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Abstract Forest productivity is closely linked to seasonal
variations and vertical differentiation in leaf traits. How-
ever, leaf structural and chemical traits variation among
co-existing species, and plant functional types within the
canopy are poorly quantified. In this study, the seasonal-
ity of leaf chlorophyll, nitrogen (N), and phosphorus (P)
were quantified vertically along the canopy of four major
tree species and two types of herbs in a temperate deciduous
forest. The role of shade tolerance in shaping the seasonal
variation and vertical differentiation was examined. Dur-
ing the entire season, chlorophyll content showed a distinct
asymmetric unimodal pattern for all species, with greater
chlorophyll levels in autumn than in spring, and the tim-
ing of peak chlorophyll per leaf area gradually decreased as
shade tolerance increased. Chlorophyll a:b ratios gradually
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decreased with increasing shade tolerance. Leaf N and P
contents sharply declined during leaf expansion, remained
steady in the mature stage and decreased again during leaf
senescence. Over the seasons, the lower canopy layer had
significantly higher chlorophyll per leaf mass but not chlo-
rophyll per leaf area than the upper canopy layer regardless
of degree of shade tolerance. However, N and P per leaf
area of intermediate shade-tolerant and fully shade-tolerant
tree species were significantly higher in the upper canopy
than in the lower. Seasonal variations in N:P ratios suggest
changes in N or P limitation. These findings indicate that
shade tolerance is a key feature shaping inter-specific differ-
ences in leaf chlorophyll, N, and P contents as well as their
seasonality in temperate deciduous forests, which have sig-
nificant implications for modeling leaf photosynthesis and
ecosystem production.
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Chl Chlorophyll

Chl a Chlorophyll a content
Chlb  Chlorophyll b content
Niear Leaf nitrogen

Npass Nitrogen/leaf mass
Nea Nitrogen/leaf area
Poos Leaf phosphorus

P ass Phosphorus/leaf mass
Pea Phosphorus/leaf area
Chl,.,; Leaf chlorophyll

Chl_,, Chlorophyll/leaf mass
aea  Chlorophyll/leaf area

Introduction

Photosynthetic capacity is closely related to leaf traits, such
as nitrogen (N) content spatially (Ollinger et al. 2008; Osnas
et al. 2013) and chlorophyll content (Chl,.,;) seasonally
(Noda et al. 2015; Croft et al. 2017). Under natural condi-
tions, the most pronounced seasonal patterns of leaf N and
Chl,.,s occurred in temperate deciduous broadleaf forests
(Croft et al. 2020). Chlorophyll content represents the physi-
ological state of plants and is directly related to photosynthe-
sis (Croft et al. 2017). Tree species in temperate forests have
different seasonal variations in leaf nutrient and Chl,, con-
tents as influenced by leaf age, phenological stage, and cli-
matic factors (Heaton et al. 2009; De Las Heras et al. 2017).
In general, a dynamic change of leaf nutrient content is the
result of genetic factors, phenological period and external
environment (Legner et al. 2014). However, interspecific dif-
ferences in the seasonal dynamics of leaf nutrient and Chl,,,
levels and their intrinsic controls is poorly defined, which
limits understanding of the life history responses of coex-
isting tree species and the accurate simulation of seasonal
gross primary production (GPP).

Temperate deciduous tree species reach a peak or sta-
ble leaf area and N and phosphorous (P) levels earlier in
the spring than Chl,.,;, which begins to decrease earlier in
the autumn than leaf area and N (Noda et al. 2015; Yang
et al. 2016; Wang et al. 2020; Zhuang et al. 2021; Chen et al.
2022b). For example, in the Harvard Forest in the United
States, leaf area index (LAI) reached a maximum within
10 days after bud break, but Chl,.,; (expressed with chlo-
rophyll normalized difference index) of the dominant spe-
cies, Quercus rubra L. took longer to maximize, and began
to decline 40 days earlier than LAI in the autumn (Keenan
et al. 2014). The asynchrony between Chl,.,; and N, can be
identified by variations in the ratio of chlorophyll to nitrogen
(Chl: N). The peak dates of Chl: N ratio differed by about
10 days in the spring and 20 days in the autumn among the
four major tree species in the Borden mixed temperate Forest
(Croft et al. 2017). However, the differences in asynchrony
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between Chl,.,; and N, among tree species remain unclear,
which hinders our understanding of the seasonality of leaf N
allocation and thus forest GPP.

Nutrient allocation within the canopy is considered opti-
mal for maximizing growth, which depends mainly on soil
nutrient availability and canopy structure (Nilsen and Abra-
hamsen 2003; Niinemets 2007; Mandre 2009; Kobayashi
et al. 2010; Yoshimura 2010). Canopy structure determines
the light environment within the canopy, which influences
the transport of canopy nutrients (Mandre 2009; Ots et al.
2009). The canopy is considered spatially heterogeneous in
leaf traits (Granata et al. 2020). Generally, lower canopy
leaves are larger and thinner, and have lower leaf mass per
area (LMA) which enhances the net carbon gain of the
whole canopy (Legner et al. 2014). Nitrogen is redistrib-
uted to different photosynthetic components and affects
the photosynthetic potential of the leaves (Niinemets et al.
2015). N and P levels were higher in the upper part of the
canopy in some studies (Finer 1994; Sabate et al. 1995; Liu
et al. 2012), but were comparable between vertical levels
of the canopy in other studies (Hollinger 1996; Yoshimura
2010). In addition, Ots et al. (2009) found that N content
was higher in the lower part of the canopy, but P levels did
not differ essentially between canopy layers, indicating an
element-dependence of vertical difference. However, these
discrepancies between studies are unclear. Shade tolerance
may play an important role in shaping many leaf structural
and chemical traits (Valladares and Niinemets 2008), and
vertical variations of nutrient and chlorophyll contents, with
shade tolerant species showing greater vertical variation in
leaf traits (Wang et al. 2013; Legner et al. 2014). In addition,
larger canopies of overstory species may negatively impact
shade tolerant species (Coble and Cavaleri 2015) depending
on canopy development stage across the seasons. However,
few studies have quantified the differences in chlorophyll and
nutrient contents between different coexisting shade-tolerant
species for the entire growing season.

East Asia has one of the three major temperate forest
zones in the world and play an important role in regional
carbon cycling. In this study, five species and one species
group with different shade tolerance from a deciduous
broadleaf forest in northeast China were selected to inves-
tigate seasonal dynamics and interspecific differences in
chlorophyll and nutrient contents. The specific objectives
were to: (1) reveal seasonal patterns of leaf chlorophyll and
nutrient contents in trees and herbs; (2) quantify differences
in chlorophyll and nutrient contents between the upper and
lower canopies of different species over the growing season;
and (3) explore the relationship of chlorophyll and nutrient
contents with degree of shade tolerance. It was hypothesized
that: (1) leaf chlorophyll and nutrient contents of temper-
ate trees and herbs would show asymmetric seasonal pat-
terns; (2) chlorophyll and nutrient contents would differ
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significantly between canopy layers; and (3) degree of shade
tolerance would have significant effects on chlorophyll and
nutrient levels.

Material and methods
Site description

The study was carried out at the Maoershan Forest Ecosys-
tem Research Station of the Northeast Forestry University,
Northeast China (45°24'N, 127°40'E). The climate is conti-
nental monsoonal, with warm and humid summers and cold,
dry winters. Records for 2008 to 2019 indicated that mean
temperatures were 2.1 +0.8 °C and mean annual precipita-
tion 726 +261 mm (Sun et al. 2021). The main vegetation is
a typical natural secondary forest of the mountainous areas
of eastern northeast China.

Experimental design

The sampling sites were located around the flux towers at
an average elevation of 400 m (Liu et al. 2021). The main
species or species group were (shade-intolerant white birch
(Betula platyphylla Suk.), intermediate shade tolerant Man-
churian ash (Fraxinus mandshurica Rupr.), shade-tolerant
Japanese elm (Ulmus davidiana var. japonica (Rehder)
Nakai), subcanopy tree species clove (Syringa reticulata var.
mandshurica (Maxim.) H.Hara) (Sun et al. 2023), evergreen
horsetail (Equisetum hyemale L.) and a group of broad-
leaved herbs. Due to space limitation, only the differences
among species and between canopy layers were reported in
this paper, and the up-scaled results on chlorophyll, N and
P levels at the ecosystem scale to interpret the seasonality
of GPP will be reported in a following paper.

Based on phenological characteristics (Liu et al. 2015),
the growing season in 2018 was divided into three peri-
ods, i.e., leaf expansion (dayl35-day153), maturity
(day154—day245), and senescence (day246—day278). Sam-
ples were taken every ten days during leaf expansion and
maturity periods, and every five days during senescence.
Three individuals were selected for each tree species in
typical habitats. Sampling was carried out on rain-free days
between 8:00 and 16:00 but avoiding noon time. For each
sampling, one branch with a diameter of >3 cm was cut
from the upper canopy and in the lower half for birch, ash,
and elm. Leaves were randomly sampled from each branch
and randomly from the canopy for clove due to the short
canopy length. Leaves of horsetail are greatly reduced and
non-photosynthetic, and photosynthesis is carried out by the
stems. Horsetail and broad-leaved herbs were cut from three
1-m? plots. The samples were sealed and stored in a cooler
and taken to the laboratory for the determination of leaf/

stem structural and chemical traits. A total of 1548 samples
were obtained, including 334 from birch, 283 from ash, 370
from elm, 166 from clove, 223 from horsetail, and 172 from
broad-leaved herbs. Leaf trait data were represented by the
average of three samples, and for each tree species in each
sampling time by the average of three individuals.

Sample treatment
Leaf chlorophyll content

Chl,.,; was determined by a 1:1 mixture of 80% acetone
and 95% anhydrous ethanol as the extracting solution. One
hundred mg of fresh leaves was cut into fine fragments and
moved into a test tube containing 10 mL of extracting solu-
tion at room temperature (10-30 °C) in the dark until the
leaf fragments became transparent, usually after a few hours
or days. The extracting solution was then transferred to a
25-mL flask for volume determination. The absorbance of
chlorophyll extracts at 663 nm and 645 nm was measured on
a spectrophotometer (UV-VIS, Purkinje General Instrument
Co., Beijing, China) with three replicates of each sample.
The contents of chlorophyll a (Chl a), chlorophyll b (Chl b)
and total chlorophyll were calculated with Arnon’s formula
(Lichtenthaler 1987):

Chla = 12.71 X Ag; — 2.59 X Agys X 0.1 (1)
Chlb = 22.88 X Agys — 4.67 X Ages X 0.1 )
Chl,, = Chla + Chlb = 20.29 X Aqs + 8.04 X Ay

3
where Agq; and Ag,s are the absorbances of the chlorophyll
solution at wavelengths of 663 nm and 645 nm, respectively;
Chl a (mg g~!) and Chl b (mg g~!) are the contents of chlo-
rophyll a and chlorophyll b, respectively, and Chl, . (mg
g~ ') is the total Chl,,,. The Chl,,,, per unit dry leaf mass
was obtained by correcting for leaf water content. Chloro-
phyll per leaf area (Chl,,,, pg cm™2) was calculated as the
product of Chl,, and leaf mass per area. The ratio of Chl a
to Chl b (Chl a:b) was calculated to compare the strategies
of shade tolerance and response to drought (Kitajima and
Hogan 2003).

Leaf nutrient content

Leaf samples were treated at 105 °C for 30 min to elimi-
nate enzymatic activity, dried at 70 °C for 48 h, and ground
to pass a 0.2-mm sieve. The solution to be measured was
prepared by the H,SO,-H,0, decoction method, and total
nitrogen (N, mg g~ ') and total phosphorus (P, mg
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Table _1 Repegted measures Statistics parameter Sampling date (¢) Species () xS

analysis of variance for leaf

traits of tree species F P F F P
Chl, e 8.119 0.115 20.478 <0.001 1.606 0.048
Chl,,., 63.713 <0.001 3.408 0.028 2.269 <0.001
Chla 150.812 0.007 3.779 0.019 4.350 0.108
Chl b 37.780 0.026 5.390 0.004 1.421 0.108
Chl a:b 398.971 0.003 16.445 <0.001 2.247 0.003
Niass 536.195 0.034 136.909 <0.001 1.599 0.060
Nyrea 4.957 0.339 39.208 <0.001 1.935 0.015
P s 388.406 0.040 23.326 <0.001 1.782 0.028
P,ea 12.982 <0.001 25.040 <0.001 6.565 <0.001
Chl:N 27.119 <0.001 19.424 <0.001 1.549 0.048
N:P 1733.651 0.091 95.889 <0.001 1.698 0.040

g~ 1) were determined by a continuous flow analyzer (SEAL
Analytical GmbH, Germany) (Wang et al. 2022).

Nitrogen per leaf area (N, g m~2) and phosphorus per
leaf area (P,,.,, ¢ m~2) were calculated from corresponding
nutrient mass content by multiplying the LMA. Thirty leaves
from each sample were randomly selected to measure the
LMA, the ratio of leaf dry mass (g) to leaf area (m?). Leaf
area was measured based on leaf pixels versus background
pixels in the scanned images and scanning resolution (300
PDI). The ratio of Chl and N (ChL:N ratio) repre-

mass mass

sented N allocation to chlorophyll (Croft et al. 2017).

Data analysis

A repeated measures ANOVA was used to compare the
effects of species, sampling date, and the interaction between
the two on Chl,.,, and nutrient content, because the Mauchly
sphericity test was significant at P <0.05. The correlations
of leaf Chl,,; and nutrient contents were investigated by
Pearson’s correlation analysis. All statistical analyses were

done with SPSS 21, and all plots were drawn with SigmaPlot
12.5.

Results
Seasonality of chlorophyll content

Species, sampling time, and their interaction differentially
affected Chl, and Chl_, of trees and herbs (Tables 1 and
2). The Chl_, of trees was higher than that of horsetails
but lower than broad-leaved herbs, while the opposite was
true for Chl,.,. Chl,., differed significantly among the four
tree species, with ash being highest. However, these species
showed similar unimodal seasonal patterns of Chl,.,, low-
est during leaf expansion, followed by a gradual increase,
reaching a maximum in summer, and rapidly decreased
for most tree species in senescence. For the same spe-
cies, Chl,, generally peaked earlier than Chl,,., (Fig. 1).
Drought around day150 resulted in a slight decrease in
Chl Both Chl and Chl_, of the four tree species

mass

mass* mass area

Table 2 Repegted measures Statistics parameter Sampling date (¢) Species (S) XS

analysis of variance for leaf

traits of herbs F P F P F P
Chl 10.753 <0.001 4184.909 <0.001 6.524 <0.001
Chl,., 10.343 0.004 640.929 <0.001 8.548 0.007
Chl a 2.998 0.184 404.214 0.002 2.070 0.259
Chl b 4211 0.136 231.334 0.004 2.880 0.198
Chl a:b 139.378 <0.001 13.793 0.065 2.246 0.229
Npass 1.464 0.288 396.195 <0.001 1.183 0.354
Nyrea 8.029 0.022 2567.755 <0.001 6.703 0.033
P s 3.134 0.199 26.660 0.036 2.764 0.220
Pyea 2.082 0.203 78.693 <0.001 2.058 0.168
Chl:N 10.306 0.005 78.103 <0.001 3.227 0.089
N:P 2.285 0.139 0.261 0.636 3.552 0.096
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Fig. 1 Seasonality of chlorophyll content for different tree spe-
cies. Agy and Ag; are the relative amplitudes of chlorophyll in the
upper and lower canopy in the spring, and A, and A,; the rela-
tive amplitudes of chlorophyll in the upper and lower canopy in the
autumn. The error bar is standard deviation. BP: Betula platyphylla,
FM: Fraxinus mandshurica, UJ: Ulmus davidiana var. japonica, SM:

were seasonally asymmetric, with greater levels in autumn
than in spring (Chl,,: (71.0+19.3) % vs. (37.0+11.4) %,
Chl,,.,: (80.0+13.3) % vs. (53.0+2.6) %). Interestingly, the
peak Chl,, for the four species was gradually delayed by
increasing shade tolerance, with birch, ash, elm and clove on
day200, day210, day225, and day250, respectively (Fig. 1).
Although canopy had no significant effect on Chl, ., for most
species, Chl . was significantly higher in the lower cano-
pies of birch, ash and elm (P <0.05).

The Chl,, of horsetail was significantly lower than
that of broad-leaved herbs and opposite for Chl,,., (Fig. 2).
Both Chl,, and Chl,,, of broad-leaved herbs had similar
unimodal seasonal patterns as trees. In contrast, horsetail
levels rebounded slightly during senescence and maximized
around day150, while the maximum of broad-leaved herbs
occurred around day190.

Species, sampling time, and their interaction signifi-
cantly (P <0.05) affected Chl a:b of trees (Table 1), while

Syringa reticulata var. mandshurica, EH: Equisetum hyemale, BH:
Broad-leaved herbs. The canopy was separated into upper- and lower-
canopy layers for BP, FM and UJ. Shade-intolerant species: BP, inter-
mediate species: FM, shade-tolerant species: UJ, SM, EH, BH. The
same below

sampling time significantly (P <0.05) affected Chl a:b of
herbs (Table 2). As expected, the Chl a:b of birch, ash, elm,
clove, and herbs gradually decreased with increasing shade
tolerance. The seasonality of Chl a:b was similar among
tree species: it was higher in leaf expansion, then declined
rapidly and remained stable and declined again during senes-
cence. The drought around day150 resulted in higher Chl a:b
for all tree species (Fig. 1). In contrast, Chl a:b in herbs was
low during leaf expansion, then suddenly increased and then
decreased around the drought event. After entering maturity,
it first decreased rapidly and then remained stable (Fig. 2).
The Chl a:b of tree species was > 3:1 in leaf expansion, then
decreased and remained at 2.1:1-2.4:1 in maturity. There
were insignificant differences in Chl a:b between canopy
layers. The Chl a:b of herbs was about 2.2:1 during leaf
expansion, > 3:1 in maturity, and then decreased and stabi-
lized at about 2:1.

@ Springer



72 Page 6 of 13

J. Zeng et al.

®) ~O— BH
= 30.0 A25%
=
&
R 200 |
= o0
S-T]
o B
g~ 10.0
—
A=59%
0 0.0 L—t
200 80
()
S 150 1 60
=
o~
(o]
55 |
< g100 40
© o
5 2 A=21%
87 50 20
A=T3%
0 - ] 0
4.0 4.0
© )
35 351
2
g 30 3.0 f
2
<
= 25 25 f
&
2.0 - 20
1.5 : : : — s — : :
100 150 200 250 300 100 150 200 250 300
Day of year

Fig. 2 Seasonality of chlorophyll content for herbs

Seasonality of N and P contents

Species had significant effects on N and P contents of leaves
and horsetail stems (P <0.05, Tables 1 and 2). Sampling
date and the interaction of sampling date and species were
highly significant in affecting the N,,, P .. and P, of
trees (P <0.05, Table 1), and sampling date had significant
effects on N, of trees (P <0.05, Table 1). Sampling date
and its interaction with species were highly significant in
affecting the N,,., of herbs (P <0.05, Table 2).

N and P levels of tree species exhibited similar seasonal
dynamics. They decreased rapidly during leaf expansion,
remained largely stable into maturity, and decreased rapidly
again at senescence (Figs. 3 and 4). Throughout the growing
season, N, and N, of ash was significantly higher than
that of the other three species. Ash had significantly higher
P, than clove. In addition, the differences in P content
among tree species also varied by growing season. During
leaf expansion, elm had the highest P levels and clove the
lowest. At maturity, P contents of the four tree species were
similar, although birch had higher P at senescence (Fig. 3).

Comparing values between the two canopy layers, N,.., and
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P,.., were significantly higher in the upper canopy for ash
and elm but not for birch over the seasons (P <0.05, Fig. 3).

Horsetail had significantly lower N, and P, than
broad-leaved herbs, but N,,., and P,,., were opposite. The
dynamics of N and P contents of herbs differed from that of
trees. N, of horsetail fluctuated less throughout the grow-
ing season and was higher in during leaf expansion, then
decreased during the drought, increased gradually at maturity,
and decreased slightly during senescence (Fig. 4a). N, of
horsetail was lower earlier, increased rapidly and decreased
during maturity, and first increased and then decreased during
senescence (Fig. 4c). Both P, and P, of horsetail were
lower during leaf expansion, increased rapidly, then decreased
rapidly, increased again at maturity and decreased slightly
during senescence (Figs. 4e, g). N and P contents of broad-
leaved herbs showed a seasonal pattern of first decreasing,
then increasing, and then decreasing again (Figs. 4b, d, f, h).

Sampling date, species, and their interaction significantly
affected Chl:N ratios of trees (P <0.05, Table 1), and time
and species significantly the Chl:N ratios of herbs (P <0.05,
Table 2). The highest seasonal maximum of the Chl: N
ratio was for broad-leaved herbs, followed by elm; the low-
est occurred in ash. Chl:N ratio seasonality showed a similar
unimodal pattern for all species. It increased rapidly during
leaf expansion, reached a maximum value in summer and
decreased rapidly during senescence (Fig. 5). The peak leaf
Chl:N ratio of the four tree species, in order from early to late,
were clove, birch, ash, and elm. Interestingly, the Chl:N ratio
of ash and clove plateaued and then declined, while birch and
elm peaked and then declined rapidly (Fig. 5). The Chl:N ratio
in the lower ash canopy was slightly higher than that in the
upper canopy, and decreased earlier (Fig. 5b). In addition, the
Chl:N ratio of horsetail did not significant decrease during the
senescence period (Fig. Se).

Seasonality of N:P

Species and the interaction with sampling date significantly
affected N:P ratios of trees (P <0.05, Table 1). Ash had the
highest N:P ratio, that of clove was higher than that for birch
and elm. All species showed an increase during leaf expansion,
but the changes were very different in maturity and senes-
cence. The ratios of birch increased in the upper canopy, while
it decreased in the lower canopy at maturity and decreased
rapidly in both layers at senescence (Fig. 6a). The N:P ratio of
ash and elm changed less at maturity and senescence (Fig. 6b,
¢). The ratios for clove increased throughout the growing sea-
son (Fig. 6d). There was a clear peak in the ratios of horsetail
around day150 in response to the drought, and was relatively
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Fig. 3 Seasonality of leaf nitrogen and phosphorus contents for different tree species

stable at maturity and at senescence for both horsetail (Fig. 6e)
and broad-leaved herbs (Fig. 6f). Ratios did not differ signifi-
cantly between the upper and lower canopy layers (Fig. 6).

Discussion

Interspecific differences in seasonal dynamics
of chlorophyll and nutrients

Temperate trees and broad-leaved herbs showed similar uni-
modal patterns for Chl,; (Fig. 1), consistent with the litera-
ture (Wang et al. 2013; Noda et al. 2015; Yang et al. 2016).
However, our results indicate that Chl,.,; peaks of herbs were

earlier than that of tree species, and that of shade-intolerant
species were earlier than shade-tolerant species. The Chl
of herbs started to decline earlier than that of tree species;
the decline of Chl,,., of trees gradually delayed as shade
tolerance increased. In addition, shade tolerance appeared
to affect the seasonal asymmetry of Chl,.,, with the shade-
tolerant elm having a significantly lower Chl,.,; amplitude
in spring than in autumn, while the intermediate tolerant ash
showed little difference between spring and autumn. Most
shade-tolerant species initiate growth earlier in the season
than shade-intolerant ones in order to optimize light avail-
ability, increasing photosynthetic efficiency and resulting in
overall increases in GPP (Kikuzawa 2003; Valladares and
Niinemets 2008). We summarized the influence of shade
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Fig. 4 Seasonality of leaf nitrogen and phosphorus contents for herbs

tolerance on leaf traits of different species and canopy lay-
ers in Table 3.

Leaf N and P levels of all temperate species in this study
showed similar seasonal patterns (Fig. 3) as those of other
studies (Yang et al. 2016, 2017; Chen et al. 2022a, 2022b;
Seidel et al. 2022). Leaf development in the expansion stage
requires large amounts of protein and nucleic acid, and thus
the content of N and P is higher (Chapin and Kedrowski
1983). Subsequently, the nutrient absorption rate is lower
than the growth rate of new leaves and shoots, and the dilu-
tion effect caused by the rapid growth of leaf structural
components results in a decrease in nutrients (Chapin and
Kedrowski 1983; Palma et al. 2000; Yang et al. 2017). After
full leaf expansion, leaf biomass is stable and the nutrients
in the soil are in the best effective state, which is conducive
to their uptake and N and P levels remain relatively constant.
At the end of the growing season, nutrient resorption during
leaf senescence reduces leaf N and P contents to a minimum
(Wang et al. 2022).

In addition, according to the theory of optimal N allo-
cation, higher N, is more beneficial for shade-intolerant
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species (Hallik et al. 2009b; Hikosaka 2016). Except for
ash, N, was lower for shade-tolerant clove and elm during
leaf expansion. As shade tolerance increased, N, and P,
declined more rapidly during leaf expansion. The shade-
intolerant birch was the earliest to begin senescence. In con-
trast, ash had a significantly shorter apoptosis than the other
species and ended apoptosis earlier (Wang et al. 2022). N
and P content per unit leaf area of the understory evergreen
horsetail was lower in the early spring than in other seasons,
consistent with the understory evergreen shrub spotted lau-
rel, Aucuba japonica Thunb. (Muller et al. 2011). Clearly,
tolerance to low light conditions, rather than height acquisi-
tion and N conversion, is the growth strategy established by
understory plants (Hallik et al. 2009a).

Increasing the proportion of N allocated to chlorophyll is
another strategy of adaption to low light conditions (Kitaoka
and Koike 2004; Muller et al. 2005; Katahata et al. 2007;
Zhuang et al. 2021). Under the canopy, the carbon gain of
plants can be improved by capturing more light (Niinemets
2010). Therefore, efficient light harvesting under natural
conditions is essential for plants growing in dense stand
competition (Valladares and Niinemets 2008). Remobiliz-
ing N from leaves under the canopy and allocating them to
leaves exposed to higher light can enhance the carbon gain
of leaves (Niinemets 2023). The allocation of N among dif-
ferent photosynthetic components varied with canopy layer
(Zhuang et al. 2021). The leaves of shade-tolerant species
are generally more efficient at resource use than those of
shade-intolerant species (Legner et al. 2014). Under low
light conditions, to improve and optimize light harvesting,
shade-tolerant species allocate more N to light-harvesting
chlorophyll complex proteins, while less shade-tolerant
species allocate more N to a key photosynthetic enzyme,
Rubisco, and electron transport components (Niinemets and
Tenhunen 1997; Evans and Poorter 2001; Bachofen et al.
2020). In shade intolerant species, electron transport capac-
ity is optimized in terms of light availability, while for shade-
tolerant species, carboxylation capacity is optimized (Leg-
ner et al. 2014). In this study, Chl:N ratios of broad-leaved
herbs were significantly higher than those of other species,
but those of tree species did not increase with shade toler-
ance (Fig. 5). Croft et al. (2017) showed that, compared with
other tree species on the same site, shade-intolerant aspens
(Populus grandidentata Michx. and P. tremuloides Michx.)
had lower Chl:N ratios and consequently their Chl,.,; and
nutrient contents were higher. This may because aspen allo-
cated more N into RuBisCo rather than the light harvesting
pigment protein complex, thus increasing photosynthetic
capacity. Compared with other tree species, ash has lower
Chl:N ratios and higher chlorophyll and nutrient contents,
showing similar N partitioning as aspen (Croft et al. 2017),
which may lead to a higher photosynthetic capacity than
other tree species at this site. As expected, Chl a:b gradually
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decreased with increasing shade tolerance and was greater in
tree species than in herbs, reflecting a light-gradient adapta-
tion among co-existing species (Li et al. 2018).

Canopy leaf N:P ratios may indicate a relative nutrient
limitation status (Koerselman and Meuleman 1996). In terms
of annual mean leaf N:P ratios, ash was P limited and the
other species N limited (Fig. 6), which is consistent with the
general overall pattern of N limitations in temperate regions
(Du et al. 2020). However, there were distinct changes in
nutrient limitations for different phenological phases. The
increasing leaf N:P ratios of clove suggest a progressive P
deficiency throughout the growing season, corresponding to
a higher P resorption efficiency (41.2%) than N resorption
efficiency (11.1%) at this site (Wang et al. 2022). The gener-
ally lower values of leaf N:P ratios and their rapid decrease
during senescence of birch leaves corresponded to higher
N resorption efficiency (41.6%) than P resorption (27.2%)
(Wang et al. 2022). In addition, the trend in N:P ratios of
senescing leaves (Fig. 6) was consistent with that of leaf lit-
ter (Wang et al. 2022) for the four study species, indicating
that they equally indicate the relative limitation of leaf N
and P. However, there was no shade tolerance effect on the
seasonality of N:P ratios.

Differences in chlorophyll and nutrient content
between canopy layers

The theory of optimal N allocation indicates that Chl,,
of the lower leaves is higher than the upper leaves, and that
Chl,,., is slightly lower than the upper leaves. Nitrogen is a
major element of photosynthetic enzymes. Upper leaves are
allocated more N because more light is available (Bachofen
et al. 2020; Zhuang et al. 2021). Further, upper canopy
leaves under intense light conditions can avoid damage with
lower Chl,.,; and higher Chl a:b ratios (Niinemets 2007;

Table 3 Influence of shade tolerance on leaf traits of different spe-
cies and canopy layers. High average shade tolerance had a significant
effect; low average shade tolerance had no significant effect

Feature Species Canopy layer Seasonal
dynam-
ics

Niass High Low Low

Nyrea Low High High

P ass Low Low Low

P High High High

Chl s High Low High

Chle, High Low High

Chl a:b High Low Low

Chl:N Low Low High

N:P Low Low Low
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Lichtenthaler and Babani 2022). However, lower leaves
contain a greater proportion of chlorophyll and carotenoid
light-harvesting pigments and reduce the Chl a:b ratios to
intercept more light (Kitajima and Hogan 2003; Kenzo et al.
2006; Niinemets 2007; Lichtenthaler and Babani 2022).

Shade tolerance also affects leaf N and P contents
between canopy layers. N and P levels of the shade intol-
erant birch were not significantly affected by position in
the canopy, while the N,., and P,.., were higher in the
upper canopy than in the lower canopy for the shade tol-
erant elm and the intermediate tolerant ash, in agreement
with previous studies (Sabate et al. 1995; Liu et al. 2012;
Wang et al. 2021). On the one hand, this may be related
to interspecific differences and the micro-environment
(Wang et al. 2021). High soil N can reduce the depend-
ence of birch on the light environment (Yoshimura 2010).
On the other hand, the coexistence of broad-leaved tree
species also affects nutrient acquisition and utilization
strategies (Legner et al. 2014). Nitrogen in shade toler-
ant species should be more sensitive to reduced irradi-
ance than shade intolerant ones since increasing the mass
of light harvesting compounds per leaf and the specific
absorptivity of shaded leaves are strategies to reduce
photosynthesis and light limitation (Niinemets and Ten-
hunen 1997). Legner et al. (2014) also showed that the
N, 10 the lower canopy was higher than in the upper
part. Therefore, the vertical N,,., gradient is considered
an adaptive strategy for efficient N use (Hirose 2005;
Niinemets et al. 2015), and was related to shade toler-
ance of species.

Implications for estimating chlorophyll and nutrient
content at an ecosystem scale

The vertical and interspecific differentiation in chloro-
phyll and nutrient contents found in this study has con-
siderable implications for up-scaling from leaf to canopy
level. The protocol for standardized measurement of
plant functional traits to sample sun leaves for the fair-
est comparison across individuals or species (Perez-Har-
guindeguy et al. 2013), cannot satisfy the scaling up from
individual measurements to ecosystem traits (He et al.
2019). Chl,.,, N,.., and P,,., tend to be slightly higher in
sun leaves than in shaded ones (Figs. 1, 3) (Zhang et al.
2007), thus scaling up based on upper leaf chlorophyll
and nutrients and LAI would overestimate canopy chlo-
rophyll and nutrients (Simic et al. 2011; Croft et al. 2015;
Li et al. 2021), particularly for shade tolerant species.
This overestimation may be further amplified in autumn,
considering that the Chl,, ., of lower canopy leaves begins

area

area
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to decrease earlier in autumn for some species such as
intermediate shade tolerant ash and shade tolerant elm
in this study, and another shade tolerant species, Cryp-
tomeria japonica (Thunb. ex L.f.) D. Don in a Japanese
temperate forest (Kobayashi et al. 2010). This potential
error may explain the mismatch between canopy chlo-
rophyll and GPP before and after day250 in Croft et al.
(2015), in which only sunny leaves were sampled.

Co-existing tree species are not likely synchronized in
spring leaf area expansion (Liu et al. 2015) nor in abscis-
sion in the autumn (Wang et al. 2022). Therefore, an accu-
rate estimation of leaf area or biomass seasonality of dif-
ferent tree species is an issue that must be considered for
up-scaling. Unfortunately, previous studies adopted the pro-
portion of tree species composition as a fixed sharing fac-
tor of canopy LAI for the corresponding species across the
growing season (e.g., Simic et al. 2011; Croft et al. 2015; Li
et al. 2021), i.e., the issue that leaf phenology is out-of-sync
among co-existing species was ignored.

The seasonality of chlorophyll and nutrient contents of
the evergreen horsetail differed significantly from deciduous
trees. The seasonal dynamics of broad-leaved herbs were
closely similar to those of deciduous trees, although their
leaf expansion was earlier and senescence later (Liu et al.
2019). Unfortunately, most ecosystem-scale estimates of
chlorophyll and nutrient contents in forest ecosystems have
not considered herbaceous plants, which would underesti-
mate absolute values in the spring and autumn.

Conclusion

In this temperate deciduous broadleaved forest, the leaf
chlorophyll content of trees and broad-leaved herbs had
similar asymmetric unimodal seasonal dynamics. The peak
of chlorophyll content and the decline of chlorophyll/area
were gradually delayed as shade tolerance increased. The
chlorophyll/leaf mass of the lower canopy was significantly
higher than that of the upper canopy, independent of degree
of shade tolerance. Leaf nutrient contents of trees and
broad-leaved herbs also showed similar seasonal patterns.
Nitrogen/leaf area and phosphorous/leaf area decreased
more rapidly in shade tolerant species during leaf develop-
ment. Intermediate and shade tolerant species had signifi-
cantly higher nitrogen and phosphorous per leaf area in the
upper canopy. These results highlight that shade tolerance
plays a key role on seasonality and vertical differentiation
of leaf nutrients and chlorophyll, which will help accurately
estimate chlorophyll and nutrient contents at an ecosystem
scale.
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