and leaf-out. It is generally thought that changes in
the light environment affect understory plants’ eco-
physiological traits. Thus, to project and estimate annual
energy, water, and carbon exchange between forests and
the atmosphere, it is necessary to investigate seasonal
variation in the ecophysiological activities of both ever-
green trees in the understory and deciduous trees that
make up the canopy/overstory. We conducted leaf-scale
gas-exchange measurements and nitrogen content anal-
yses for six tree species along their heights throughout a
complete year. Photosynthetic capacity as represented by

Communicated by C. Lovelock.

< Shuko Hamada
hamashu@aip.nagoya-u.ac.jp

Hydrospheric Atmospheric Research Center, Nagoya
University, Chikusa-ku, Nagoya 464-8601, Japan

Academic Research and Industry-Academia-Government
Collaboration, Nagoya University, Chikusa-ku,
Nagoya 464-8601, Japan

Department of Geography, University of Hawai’i at Manoa,
Honolulu, HI 96822, USA

the maximum carboxylation rate (V.nax2s) and photo-
synthetic nitrogen use efficiency (PNUE) of deciduous
canopy trees peaked immediately after leaf-out in late
May, declined and stabilised during the mid-growing
season, and drastically decreased just before leaf-fall. On
the other hand, the timing of lowest V .x25 and PNUE
for evergreen understory trees coincided with that of the
highest values for canopy trees. Furthermore, understory
trees’ highest values appeared just before canopy tree
leaf-out, when incident radiation in the understory was
highest. This implies that failing to consider seasonal
variation in leaf ecophysiological traits for both canopy
and understory trees could lead to serious errors in esti-
mating ecosystem productivity and energy balance for
temperate forests.

Keywords Photosynthesis - Farquhar model - Leaf
nitrogen content - Rubisco - Leaf area index - Vertical
variation

Introduction

Temperate deciduous forests occupy approximately one-
fifth of the world’s total forested area (Ridder 2007). These
forests are often characterised by the coexistence of
deciduous canopy/overstory and evergreen understory
trees, resulting in a vertical, multi-layered species com-
position and canopy structure (e.g., Breckle and Walter
2002; Sakai et al. 2006).

Seasonal variation in the photosynthetic capacity of
deciduous canopy trees following maturation and senes-
cence processes have been well documented: the maximum
carboxylation rate when ribulose bisphosphate (RuBP) is
saturated (Vimax) 1S highest immediately after leaf-out but
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declines slowly throughout the growing season, and then
more rapidly just before leaf-fall (e.g., Wilson et al. 2000;
Kosugi et al. 2003). On the other hand, understory trees’
photosynthetic behaviour is affected by seasonal changes
in incident light through the upper canopy (Oguchi et al.
2008). For example, early studies (e.g., Harrington et al.
1989; Gill et al. 1998) showed that some deciduous
understory trees expand their leaves earlier than overstory
trees to take advantage of incident light availability and the
resultant carbon gain. Evergreen understory trees receive
stronger light during canopy trees’ dormant season and, in
effect, maximise their photosynthetic capacity in winter
(e.g., Miyazawa and Kikuzawa 2005, 2006a). The con-
trasting seasonal patterns in V.., between deciduous
overstory and evergreen understory trees imply seasonal
vertical shifts in the major sinks and sources of gas
exchange, a geophysical phenomenon unique to such for-
ests. To our knowledge, no study has considered the dif-
ferences in temporal variation in photosynthetic capacity
(i.e., Vemax) between canopy deciduous and understory
evergreen trees in a temperate deciduous-evergreen forest.

To estimate project energy and carbon balances in
deciduous forest ecosystems with evergreen understory
trees, it is necessary to take into account vertical differ-
ences in photosynthetic capacity among the canopy layers.
Multilayer soil-vegetation—atmosphere transfer (SVAT)
models are among the more promising tools for repro-
ducing measured scalar fluxes in several vegetation types
over hourly to multiyear timescales (Baldocchi and Meyers
1998; Kumagai et al. 2006; Kumagai and Kume 2012;
Kumagai et al. 2013). SVAT models are thought to be able
to consider the effects of vertical differences in the timing
of each canopy layer’s peak Vn.x on overall ecosystem
energy and carbon balance, the subject of this
investigation.

Our goal, therefore, is to clarify seasonal variation in
photosynthetic capacity at each vertical position in a
deciduous tree-dominated forest canopy accompanied by
evergreen understory trees. Here, additional concrete
questions arise: (1) What biological and abiological factors
are responsible for the difference in timing of the V.
peaks between the canopy deciduous and understory
evergreen trees? and (2) What biochemical machinery
exists in the leaves of canopy and understory trees to
support the contrasting seasonal variations in V.x? To
address these questions, we conducted leaf-scale gas-ex-
change measurements and nitrogen (N) content analyses
for six tree species along their heights throughout a com-
plete year. The photosynthetic capacity of each species was
determined by V.n.x standardised at 25 °C (Vimax2s),
allocation of leaf N to within-leaf photosynthetic sites, and
photosynthetic N-use efficiency (PNUE).
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Materials and methods
Site description

Experiments were carried out in a stand of secondary
deciduous-evergreen mixed forest on the campus of
Nagoya University, Japan (35°10'N, 136°58'E, 70 m a.s.1.),
in 2001. The stand was approximately 100 x 100 m?. For
our investigations, we divided the forest canopy into three
vertical layers: upper (UP), middle (MD), and lower (LW)
(Table 1), with measurement heights of 14.6, 5.4-6.4, and
0.8 m, respectively.

Quercus serrata Murray, a deciduous tree, is the dom-
inant species throughout the stand and forms the UP. The
MD comprises the evergreen species Eurya japonica
Thunb., Ilex pedunculosa Miq., Ligustrum japonicum
Thunb., and Vaccinium bracteatum Thunb., with some
deciduous trees (e.g., Evodiopanax innovans Nakai). The
LW consists mainly of young evergreen trees of the same
species as the MD, and Aucuba japonica Thunb. On
average, the canopy height was 17.8 m in 2001.

The stand is situated in a temperate forest region with
four distinct seasons. Based on data from the National
Astronomical Observatory of Japan (2012), the mean
annual air temperature (7, in °C) over the period
1981-2010 was ~ 16 °C with a minimum monthly mean
T, of ~4 °C in January and a maximum monthly mean
T, of ~27 °C in August at the nearest meteorological
station, located 2 km north—north west of the site. The
mean annual precipitation (P, in mm) over the period
1981-2010 was ~ 1540 mm, with the rainy season
occurring from mid-June to mid-July. Meteorological
variables measured at the study site in 2001 are sum-
marised in Fig. 1; T, and total P, were 16 °C and
1415 mm, respectively, similar to their long-term aver-
ages. Maximum 7, reached 37 °C between late July and
early August. Minimum 7, was —2.7 °C in January. T,,
and therefore the above-canopy atmospheric humidity
deficit (D: hPa), showed seasonal variation. P, was high

Table 1 Tree species and heights in each canopy layer used for leaf
gas-exchange measurement

Canopy layer Height (m) Species
Upper layer 14.6 Quercus serrata Marray
Middle layer 54-6.4 Eurya japonica Thunb.
llex pedunculosa Miq.
Vaccinium bracteatum Thunb.
Lower layer 0.8 Ligustrum japonicum Thunb.

Aucuba japonica Thunb.
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Fig. 1 Seasonal variation in, a daily total photosynthetic photon flux
density (PPFD), b daily mean vapour pressure deficit (D) and daily
total precipitation (P,), ¢ daily mean air temperature (73,), and d leaf
area index (LAI) for upper (UP) and middle (MD) + lower (LW)
layers (i.e., MD + LW). Downward arrows denote observation days
with the leaf gas exchange measurements in UP (1), MD (2), and LW
3)

in June (the rainy season) and between mid-August and
late September (typhoon season).

Meteorological measurements

We constructed a 21 m experimental tower at the study
site to measure microclimatic variables, eddy-covariance
fluxes, and leaf-scale gas-exchange rate (see Hiyama
et al. 2005). Short-wave radiation (R, in W m~?) and
photosynthetic  photon flux density (PPFD in
pumol m~2 s™') at heights of 20.8, 10.7, and 0.7 m were
measured using a solar radiometer (CM3, Kipp & Zonen,
Delft, Netherlands) and quantum sensor (LI-190A, Li-
Cor, Lincoln, NE) installed at each height. A tempera-
ture and humidity sensor (HMP45A, Vaisala, Helsinki,
Finland) was installed at a height of 20.7 m. A tipping
bucket rain gauge (RT-5, Ikeda-Keiki Co., Tokyo, Japan)
was placed on the rooftop of a nearby building, about
120 m from the observation tower. We used P, data
recorded at the Nagoya local meteorological observa-
tory, 2 km from the experimental site, to compensate for
missing data. Ry and PPFD samples were taken every
30 s, and averaged over 10-min on a data logger
(CR23X, Campbell Scientific, Logan, UT). Air

temperature and relative humidity were recorded using a
data logger (CR10X, Campbell Scientific, Logan, UT)
with a 10 Hz interval.

Leaf-scale physiological measurements

Leaf-scale gas-exchange was measured using a
portable infrared gas analyser (LI-6400, Li-Cor), main-
taining the cuvette at ambient environmental conditions
using the ambient light through the transparent cuvette
top and the temperature controller of the Li-6400 during
daylight hours. Leaf temperature was measured using the
thermocouple of the Li-6400, and incident PPFD was
measured by an internally mounted quantum sensor.
Measurements were performed on 68 leaves from 1 to 2
sample trees of each species dominating each of the three
layers (Table 1) and were repeated about once a month
in 2001 for each layer (Fig. 1). Using the experimental
tower, we accessed the sunlit leaves of Q. serrata in UP
and the shaded leaves of evergreen trees in MD. The
measurements in LW were conducted around the foot of
the tower. The highest (lowest) T, in the leaf chamber
cuvette in the study period was 34.9 °C (4.7 °C) in
August (February), while the highest (lowest) leaf tem-
perature was 34.3 °C (3.3 °C) in August (February). The
maximum and minimum leaf surface D were 32 hPa in
August and 4 hPa in November.

Following the gas exchange measurements, 6—12 leaves
for each species were excised and their areas were mea-
sured. We weighed the leaf dry mass after drying at 60 °C
for 3 days, thus obtaining the specific leaf area (SLA:
m? g "). The leaf N content per unit dry mass (Np: g g~ ")
was measured using an elemental analyser (Carlo Erba
NA2500 Analyser, Thermo Electron, Rodano, Italy) or a
CN analyser (MT-700, Yanaco, Kyoto, Japan). The leaf N
content per unit area (N,: g m_z) was derived by dividing
the N, by the SLA. Harvested leaves coincided with or
were adjacent to gas-exchange-measured leaves.

Vemax €Stimation

We estimated Vpmay (tmol m~2 s™') inversely by applying
the measured leaf net photosynthesis rate (A
pmol m~2 s™") to the biochemical model for leaf photo-
synthesis (Farquhar et al. 1980). Here, we assumed infinite
internal conductance, and thus the intercellular CO, con-
centration (C;: pmol molfl) could be used for CO, con-
centration in the chloroplasts. Measurements of A, and C;
below 320 pmol mol ™' under light saturation (Koike et al.
2001; Miyazawa and Kikuzawa 2005 for deciduous canopy
species and evergreen understory broadleaved tree species,
respectively) allowed us to adopt a “one-point method”
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(e.g., Wilson et al. 2000; Takanashi et al. 2006). This
means that V., can be derived from an inverse version of
the equation for the gross rate of photosynthesis limited by
RuBP carboxylase-oxygenase (Rubisco) activity in Far-
quhar’s model with one-point data for A,, C;, and leaf
temperature. The photosynthesis model constants can be
determined according to Tenhunen et al. (1990), Harley
et al. (1992), and Harley and Baldocchi (1995), sum-
marised in Table 2. The daytime (non-photorespiratory)
respiration rate (Rg: pmol m™? s™') was estimated by
Ry = 0.015V_1ax according to Collatz et al. (1991). Esti-
mated V.« Was standardised as values at 25 °C (V pax2s:
pmol m~2 s~ ') using a nonlinear temperature function (see
Sharpe and DeMichele 1977), and both inter-species and
seasonal variation were examined.

Examination of N investment in photosynthetic
capacity

We hypothesised that inter-species and seasonal vari-
abilities in the photosynthetic capacity, i.e., Vimax2s, are
caused primarily by the incident light environment, and
are ultimately mediated by changes in leaf N content
and/or allocation (see Wilson et al. 2000; Kumagai
et al. 2006). Variability in V.y.x25 can be described
well by a linear relationship with N, as (Niinemets and
Tenhunen 1997):

chax25 = 6.25 VerNaRE (1)
where 6.25 is the ratio of the weight of Rubisco to the
weight of N in Rubisco, V. is the specific activity of
Rubisco [~20.7 umol CO, (g Rubisco) ~Is7hat 25 °C],

and Rg is the apparent fraction of N allocated to Rubisco
[¢ N in Rubisco (g total leaf N) _1].

Table 2 List of photosynthesis model constants

Leaf area measurements

According to Beer’s law, the silhouette area index of
leaves, stems, and branches (plant area index, PAI), can be
expressed as follows (e.g., Holst et al. 2004; Igarashi et al.
2015):

1 Rs below

PAI LAI + b r In (Rs_above> (2)
where LAI is the leaf area index, b is an empirical constant
representing the contribution of stems and branches to
radiative extinction, k is the extinction coefficient, Ry peiow
is the R, below (at 0.7 m) or within (at 10.7 m) the canopy,
and R ,pove 1S the Ry above the canopy (at 20.8 m). The
parameter k is known to vary with zenith angle and
cloudiness (Baldocchi et al. 1984; Holst et al. 2004), so to
reduce this effect, we input the 15-day moving average of
daily R pelow/Rs_above into Eq. (2), calculated by averaging
values measured during when the zenith angle was >75°
(Igarashi et al. 2015).

We conducted intensive measurements of PAI and LAI
using a combination of a Markov model estimation with
fish-eye image data (see Nilson 1971) and litter-fall col-
lection on October 2 and November 28, 1997, and January
14, 1998 (T. Hashimoto, personal observation). PAI and
LAI in the mid-foliate season were 3.0 and 1.5, respec-
tively, in the MD + LW, and 5.3 and 4.4, respectively, in
the UP. Moreover, LAI in the UP during the full-leaf-fall
season was set to zero. Assuming that the net productivity
of the study forest was nearly at equilibrium, we can derive
the parameters b and k for the whole canopy and the UP
from the relationships between LAI and R; peiow/Rs_above-
Once those parameters are determined, temporal variation
in LAI can be produced by Eq. (2) with continuous

Symbol Description Units Value
Kos Michaelis—Menten constant of Rubisco for CO, (K.) at 25 °C Pa 27.5%

H, Activation energy of K. J mol™! 80470°
Koos Michaelis—Menten constant of Rubisco for O, (K,) at 25 °C Pa 42000*
H, Activation energy of K, J mol™! 15410°
Tas Specificity factor of Rubisco for CO, compensation point Estimation (t) at 25 °C 23217
H. Activation energy of © J mol™! —29000*
H,, Activation energy of Vemax © J mol ™! 65000°
Hq Deactivation energy of Vax J mol ™! 250000°
S, Entropy term J K" mol™! 600°

? Harley and Baldocchi (1995)
o Harley et al. (1992)
¢ Tenhunen et al. (1990)

d Vemax 18 the maximum carboxylation rate when ribulose bisphosphate is saturated
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monitoring of Ry pelow/Rs_aboves for the UP and the
MD + LW, as shown in Fig. 1d.

Results

Diurnal pattern of net photosynthesis rate

PPFD at the forest floor abruptly decreased with leaf-out in
the UP in mid-April, and gradually increased in the leaf-

(a) Q. serrata

fall season through December (Fig. 1a, d). Moreover, in the
foliate season, PPFD incident to the sample leaves in the
UP was much higher than in the MD and LW, and often
>1000 pmol mZs! (Fig. 2). On the other hand, overall
PPFD on the sample leaves in the MD and LW was <100
and <50 pmol m~2 s~ ', respectively. In the leaf-fall sea-
son, January to March, PPFD incident to leaves in the MD
sometimes reached 1000 pmol m~2 s~', and was generally
higher than in the LW (Fig. 2b—f). During the leaf-fall and
even mid-foliate seasons, we also observed intense light in
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Fig. 2 Yearly observations of diurnal variation in photosynthetic
photon flux density (PPFD) incident to the gas-exchange-measured
leaves of, a Q. serrata in the upper layer (UP), b I. pedunculosa,
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bars represent the standard deviation
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Fig. 3 Yearly observations of diurnal variation in the net photosyn-
thesis rate (A,) of, a Q. serrata in the upper layer (UP), b I. pedun-
culosa, ¢ V. bracteatum, and d E. japonica in the middle layer (MD),

the form of so-called sunflecks on sample leaves in the LW
(Fig. 2e, 1).

The midday A, of Q. serrata in the UP was around
4.0 pmol m™2 ™' immediately after leaf-out, and sta-
bilised near ~ 10 pmol m~*s™" throughout the foliate
season, May—October (Fig. 3a). Although the canopy was
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and e A. japonica and f L. japonicum in the lower layer (LW).
Vertical bars represent the standard deviation

still full-foliate in November, leaf senescence caused a
decline in A, in November-December in the UP (Fig. 3a).
The A, of all species in the MD and LW was generally
higher in the leaf-fall season, December—March, than in the
foliate season, April-November, notably peaking in March,
just before Q. serrata leaf-out (Fig. 3b—f). During the
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Fig. 4 Seasonal variation in the UP MD
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foliate season, while A, in the LW was consistently low
(Fig. 3e, f), that in the MD started increasing in October,
when the UP was fully foliate (Fig. 3b—d).

Seasonal variation in photosynthetic characteristics

Figure 4 shows seasonal variation in Vpax25, Na, R (see
Eq. 1), and PNUE (=A,/N,) in the UP, MD, and LW. The
Vemax2s of Q. serrata in the UP was low
(~10 pmol m~? s~') immediately after leaf-out in April,
and drastically increased up to ~40 pmol m s ' in
May. The values were stable (~25-30 pmol m2s ) in
the foliate season, June—October, and started decreasing in
November. Meanwhile, the N, of Q. serrata was low
immediately after leaf-out in April due to the leaves’

2001

immaturity, and increased and plateaued in May to late
October. The N, abruptly decreased over November—De-
cember. Seasonal variation in the Rr and PNUE of Q. ser-
rata mirrored that of V,.xo5 except that Rg did not decline
after November. Compared to the period of stable V.05
(June—October), periods with lower V.25 showed either
lower N, (November and December) or lower Rg (soon
after leaf-out, April). During the May annual peak in
Vemax2s, Rr also reached its annual peak with peak PNUE.

The Vemax2s of leaves in the MD and LW peaked just
before Q. serrata’s leaf-out, i.e., in March (Fig. 4). After
leaf-out, the values dropped, and then gradually increased
from the early summer onward. A cross-correlation anal-
ysis of the Va5 time series showed that the V.05 of
the species in the MD and LW lagged 3-5 months behind
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Fig. 5 Seasonal variation in the relationship between cumulative leaf
area index (LAI) measured downward from the top of the canopy and
maximum carboxylation rate when ribulose bisphosphate is saturated
at 25 °C (Vemaxes) averaged over data from each layer (UP and

Q. serrata in the UP (cross-correlation coefficient >0.5).
There was some seasonal variation in N, in the MD and
LW but most species showed remarkable seasonality in Rp,
suggesting that the seasonal patterns in Vi .x25 and N, did
not coincide.

Further information on the relationship between sea-
sonal developments in LAI and Vx5 in each canopy
layer is shown in Fig. 5. The V_ax25 of the UP increased
with increasing total LAI On the other hand, V.25 of the
MD + LW was highest when total LAI was lowest (=the
MD + LW’s LAI). Vx5 of the MD + LW was also
high when LAI was highest near leaf-fall, implying that
trees in the MD + LW are ready for productive activity
before leaf-fall in the UP.

Discussion

As in many previous studies (e.g., Wilson et al. 2000;
Kosugi et al. 2003; Grassi et al. 2005; lio et al. 2008), the
Vemax2s of the dominant canopy tree species, i.e., Q. serrata
in the UP, was highest in the early growing season and
declined toward the leaf-fall season. The drastic increase in
both Vi max2s and N, in the UP during spring leaf devel-
opment were similar to those observed for the dominant
deciduous trees in temperate forests (Reich et al. 1991; Xu
and Baldocchi 2003; Grassi et al. 2005; Yasumura et al.
2006). Meanwhile, we observed a poor correlation between
Vemaxes and N, in the UP immediately after May leaf-out,
consistent with Wilson et al. (2000). They proposed that
this was because, immediately after leaf-out, leaves had
adequate N but were not functionally developed (Miya-
zawa et al. 1998). Wilson et al. (2000) and Grassi et al.
(2005) reported a gradual decline in photosynthetic
capacity that was poorly correlated with leaf N content in
the mid-growing season and attributed it to summer
drought. Notably, the values of V. .x25 and N, in UP were
relatively constant throughout the mid-growing season;
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MD + LW) in, a March 20-21, b April 26-28, ¢ August 2-5, and
d October 13-20. Horizontal bars represent ranges of the measured
values for different species in MD and LW

thus, this might be due to ample summer precipitation at
the study site (see Fig. 1). The steeper decrease in N, than
in Vimaxos during autumnal senescence (Fig. 4), which is
also consistent with previous observations (Wilson et al.
2000; Grassi et al. 2005), was probably caused by abrupt N
withdrawal without pronounced N withdrawal from
Rubisco just before leaf-fall.

Increased V.maxos and N, in most evergreen trees in the
MD + LW matched leaf-out timing in the UP and caused a
vertical shift in the highest V,.x>5 (Fig. 4), and possibly a
CO, sink. Increased N, enables understory plants to
redistribute resources to new shoots in the coming spring
(Millard and Proe 1991; Miyazawa et al. 2004). Similar
winter Vinaxos and N, behaviour in understory vegetation
was observed in a study on evergreen herbs (Skillman et al.
1996) and several on broadleaved evergreen trees (Yama-
mura and Kimura 1992; Miyazawa and Kikuzawa 2005;
Muller et al. 2005, 2009) under a deciduous overstory, and
is also thought to play a role in photosynthetic acclimation
to winter conditions. The photosynthetic acclimation of
leaf anatomy under low-temperature and high-PPFD con-
ditions is known to induce higher leaf N and Rubisco
contents in evergreen understory shrubs in winter than in
summer (Muller et al. 2009). Furthermore, Hikosaka
(2005) pointed out that N partitioning in the photosynthetic
apparatus can be affected by growth irradiance and tem-
perature. Concerning preparation for the coming spring, for
example, Yamamura and Kimura (1992) delineated the
seasonal dynamics of nutrients among component organs
of A. japonica under evergreen conifers; nutrients were
accumulated in the leaves in autumn and redistributed to
other organs in spring. Miyazawa and Kikuzawa (2006b)
and Miyazawa et al. (2007) also found that the leaf N
contents of evergreen trees shaded throughout the year
were higher in winter than in summer under fixed radiative
conditions. Furthermore, Miyazawa et al. (2004) estimated
that the ratio of N remobilised from 1-year-old leaves to
new leaves of Quercus glauca Thunb. was 15-45 %.
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Most species in the MD 4+ LW during the winter
maintained high N,, but their V .x25 was low in January
and February, resulting in low values of Rg (see Fig. 4).
One likely reason for this is higher N investment to new
shoots rather than current leaves’ Rubisco. Another
explanation is the effects of photoinhibition (e.g., Miya-
zawa and Kikuzawa 2005, 2006a; Miyazawa et al. 2007),
wherein the photosynthetic capacity of evergreen trees in
sunny locations decreases in mid-winter. We hypothesised
that the low values of V ,ax25 in January and February are
due to the depression of chloroplast functions by reactive
oxygen species generated under intense light (see Hikosaka
et al. 2004). However, there may be interspecific differ-
ences in resistance to photoinhibition, such as thermal
dissipation capacity (Adams et al. 2004) and the capacity to
repair a damaged photosynthetic apparatus (Oquist and
Huner 2003).

Generally, N, is highest in sunlit leaves near the top of
the canopy, and declines toward lower canopy positions
(Lambers et al. 2008). Carswell et al. (2000) showed that
N, in a multi-species canopy in a tropical rain forest could
be described as a linear function of height. In addition, a
clear relationship between N, and V .xs leads to a
decreasing trend in Vi n.xos from the top of the canopy
(Kumagai et al. 2006). As has been pointed out previously
(e.g., Sellers et al. 1992; Kull and Jarvis 1995; de Pury and
Farquhar 1997), decreases in N, and Vi naxos Wwith
decreasing canopy height might represent the optimal dis-
tribution of limited resources throughout the canopy,
avoiding wastage of N resources and maximising photo-
synthetic carbon gain. In contrast, in herbaceous stands
composed of individuals of different heights, the vertical
profile of N, (as a function of incident solar radiation)
differs among individuals and depends on leaf position and
PPFD under the same solar radiation levels (Anten et al.
1998). At our study site, in forest layered with species of
different phenological and ecophysiological traits, we
found a “jump” in the vertical profile of Vi na.x25 (see
Fig. 5). Late winter or early spring before leaf-out in the
UP is the critical period for CO, assimilation of most
species in the MD + LW, while summer and autumn are
major assimilation periods for the UP. The increase in
photosynthetic capacity in the MD 4+ LW during winter
might compensate for the lack of carbon uptake during the
leafless season in the UP. Therefore, it is likely that this
productivity represents an optimal use of resources for the
whole ecosystem throughout the year.

Our results underscore the importance of considering the
time lag in major assimilation periods between dominant
deciduous canopy and evergreen understory trees when
studying the annual net ecosystem exchange (NEE), as the
main CO, uptake source changes vertically throughout the
seasons. In reality, the contribution of the annual

understory gross primary production (GPP) to the total
ecosystem GPP, which was roughly estimated by multi-
plying the observed seasonal values of LAI and leaf A, for
each of the canopy and understory trees, was ~ 10 %. It
should be noted that the canopy GPP was computed using
the sunlit leaf A,, a somewhat maximal leaf assimilation
rate, and the NEE estimation needs to be taken into account
for the effect of ecosystem respiration during the canopy
leafless season. The understory productivity, ca. 2
tC ha™' year™! as its GPP, is comparable with the reported
NEE of global temperate forests (see Malhi et al. 1999) and
should occupy a large portion of the NEE. Thus, failing to
consider active understory photosynthesis during the leaf-
less season in the overstory will lead to underestimating the
annual NEE in temperate deciduous-evergreen forests.
Wilson and Baldocchi (2001) and Ito et al. (2006)
demonstrated the effects of seasonal fluctuations in Vi ax
and the structural properties of overstory deciduous trees
on estimates of annual NEE using simulation models. We
must consider the difference in the timing of peak leaf
Vemax and N, between the overstory and understory for
SVAT modelling, which is the most promising tool for
NEE projection. Given the implications of climate change,
we attempted to estimate the change in contribution of the
understory to the total GPP under conditions of global
warming. We assumed that global warming induced the
earlier leaf-out and later leaf-fall, causing a I-month
extension of the growing period for canopy deciduous
trees. This rough simulation resulted in an approximately
1 % reduction in the understory contribution to the total
GPP. Furthermore, photosynthetic enhancement caused by
increasing temperatures tends to occur under low-temper-
ature conditions (<15 °C) (see Hikosaka et al. 2006), and
winter understory photosynthesis might be more critical in
the estimation of NEE under conditions of global warming.
Our results entail a straightforward treatment of the
canopy-scale assimilation characteristics of temperate for-
ests and are relevant to current status estimates and future
projections of forest carbon balance using SVAT models.

Author contribution statement S. H. performed the analyses and
wrote an initial draft of the paper. T. K. conceived and designed the
study, interpreted the results, and contributed edits throughout. K. K.
and N. K. made substantial contributions to data acquisition. T. H.
contributed to data acquisition and manuscript editing. Y. M. made
contributions to data interpretation and manuscript editing.

Acknowledgments This work was supported in part by Grants-in-
Aid for Scientific Research (Nos. 11213209, 11480130, and
25281005) from the Ministry of Education, Science and Culture,
Japan.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflicts
of interest.

@ Springer



1092

Trees (2016) 30:1083-1093

References

Adams WWIII, Zarter CR, Ebbert V, Demmig-Adams B (2004)
Photoprotective strategies of overwintering evergreens. Bio-
science 54:41-49. doi:10.2307/1314584

Anten NPR, Miyazawa K, Hikosaka K, Nagashima H, Hirose T
(1998) Leaf nitrogen distribution in relation to leaf age and
photon flux density in dominant and subordinate plants in dense
stands of a dicotyledonous herb. Oecologia 113:314-324

Baldocchi D, Meyers T (1998) On using eco-physiological, microm-
eteorological and biogeochemical theory to evaluate carbon
dioxide, water vapor and trace gas fluxes over vegetation: a
perspective. Agric For Meteorol 90:1-25

Baldocchi D, Matt DR, Hutchison BA, McMillen RT (1984) Solar
radiation within an oak-hickory forest: an evaluation of the
extinction coefficients for several radiation components during
fully leafed and leafless periods. Agric For Meteorol 32:307-322

Breckle SW, Walter H (2002) Walter’s vegetation of the earth: the
ecological systems of the geo-biosphere, 4th edn. Springer,
Berlin

Carswell FE, Meir P, Wandelli EV, Bonates LCM, Kruijt B, Barbosa
EM, Nobre AD, Grace L, Jarvis PG (2000) Photosynthetic
capacity in a central Amazonian rain forest. Tree Physiol
20:179-186. doi:10.1093/treephys/20.3.179

Collatz GJ, Ball JT, Grivet C, Berry JA (1991) Physiological and
environmental regulation of stomatal conductance, photo-syn-
thesis and transpiration: a model that includes a laminar
boundary layer. Agric For Meteorol 54:107-136. doi:10.1016/
0168-1923(91),90002-8

De Pury DGG, Farquhar GD (1997) Simple scaling of photosynthesis
from leaves to canopies without the errors of big-leaf models.
Plant Cell Environ 20:537-557

Farquhar GD, von Caemmerer S, Berry JA (1980) A biochemical
model of photosynthetic CO, assimilation in leaves of Cj
species. Planta 149:78-90

Gill DS, Amthor JS, Bormann FH (1998) Leaf phenology, photosyn-
thesis, and the persistence of saplings and shrubs in a mature
northern hardwood forest. Tree Physiol 18:281-289

Grassi G, Vicinelli E, Ponti F, Cantoni L, Magnani F (2005) Seasonal
and interannual variability of photosynthetic capacity in relation
to leaf nitrogen in a deciduous forest plantation in northern Italy.
Tree Physiol 25:349-360

Harley PC, Baldocchi DD (1995) Scaling carbon dioxide and water
vapour exchange from leaf to canopy in a deciduous forest.
I. Leaf model parametrization. Plant Cell Environ
18:1146-1156. doi:10.1111/j.1365-3040.1995.tb00625.x

Harley PC, Thomas RB, Reynolds JF, Strain BR (1992) Modeling
photosynthesis of cotton grown in elevated CO,. Plant Cell
Environ 15:271-282. doi:10.1111/j.1365-3040.1992.tb00974.x

Harrington RA, Brown BJ, Reich PB (1989) Ecophysiology of exotic
and native shrubs in Southern Wisconsin. Oecologia 80:356-367

Hikosaka K (2005) Nitrogen partitioning in the photosynthetic
apparatus of Plantago asiatica leaves grown under different
temperature and light conditions: similarities and differences
between temperature and light acclimation. Plant Cell Environ
46:1283-1290

Hikosaka K, Kato MC, Hirose T (2004) Photosynthetic rates and
partitioning of absorbed light energy in photoinhibited leaves.
Physiol Plant 121:699-708. doi:10.1111/j.1399-3054.2004.
00364.x

Hikosaka K, Ishikawa K, Borjigidai A, Muller O, Onoda Y (2006)
Temperature acclimation of photosynthesis: mechanisms
involved in the changes in temperature dependence of photo-
synthetic rate. J Exp Bot 57:291-302

@ Springer

Hiyama T, Kochi K, Kobayashi N, Sirisampan S (2005) Seasonal
variation in stomatal conductance and physiological factors
observed in a secondary warm-temperate forest. Ecol Res
20:333-346. doi:10.1007/s11284-005-0049-6

Holst T, Hauser S, Kirchqéssner A, Matzarakis A, Mayer H, Schindler
D (2004) Measuring and modeling plant area index in beech
stands. Int J Biometeorol 48:192-201

Igarashi Y, Kumagai T, Yoshifuji N, Sato T, Tanaka N, Tanaka K,
Suzuki M, Tantasirin C (2015) Environmental control of canopy
stomatal conductance in a tropical deciduous forest in northern
Thailand. Agric For Meteorol 202:1-10

lio A, Yokoyama A, Takano M, Nakamura T, Fukasawa H, Nose Y,
Kakubari Y (2008) Interannual variation in leaf photosynthetic
capacity during summer in relation to nitrogen, leaf mass per
area and climate within a Fagus crenata crown on Naeba
Mountain, Japan. Tree Physiol 28:1421-1429. doi:10.1093/
treephys/28.9.1421

Ito A, Muraoka H, Koizumi H, Saigusa N, Murayama S, Yamamoto S
(2006) Seasonal variation in leaf properties and ecosystem
carbon budget in a cool-temperate deciduous broad-leaved
forest: simulation analysis at Takayama site, Japan. Ecol Res
21:137-149. doi:10.1007/s11284-005-0100-7

Koike T, Kitao M, Maruyama Y, Mori S, Lei TT (2001) Leaf
morphology and photosynthetic adjustments among deciduous
broad-leaved trees within the vertical canopy profile. Tree
Physiol 21:951-958

Kosugi Y, Shibata S, Kobashi S (2003) Parameterization of the CO,
and H,O gas exchange of several temperate deciduous broad-
leaved trees at the leaf scale considering seasonal changes. Plant
Cell Environ 26:285-301. doi:10.1046/j.1365-3040.2003.00960.
X

Kull O, Jarvis PG (1995) The role of nitrogen in a simple scheme to
scale up photosynthesis from leaf to canopy. Plant, Cell Environ
18:1174-1182

Kumagai T, Kume T (2012) Influences of diurnal rainfall cycle on
CO, exchange over Bornean tropical rainforests. Ecol Modell
246:91-98

Kumagai T, Ichie T, Yoshimura M, Yamashita M, Kenzo T, Saitoh
TM, Ohashi M, Suzuki M, Koike T, Komatsu H (2006)
Modeling CO, exchange over a Bornean tropical rain forest
using measured vertical and horizontal variation in leaf-level
physiological parameters and leaf area densities. J Geophys Res
111:D10107. doi:10.1029/2005JD006676

Kumagai T, Mudd RG, Miyazawa Y, Liu W, Giambelluca TW,
Kobayashi N, Lim TK, Jomura M, Matsumoto K, Huang M,
Chen Q, Ziegler A, Yin S (2013) Simulation of canopy CO,/H,O
fluxes for a rubber (Hevea brasiliensis) plantation in central
Cambodia: the effect of the regular spacing of planted trees. Ecol
Modell 265:124-135

Lambers H, Chapin FS III, Pons TL (2008) Plant physiological
ecology, 2nd edn. Springer, New York, pp 58-59

Malhi Y, Baldocchi DD, Jarvis PG (1999) The carbon balance of
tropical, temperate and boreal forests. Plant Cell Environ
22:715-740

Millard P, Proe MF (1991) Leaf demography and the seasonal internal
cycling of nitrogen in sycamore (Acer-Pseudoplatanus L.)
seedlings in relation to nitrogen supply. New Phytol
117:587-596

Miyazawa Y, Kikuzawa K (2005) Winter photosynthesis by saplings
of evergreen broad-leaved trees in a deciduous temperate forest.
New Phytol 165:857-866

Miyazawa Y, Kikuzawa K (2006a) Physiological basis of seasonal
trend in leaf photosynthesis of five evergreen broad-leaved
species in a temperate deciduous forest. Tree Physiol
26:249-256. doi:10.1093/treephys/26.2.249


http://dx.doi.org/10.2307/1314584
http://dx.doi.org/10.1093/treephys/20.3.179
http://dx.doi.org/10.1016/0168-1923(91),90002-8
http://dx.doi.org/10.1016/0168-1923(91),90002-8
http://dx.doi.org/10.1111/j.1365-3040.1995.tb00625.x
http://dx.doi.org/10.1111/j.1365-3040.1992.tb00974.x
http://dx.doi.org/10.1111/j.1399-3054.2004.00364.x
http://dx.doi.org/10.1111/j.1399-3054.2004.00364.x
http://dx.doi.org/10.1007/s11284-005-0049-6
http://dx.doi.org/10.1093/treephys/28.9.1421
http://dx.doi.org/10.1093/treephys/28.9.1421
http://dx.doi.org/10.1007/s11284-005-0100-7
http://dx.doi.org/10.1046/j.1365-3040.2003.00960.x
http://dx.doi.org/10.1046/j.1365-3040.2003.00960.x
http://dx.doi.org/10.1029/2005JD006676
http://dx.doi.org/10.1093/treephys/26.2.249

Trees (2016) 30:1083-1093

1093

Miyazawa Y, Kikuzawa K (2006b) Photosynthesis and physiological
traits of evergreen broadleaved saplings during winter under
different light environments in a temperate forest. Can J Bot
84:60—69. doi:10.1139/b05-144

Miyazawa S, Satomi S, Terashima I (1998) Slow leaf development of
evergreen broad-leaved tree species in Japanese warm temperate
forests. Ann Bot-London 82:859-869

Miyazawa S, Suzuki AA, Sone K, Terashima I (2004) Relationships
between light, leaf nitrogen and nitrogen remobilization in the
crowns of mature evergreen Quercus glauca trees. Tree Physiol
24:1157-1164

Miyazawa Y, Kikuzawa K, Otsuki K (2007) Decrease in the capacity
for RuBP carboxylation and regeneration with the progression of
cold-induced photoinhibition during winter in evergreen broad-
leaf tree species in a temperate forest. Funct Plant Biol
34:393-401

Muller O, Hikosaka K, Hirose T (2005) Seasonal changes in light and
temperature affect the balance between light harvesting and light
utilisation components of photosynthesis in an evergreen under-
story shrub. Oecologia 143:501-508. doi:10.1007/s00442-005-
0024-5

Muller O, Oguchi R, Hirose T, Werger MJ, Hikosaka K (2009) The
leaf anatomy of a broad-leaved evergreen allows an increase in
leaf nitrogen content in winter. Physiol Plant 136:299-309.
doi:10.1111/j.1399-3054.2009.01224.x

National Astronomical Observatory of Japan (2012) Rika Nenpyo
(Chronological Scientific Tables). Maruzen publishing, Tokyo
[In Japanese]

Niinemets U, Tenhunen JD (1997) A model separating leaf structural
and physiological effects on carbon gain along light gradients for
the shade-tolerant species Acer saccharum. Plant Cell Environ
20:845-866. doi:10.1046/j.1365-3040.1997.d01-133.x

Nilson T (1971) A theoretical analysis of the frequency of gaps in
plant stands. Agric For Meteorol 8:25-38

Oguchi R, Hikosaka K, Hiura T, Hirose T (2008) Costs and benefits
of photosynthetic light acclimation by tree seedlings in response
to gap formation. Oecologia 155:665-675. doi:10.1007/s00442-
007-0951-4

Oquist G, Huner NPA (2003) Photosynthesis of overwintering
evergreen plats. Annu Rev Plant Biol 54:329-355

Reich PB, Walters MB, Ellsworth DS (1991) Leaf age and season
influence the relationships between leaf nitrogen, leaf mass per
area and photosynthesis in maple and oak trees. Plant Cell
Environ 14:251-259

Ridder RM (2007) Global forest resources assessment 2010: options
and recommendations for a global remote sensing survey of
forests. FAO For Resour Assess Progr Work, Pap 141

Sakai T, Akiyama T, Saigusa N, Yamamoto S, Yasuoka Y (2006) The
contribution of gross primary production of understory dwarf
bamboo, Sasa senanensis, in a cool-temperate deciduous broad-
leaved forest in central Japan. For Ecol Manage 236:259-267

Sellers PJ, Berry JA, Collatz GJ, Field CB, Hall FG (1992) Canopy
reflectance, photosynthesis, and transpiration. III. A reanalysis
using improved leaf models and a new canopy integration
scheme. Remote Sens Environ 42:187-216

Sharpe PJ, DeMichele DW (1977) Reaction kinetics of poikilotherm
development. J Theor Biol 64:649-670

Skillman JB, Strain BR, Osmond CB (1996) Contrasting patterns of
photosynthetic acclimation and photoinhibition in two evergreen
herbs from a winter deciduous forest. Oecologia 107:446-455

Takanashi S, Kosugi Y, Matsuo N, Tani M, Ohte N (2006) Patchy
stomatal behavior in broad-leaved trees grown in different
habitats. Tree Physiol 26:1565-1578. doi:10.1093/treephys/26.
12.1565

Tenhunen JD, Serra AS, Harley PC, Dougherty RL, Reynolds JF
(1990) Factors influencing carbon fixation and water use by
Mediterranean sclerophyll shrubs during summer drought.
Oecologia 82:381-393

Wilson KB, Baldocchi D (2001) Comparing independent estimates of
carbon dioxide exchange over 5 years at a deciduous forest in
the  southeastern  United States. J  Geophys Res
106:34167-34178. doi:10.1029/2001JD000624

Wilson KB, Baldocchi D, Hanson PJ (2000) Spatial and seasonal
variability of photosynthetic parameters and their relationship to
leaf nitrogen in a deciduous forest. Tree Physiol 20:565-578

Xu L, Baldocchi D (2003) Seasonal trends in photosynthetic
parameters and stomatal conductance of blue oak (Quercus
douglasii) under prolonged summer drought and high temper-
ature. Tree Physiol 23:865-877

Yamamura Y, Kimura M (1992) Matter-economical roles of
evergreen leaves in Aucuba japonica, an understory shrub in
the warm-temperate region of Japan 2. Dynamics and budgets of
nutrients. Bot Mag (Tokyo) 105:95-104

Yasumura Y, Hikosaka K, Hirose T (2006) Seasonal changes in
photosynthesis, nitrogen content and nitrogen partitioning in
Lindera umbellata leaves grown in high or low irradiance. Tree
Physiol 26:1315-1323

@ Springer


http://dx.doi.org/10.1139/b05-144
http://dx.doi.org/10.1007/s00442-005-0024-5
http://dx.doi.org/10.1007/s00442-005-0024-5
http://dx.doi.org/10.1111/j.1399-3054.2009.01224.x
http://dx.doi.org/10.1046/j.1365-3040.1997.d01-133.x
http://dx.doi.org/10.1007/s00442-007-0951-4
http://dx.doi.org/10.1007/s00442-007-0951-4
http://dx.doi.org/10.1093/treephys/26.12.1565
http://dx.doi.org/10.1093/treephys/26.12.1565
http://dx.doi.org/10.1029/2001JD000624

	Spatial and temporal variations in photosynthetic capacity of a temperate deciduous-evergreen forest
	Abstract
	Key message
	Abstract

	Introduction
	Materials and methods
	Site description
	Meteorological measurements
	Leaf-scale physiological measurements
	Vcmax estimation
	Examination of N investment in photosynthetic capacity
	Leaf area measurements

	Results
	Diurnal pattern of net photosynthesis rate
	Seasonal variation in photosynthetic characteristics

	Discussion
	Acknowledgments
	References




