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Leaf traits may reflect the adaptation mechanisms of plants to the environment. In this study, we
investigated leaf morphological and anatomical traits in nine cold-temperate to tropical forests along
a 4,200-km transect to test how they vary across latitudinal gradients. The results showed that leaf
dry weight decreased (P < 0.05), while specific leaf area (SLA) increased (P < 0.05) with increasing
latitude. Stomatal length and stomatal density did not change significantly, while stomatal pore
areaindex increased (P < 0.05) with increasing latitude. The palisade-leaf mesophyll thickness ratio
increased (P < 0.01), while the spongy-leaf mesophyll thickness ratio decreased, with increasing
latitude (P < 0.01). Climate and leaf nutrients were the main factors that regulated leaf morphological
and anatomical traits. Furthermore, we identified positive correlations between leaf area and leaf dry
weight, leaf thickness and palisade mesophyll thickness, but negative correlations between stomatal
length and stomatal density (all P < 0.01). The observed negative correlations represented the adaptive
mechanisms of leaves through their morphological and anatomical traits. These findings provided
new insights into the responses of leaf morphological and anatomical traits to climate changes and
important parameters for future model optimization.

Leaves play key roles in plant function and long-term adaptation to the environment. Although comprising
basically of epidermis, stomata, and mesophyll, leaves exhibit apparent differences in area, thickness, and shape
among different species, as a result of phylogenetic relationships and adaptation to specific environments'. Some
studies have investigated how morphological traits of the leaf economic spectrum, such as leaf area, and specific
leaf area, vary across large geographical scales and ecosystems and adapt to environmental factors>*. However,
it remains unclear whether variations in leaf anatomical traits are associated with plant adaptation to different
environments across a large geographical scale.

It is known that leaf area and SLA may reflect plant photosynthetic capacity on large geographical scales*”.
Relatively high leaf area and SLA may enhance plant photosynthetic capacity and primary productivity®. Some
studies have demonstrated that SLA is negatively correlated to leaf life span at species level’~; however, it is still
unknown whether SLA increases with the decreasing leaf lifespan on the large geographical scale. Furthermore,
leaf morphological traits may better reflect the changes in environmental factors such as temperature!®-12, light
intensity'?, and water status'.

Stomata are microscopic structures on the epidermis of leaves bounded by a pair of guard cells, that control
water vapor and gas exchange between plants and atmosphere!®. In response to changing environmental con-
ditions, leaves can open or close, or exhibit long-term adaptations of stomatal morphology'®. Previous studies
have shown that stomatal density is negatively correlated to stomatal size or length!’, and that stomatal charac-
teristics are susceptible to environmental changes™®-%0, such as light intensity?!, temperature?>-24, and water sta-
tus?®. However, it is important to investigate whether the adaptation strategies of stomata observed in short-time
growth experiments are applicable to natural ecosystems, in order to provide an efficient approach for assessing
plant photosynthesis and transpiration on a large geographical scale.
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Figure 1. Geographiclocations of nine randomly selected forests along the north-south transect of eastern
China. HZ: Huzhong; LS: Liangshui; CB: Changbai; DL: Dongling; TY: Taiyue; SN: Shennong; JL: Jiulian; DH:
Dinghu; JF: Jianfeng. The figure was created by Miao Tian using Arcgis 9.2 (ESRI, USA).

Photosynthesis occurs in the chloroplasts of palisade and spongy tissues in the mesophyll. Spongy tissues have
larger inter cellular space for gas transportation, while palisade tissue is beneficial to increase leaf photosynthe-
sis?®%. Previous studies paid little attention to the adjustment of internal structure in the mesophyll. Additionally,
the anatomical structure of leaves is regulated by many environmental factors such as temperature, water status'!,
and light intensity?>?°. Wang et al.” found that a thicker leaf blade may increase leaf water content under dry con-
ditions. However, the correlation of leaf structure and adaptive mechanisms in natural ecosystems has not been
verified on a large geographical scale.

It is known that the leaf economic spectrum refers to leaf life and physiology, and includes two strategies
of resource utilization. At the quick-return end, leaves have a high photosynthetic rate, short leaf lifespan, and
low-cost dry-mass investment, while at the slow-return end, leaves present a reverse trend and long leaf lifespan*.
We hypothesized that species with a short leaf lifespan at high latitude may choose the quick-return end, in order
to achieve high photosynthetic rates during the short growing period. However, it remains unclear whether this
adaptation strategy reflects to any leaf anatomical traits .

In order to explore the changes in leaf traits and the underlying adaptation mechanisms on a large geograph-
ical scale, we conducted an integrative investigation of leaf morphological and anatomical traits, including leaf
area, leaf dry weight, SLA, stomatal length, stomatal density, stomatal pore area index (SPI), leaf thickness,
palisade-leaf mesophyll thickness ratio, and spongy-leaf mesophyll thickness ratio, in 99 tree species from nine
tropical to temperate coniferous forests, in Huzhong (HZ), Liangshui (LS), Changbai (CB), Dongling (DL),
Taiyue (TY), Shennong (SN), Jiulian (JL), Dinghu (DH), and Jiangfeng (JF), along a 4,200-km transect (Fig. 1;
Tables 1 and 2). The main objectives of this study were to 1) investigate how leaf morphological and anatomical
traits change with latitudinal gradients, temperature, and precipitation; 2) explore the underlying adaptation
mechanisms (trade-off among different traits) of leaf traits to environmental pressure; and 3) understand the
main factors regulating leaf morphological and anatomical traits on a large scale. This study aims to provide a
basis for understanding plant responses to climate change.

Results

Changes in leaf morphological and anatomical traits among forests.  Across all species, the mean
leaf area was 21.81 cm? per individual, leaf dry weight was 164.15 mg per individual, and SLA was 13.65 mm?
mg~!. The range of leaf area was 0.04-157.78 cm? per individual, of leaf dry weight was 0.40-582.83 mg per
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forest
Temperate Pinus
LS 47.19 128.90 —0.30 676.00 19.35 69.69 7.70 0.46 conifer koraiensis 11 91
broadleaf | Subgen teg-
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Te;lgiefzarlte P, koraiensis,
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mixed forest mongolica
Warm
temperate | Q.mongolica
DL 39.96 115.42 4.80 539.10 21.19 36.42 3.89 0.31 deciduous | Betula dahu- 12 91
broad- rica
leaved forest
Warm
temperate }g)f()tfrl:llfsl-
TY 36.70 112.08 6.20 662.00 18.96 40.86 4.51 0.26 deciduous ; y 10 96
broad- Qhwu‘ms—
leaved forest anica
North
subtropical Fagaceae
SN 31.32 110.50 10.60 1330.00 18.83 64.56 4.19 0.38 deciduous Coiaceue 13 59
evergreen
mixed forest
Subtropical
JL 24,58 114.44 16.70 1954.00 25.89 73.18 357 023 evergreen | Fagaceae 10 51
broad- Ebenaceae
leaved forest
South
subtropical Theaceae
DH 23.17 112.54 20.90 1927.00 28.53 62.36 2.81 0.18 monsoon Eb 11 77
broad- enaceae
leaved forest
Tropical Lauraceae
JE 18.74 108.86 19.80 2449.00 26.85 82.18 2.23 0.19 monsoon F ’ 11 43
forest agaceae

Table 1. Basic information of nine randomly selected forests along the north-south transect of eastern
China. "HZ: Huzhong; LS: Liangshui; CB: Changbai; DL: Dongling; TY: Taiyue; SN: Shennong; JL: Jiulian; DH:
Dinghu; JF: Jianfeng. "MAT: mean annual temperature; MAP: mean annual precipitation. SImportant values of
all plant species were calculated according to relative density, relative frequency, and relative dominance®.

individual, and of SLA was 1.89-47.63 mm? mg™' (Fig. S1). Leaf area, leaf dry weight, and SLA differed signifi-
cantly among different forests (all P < 0.01; Table 3).

Additionally, the mean stomatal length was 12.99 um, the mean stomatal density was 256.50 individual mm™,
and the mean SPI was 3.61% (Fig. S1). The range of stomatal length was 4.29-36.22 pm, of stomatal density
was 14.73-840.77 individual mm™2, and of SPI was 0.46-19.72% (Fig. S1). Stomatal length differed significantly
among different forests (P < 0.01; Table 3). Moreover, the mean of leaf thickness was 136.14 um, of palisade-leaf
mesophyll thickness ratio was 33.64%, and the mean spongy-leaf mesophyll thickness ratio was 43.16% (Fig.
S1). The range of leaf thickness was 39.99-521.46 pm, of the palisade-leaf mesophyll thickness ratio was 14.37-
54.32%, and of the spongy-leaf mesophyll thickness ratio was 21.07-73.18% (Table 3). Leaf area, palisade-leaf
mesophyll thickness ratio, and spongy-leaf mesophyll thickness ratio differed significantly among different forests
(P < 0.05). The values of leaf thickness in DL, TY, SN, and JL were significantly lower than those in HZ, LS, CB,
DH, and JF (P < 0.01). In addition, the palisade-leaf mesophyll thickness ratio in JF was significantly lower than
those in HZ, LS, CB, DL, TY, and SN, while the spongy-leaf mesophyll thickness ratio in JF was significantly
higher than those in HZ, LS, CB, DL, TY, and SN (P < 0.01; Table 3).

Latitudinal changes in leaf morphological and anatomical traits. Leaf area showed no latitudi-
nal trend (Fig. 2A), while leaf dry weight (R?= 0.56, P < 0.05) decreased linearly and SLA (R*=0.72, P < 0.01)
increased linearly with increasing latitude (Fig. 2B,C). Stomatal length and stomatal density showed no significant
latitudinal changes, while SPI increased significantly with increasing latitude (R*= 0.47, P < 0.05; Fig. 2D-F).
Leaf thickness, palisade-leaf mesophyll thickness ratio, and spongy-leaf mesophyll thickness ratio all showed
significant latitudinal patterns. Leaf thickness and spongy mesophyll thickness first decreased and then increased
with increasing latitude (R*= 0.73, P < 0.05) (Fig. 2G and Fig. S4B), however, the palisade-leaf mesophyll thick-
ness ratio and the palisade-spongy mesophyll ratio increased (R*= 0.69, P < 0.01) with increasing latitude, while
the spongy-leaf mesophyll thickness ratio decreased (R*= 0.76, P < 0.01) (Fig. 2H,I and Fig. S4C).

Correlations among leaf morphological and anatomical traits. SLA, SPI, and palisade-leaf mes-
ophyll thickness ratio were negatively correlated with the spongy- leaf mesophyll thickness ratio (P < 0.05),
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Leaf traits ‘ Abbreviation ‘ Units ‘ Description
Morphological traits
Leaf area -3 cm? per individual igrger leaf area benefiting for
ight absorption
Leaf dry weight - mg per individual ‘Leaf construction investment
index
A comprehensive index
Specific leaf area SLA mm?mg~! reflecting plant photosynthetic
capacity
Anatomical traits
Stomatal length _ pm An index to describe stomata
size
Stomatal density - individual mm~2 An index to describe stomata
number
An integrative parameter
Stomatal pore index SPI % reflecting leaf stomatal con-
ductance
Leaf thickness - pm Leaf thickness index

Higher palisade mesophyll con-
- % taining more chloroplasts and
benefiting for light absorption

Palisade-leaf mesophyll
thickness ratio

Higher spongy mesophyll
- % benefiting for gas exchange
inside leaf

Spongy-leaf mesophyll
thickness ratio

Table 2. Abbreviations, units, and description of morphological and anatomical leaf traits. “—” no
abbreviations for the specific leaf trait.

while SPI was positively correlated to the palisade-leaf mesophyll thickness ratio (P < 0.01; Table S1). Leaf area
increased linearly with increasing leaf dry weight (R?= 0.44, P < 0.01; Fig. 3A), while stomatal length decreased
with increasing stomatal density (R*=0.27, P < 0.01; Fig. 3B). Additionally, leaf thickness increased significantly
with increasing palisade mesophyll thickness (R*= 0.69, P < 0.01) and spongy mesophyll thickness (R>= 0.83,
P<0.01; Fig. 3C,D).

Main factors regulating leaf morphological and anatomical traits. Leaf dry weight increased and
SLA decreased with increasing maximum monthly temperature (P < 0.05) (Fig. S2A and B). Furthermore, stoma-
tal length and SPI were negatively correlated (P < 0.01) (Fig. 4B and Fig. S2C), and stomatal density was positively
correlated to the maximum monthly temperature (P < 0.01) (Fig. 4C). In addition, the palisade-leaf mesophyll
thickness ratio (R*= 0.69, P< 0.01) decreased and the spongy-leaf mesophyll thickness ratio (R*= 0.56, P< 0.01)
increased with increasing maximum monthly temperature (Fig. S2D and E). No significant correlations were
observed between any morphological and anatomical traits and the de Martonne aridity index, except for leaf
thickness (R*=0.52, P < 0.05; Fig. 4A).

Structural equation models showed that climate and soil nutrients explained more than 60% of the variations
inleaf area (R* = 0.42). Additionally, leaf nutrients had a 78% direct effect on leaf dry weight (R*= 0.72), and the
climate had a 69% direct effect on SLA (Table 3). More than 50% of the variation in stomatal length (R*=0.37)
could be explained by climate and leaf nutrients, while the climate had a more than 30% direct effect on stomatal
density (R?= 0.11). However, climate, leaf nutrients, and soil nutrients could explain only a small proportion of
the variation in SPI (Table 3). Soil nutrients had a 50% direct effect on leaf thickness (R?=0.27), while, a high pro-
portion of the variation in the palisade-leaf mesophyll thickness ratio (R?= 0.24) and the spongy-leaf mesophyll
thickness ratio (R?=0.29) could be explained by the climate (Table 3).

Discussion

Latitudinal patterns and adaptive strategies of leaf morphology traits. Leaf dry weight and SLA
showed significant latitudinal patterns from tropical to temperate coniferous forests along a 4,200-km transect,
but there was no clear spatial pattern for leaf area (Fig. 2). Previous studies have reported that leaf area has not
apparent trend with the changing environmental factors®*-*2 It is widely recognized that a large leaf area can
enhance solar energy capture??, but also increases evapotranspiration. Therefore, leaf area is controlled in such
way to keep the nutrient content at an optimal level for the given light and water status®.

Leaf dry weight decreased significantly with increasing latitude, which reflected the leaf construction invest-
ment (Fig. 2B). SLA is an integrative parameter of leaf area and leaf dry weight that increased with increasing
latitude (Fig. 2C), indicating a higher photosynthesis capacity per unit of leaf dry biomass in higher latitudes. The
results were consistent with the assumption that leaf lifespan is negatively correlated to SLA**, since leaf lifespan
is shorter in higher latitude regions. Therefore, the increasing SLA with latitude may be one of the adaptive strat-
egies of leaf morphological traits to the changing environment in order to maximize the photosynthetic rate at
higher latitude regions.

Latitudinal patterns and adaptive strategy of leaf anatomical traits. Stomatal length and stoma-
tal density varied slightly from tropical to temperate coniferous forests , but SPI significantly increased with

SCIENTIFICREPORTS | 6:19703 | DOI: 10.1038/srep19703 4



www.nature.com/scientificreports/
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P <0.01 <0.01 <0.01 <0.01 >0.05 >0.05 <0.01 <0.05 <0.01

Table 3. Changes in leaf morphological and anatomical traits among nine randomly selected forests along
the north-south transect of eastern China. "HZ: Huzhong; LS: Liangshui; CB: Changbai; DL: Dongling; TY:
Taiyue; SN: Shennong; JL: Jiulian; DH: Dinghu; JF: Jianfeng. *Data are presented as means -+ standard errors.
Different superscript letters indicated significant differences between forests at P < 0.05.
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Figure 2. Latitudinal trends of leaf morphological (A-C) and anatomical (D-I) traits. Data are presented as
means =+ standard errors.

increasing latitude (Fig. 2). Stomatal length decreased and stomatal density increased with increasing maximum
monthly temperature (Fig. 4B,C). A previous study demonstrated that cell differentiation increases under rela-
tively higher temperature conditions, resulting in increased stomatal density®. SP1 is an integrative parameter of
stomatal density and stomatal length that reflects the stomatal conductance of leaves and increased SPI leads to
higher stomatal conductance and photosynthetic capacity in leaves®. Therefore, a higher SPI in higher latitudinal
regions may maximize carbon gain and increase plant growth during a relatively short growing season. Therefore,
increasing SPI maximizes the photosynthetic rate at higher latitude and is one of the adaptive strategies of leaf
stomatal traits to the changing environment.

Stomatal traits and open-close behaviors partially determine the balance of CO, uptake for photosynthesis
against water loss by transpiration'®. For different plant species and environmental conditions, the range of leaf
stomatal length is 4.29-36.22 um and density 14.73-840.77 individual mm 2. Despite the large variability in sto-
matal length and density, these variables have a negative relationship!>!”. Small stomata can open and close more
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Figure 3. Correlations between leaf morphological traits (A) and leaf anatomical traits (B-D).

rapidly, and in high densities, they allow the rapid increase in stomatal conductance that maximizes CO, diffusion
for photosynthesis under favorable environmental conditions'. Our findings supported that stomatal length was
negatively correlated to stomatal density on a large geographical scale (Fig. 3B).

Leaf thickness was positively correlated to de Martonne aridity index (Fig. 4A), indicating that drought con-
ditions are not suitable for leaf growth. The palisade-leaf mesophyll thickness ratio reflects the proportion of
palisade mesophyll thickness and leaf thickness, and a relatively high ratio indicates the high amount of palisade
tissue in the leaf. Previous studies have demonstrated that the number of palisade parenchyma cells is posi-
tively associated with the amount of chlorenchyma and thus the photosynthetic capacity’!. Therefore, a higher
palisade-leaf mesophyll thickness ratio in high latitudes may enhance the photosynthetic capacity during a short
growing season. The spongy-leaf thickness mesophyll ratio reflects the ratio of spongy mesophyll thickness and
leaf thickness, and a relatively high ratio indicates the higher amount of spongy tissue. Forest canopy density
increases with decreasing latitude and increasing complexity of ecosystem structure; thus, scattered light increases
with decreasing latitude. Spongy mesophyll can absorb a higher scattering of light intensity and increase the light
absorption at low light intensities®. Therefore, plant species with a higher spongy-leaf mesophyll thickness ratio
in low latitudes may better utilize scattered light. Overall, these strong relationships between anatomical traits
reflect the adaptation of plants to changing environmental conditions by regulating the ratios of leaf anatomical
structure.

Leaf anatomical traits and the leaf economic spectrum.  Our results showed that leaf morphological
and anatomical traits might reflect the trade-off mechanism of leaf resource investment and optimal leaf photo-
synthesis capacity. Leaves with a short lifespan have lower leaf dry weight, but higher SLA, SPI, and palisade-leaf
mesophyll thickness ratio, when vegetation changes from evergreen broad-leaved forests toward deciduous conif-
erous forests with increasing latitude. It seems that leaves tend to choose the quick-return strategy with increasing
latitude. Leaves increase their photosynthetic rate and reduce their construction investment with increasing lat-
itude, which may help them to produce more photosynthetic products during a short growing period. However,
leaves with a long lifespan have higher leaf dry weight, but lower SLA, SPI and palisade-leaf mesophyll thickness
ratio with decreasing latitude, suggesting that the leaf decreases the photosynthetic rate and increases leaf con-
struction with decreasing latitude, in order to maintain a longer leaf lifespan. Consistently, leaves tend to choose
a slow-return strategy with decreasing latitude*.

The main factors regulating the leaf economic spectrum are still being debated. Our results showed that the
regulating factors differ between leaf morphological and anatomical traits, suggesting that anatomical traits play
a significant role in the leaf economic spectrum. Leaf area is mainly influenced by climate and soil nutrients
(>50%), leaf dry weight by leaf nutrients (>70%), and SLA by the climate (>60%) (Table 3). Leaf nutrients and
climate play important roles in stomatal traits (Table 4). Leaf thickness is controlled by soil nutrients, but the
palisade-leaf mesophyll thickness ratio and spongy-leaf mesophyll thickness ratio are influenced by the climate
(Table 4). The palisade-leaf mesophyll thickness ratio is decreased, while the spongy-leaf mesophyll thickness
ratio is increased with increasing maximum monthly temperature (Fig. S2D and E). A plausible explanation
might be that temperature influences plant metabolic and growth rates by regulating plant lifespan!2. Overall, it
is required to expand the leaf economic spectrum theory through an integrative study of leaf morphological and
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Figure 4. Changes in leaf thickness, stomatal length, and stomatal density with climate parameters. Bars
show standard errors.

Climate' 0.62*
Leaf area (cm? per individual) Soil nutrient 0.65
Leaf nutrient 0.47
Climate 0.04
Morphological traits Leaf dry weight (mg per individual) Soil nutrient 0.17
Leaf nutrient 0.78
Climate 0.69
Specific leaf area (mm? mg~!) Soil nutrient 0.19
Leaf nutrient 0.30
Climate —0.52
Stomatal length (um) Soil nutrient 0.06
Leaf nutrient —0.50
Climate 0.31
Stomatal density (individual mm~2) Soil nutrient 0.21
Leaf nutrient 0.04
Climate —0.19
Stomatal pore area index (%) Soil nutrient 0.19
Anatomical traits Leaf nutrient —0.22
Climate 0.45
Leaf thickness (um) Soil nutrient 0.50
Leaf nutrient —0.45
Climate —0.51
Palisade-leaf m.esophyll thickness Soil nutrient 017
ratio (%)
Leaf nutrient —0.27
Climate 0.26
Spongy-leaf mgsophyll thickness Soil nutrient “022
ratio (%)
Leaf nutrient —0.12

Table 4. Standardized effects of climate, soil nutrients, and leaf nutrients on morphological and
anatomical traits. "Climate refers to maximum monthly temperature and mean annual precipitation; Soil
nutrients refer to soil organic carbon and soil total nitrogen; Leaf nutrients refer to leaf carbon and leaf nitrogen.
*Bold numbers indicate environmental factors with a major effect on leaf traits.

anatomical traits that will allow us to better understand the resource utilization and the adaptation strategies to
changing environments.

Conclusion

To our knowledge, this is the first study that combined leaf morphological and anatomical traits to explore
the adaptation strategies and resource investment strategies of plants on a large geographical scale. SLA, SPI,
and the palisade-leaf thickness mesophyll ratio increased with increasing latitude, while leaf dry weight and
the spongy-leaf thickness mesophyll ratio decreased with increasing latitude. The strong correlations of leaf dry
weight to leaf area, palisade mesophyll thickness to leaf thickness, and spongy mesophyll thickness to leaf thick-
ness reflected the adaptive strategies of leaf morphological and anatomical traits. Furthermore, the regulation of
stomatal length and density by a trade-off mechanism that leads to an increased SPI with increasing latitude, was
probably an adaptive strategy. A relatively higher SLA, palisade-leaf mesophyll thickness ratio, and spongy-leaf
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mesophyll thickness ratio enhanced photosynthetic efficiency at high latitudes, while the high-cost leaf construc-
tion investment was important to maintain long leaf lifespan at low latitudes. Furthermore, the factors that regu-
lated leaf morphological and anatomical traits were different, and the explanation of the leaf economic spectrum
became even more complicated. These results provided new insights into the adaptive strategies of plants at the
morphological and anatomical level.

Materials and Methods

Site description. The north-south transect of eastern China (NSTEC) is a unique forest belt mainly driven
by thermal gradients, and encompasses almost all forest types found in the northern hemisphere. Nine forests
along the NSTEC were selected for field sampling as shown in Fig. 1. The latitude range of these forests is between
18.74° and 51.78° (>4,200-km), the mean annual temperature (MAT) ranges between -4.40 and 19.80 °C, and
the annual precipitation (MAP) ranges between 481.60 and 2,449.00 mm. Detailed information about the sam-
pling sites is provided in Table 1. In each forests, we randomly selected sampling sites within the national nature
reserves, in order to avoid anthropogenic disturbances.

Field sampling. Field sampling was conducted during July and August in 2013. Four experimental plots
(30 x 40 m) were set up in each forest ecosystem. Geographic information (latitude, longitude, and altitude),
plant species composition, and community structure were investigated for each plot. Data on the number, height,
diameter at breast height (>2 cm) of all trees (basal stem diameter for shrubs and coverage for herbs), and other
important traits were collected. We collected leaf samples from 10—13 dominant tree species in each plot (99 tree
species in total) based on the importance value that was calculated from the relative density, relative frequency,
and total relative dominance® of selected tree species. The total importance value of these selected plant species
ranged between 43% and 99% across the forests (Table 1).

A total of 20 fully expanded sun leaves were collected from four individuals of each species, and all the leaf
samples from each plot were bulked together representing one replicate®. Leaf samples were immediately stored
in a cool box with ice and transported to the lab. Soil samples from each plot were randomly collected from the
0-10 cm layer using a soil sampler (6 cm in diameter).

Measurement of leaf traits. Here, we studied three leaf morphological traits including leaf area, leaf dry
weight, and specific leaf area (SLA) that reflect the strategies of leaf construction, investment, and photosynthesis,
respectively and also six leaf anatomical traits, including stomatal length, stomatal density, stomatal pore area
index (SPI), leaf thickness, palisade-leaf mesophyll thickness ratio, and spongy-leaf mesophyll thickness ratio that
reflect the long-term adaptation of leaf stomatal morphology and photosynthetic capacity (Table 2).

Measurement of leaf morphological traits. Leafarea (cm? per individual) was measured using a scan-
ner (Cano Scan LIDE 110, Japan) and Photoshop CS (Adobe, USA). Then, five leaves were dried in a dryer at
60°C to obtain leaf dry weight (mg per individual). SLA (mm? mg™), or leaf area per unit of dry mass, was cal-
culated as Eq. 17.

SLA = leaf area/leaf dry weight (1)

Measurement of leaf anatomical traits. In order to measure leaf anatomical traits, rectangular pieces
(I cm x 0.5cm) that included the midrib and a portion of the lamina were cut from the leaves (Fig. 2) and fixed
in formalin-acetic acid- alcohol solution (FAA, 5ml of 38% formalin, 5 ml of glacial acetic acid, and 90 ml of 50%
ethanol with 5 ml glycerin)**#!. Three pre-treated leaves from each species were randomly selected to measure
leaf anatomical traits. Stomatal traits were measured avoiding leaf veins (Fig. S3). Leaf samples were dried in a
fume cupboard, and two fields were photographed using a scanning electron microscope (Hitachi, Japan). In
each image, we measured stomatal length (jum) via five randomly selected stomata. For the measurement of sto-
matal density (individual mm~2), the number of stomata per unit area (mm~2) was counted from the images at a
magnification of 320 x (visual field area = 0.112 mm?). A total of 30 data points for stomatal length and six data
points for stomatal density in each species were obtained. Stomatal length and density were measured using MIPS
(Optical Instrument Co., Ltd., Chongging, China), while SPI (%) was calculated as Eq. 2%:

SPI = stomatal density x stomatal length® x 107 (2)

Leaf samples were progressively dehydrated in an ethanol series (50-100%) and infiltrated with warm paraffin
(56-58°C). Leaf samples of 8-12 pm in size were obtained with a rotary microtome (Leica, RM2255, Germany).
The slides were stained with safranin and fast green (1% aqueous safranin and 0.5% fast green in 95% ethanol).
Then, all sections were conducted at 400 x magnification with light microscope (Leica, DM2500, Germany) to
measure leaf thickness (jum), palisade mesophyll thickness (j.m) and spongy mesophyll thickness (pm) (Fig. S3).
A total of 30 data points of leaf thickness, palisade mesophyll thickness, and spongy mesophyll thickness for each
species were measured. Finally, the palisade-leaf mesophyll thickness ratio and the spongy-leaf mesophyll thick-
ness were calculated as Eq. 3 and Eq. 4, respectively*?.

Palisade—leaf mesophyll thickness ratio
= palisade mesophyll thickness/leaf thickness x 100% (3)
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Spongy—leaf mesophyll thickness ratio
= spongy mesophyll thickness/leaf thickness x 100% (4)

Other parameters.  Fresh soil samples were sieved through a 2 mm mesh to remove roots and visible organic
debris. The carbon (C) and nitrogen (N) contents in soil samples were determined by dry combustion using a
Vario MAX CN Elemental Analyzer (Elementar, Germany)*®.

Climate data from 1961 to 2010 at a 1 km x 1km spatial resolution were obtained from 756 climate stations of
the China Meteorological Administration and analyzed using ANUSPLIN*4, Data on climatic parameters includ-
ing MAT, MAP, and maximum monthly temperature were collected from the meteorological database based on
latitude and longitude. The de Martonne aridity index (DI) was calculated as Eq. 5 to describe the effect of water
availability*®:

DI = AP/(MAT + 10) (5)

Data analysis. Leaf traits were log,, transformed prior to analysis in order to obtain approximate normality.
The relationships between leaf traits and latitude, de Martonne aridity index, and maximum monthly tempera-
ture were explored using regression analysis. Models with higher coefficient of determination (R?) were chosen
as the best-fit models. Structural equation modeling was used to evaluate the effects of climate factors (maximum
monthly temperature and MAP), soil nutrients (soil total C and N contents), and leaf nutrients (leaf C and N
contents) on leaf traits. Structural equation modeling was used to combine the roles of multiple variables in a
single analysis, distinguishing the direct effects from the indirect effects. We examined model fitness using the
root mean square error of approximation and the goodness-of-fit index.

Chinese forest maps were produced using ArcMap (9.2, ESRI, USA). Regression analysis, and differences in
leaf traits among different forests, and relationships between leaf morphological and anatomical traits were ana-
lyzed using SPSS 13.0 (Chicago, IBM Corp., USA).

References

1. Royer, D. L., McElwain, J. C., Adams, J. M. & Wilf, P. Sensitivity of leaf size and shape to climate within Acer rubrum and Quercus
kelloggii. New Phytol 179, 808-817 (2008).

2. Farquhar, G. D., Buckley, T. N. & Miller, J. M. Optimal stomatal control in relation to leaf area and nitrogen content. Silva Fenn 36,
625-637 (2002).

3. Gorsuch, P. A, Pandey, S. & Atkin, O. K. Temporal heterogeneity of cold acclimation phenotypes in Arabidopsis leaves. Plant Cell
Environ 33, 244-258 (2010).

4. Wright, I J. et al. The worldwide leaf economics spectrum. Nature 428, 821-827 (2004).

5. Wang, R. Z. et al. Anatomical and physiological plasticity in Leymus chinensis (Poaceae) along large-scale longitudinal gradient in
northeast China. Plos One 6, doi:10.1371/journal.pone.0026209 (2011).

6. Wilson, P. ], Thompson, K. & Hodgson, J. G. Specific leaf area and leaf dry matter content as alternative predictors of plant strategies.
New Phytol 143, 155-162 (1999).

7. Reich, P. B., Walters, M. B. & Ellsworth, D. S. From tropics to tundra: Global convergence in plant functioning. P Natl Acad Sci USA
94, 13730-13734 (1997).

8. Shipley, B., Lechowicz, M. J., Wright, I. & Reich, P. B. Fundamental trade-offs generating the worldwide leaf economics spectrum.
Ecology 87, 535-541 (2006).

9. Curtis, P. S. & Ackerly, D. D. Introduction to a virtual special issue on plant ecological strategy axes in leaf and wood traits. New
Phytol 179, 901-903 (2008).

10. Hultine, K. R. & Marshall, J. D. Altitude trends in conifer leaf morphology and stable carbon isotope composition. Oecologia 123,
32-40 (2000).

11. Li, F. L. & Bao, W. K. Elevational trends in leaf size of Campylotropis polyantha in the arid Minjiang River valley, SW China. J Arid
Environ 108, 1-9 (2014).

12. Moles, A. T. et al. Which is a better predictor of plant traits: temperature or precipitation? J Veg Sci 25, 1167-1180 (2014).

13. Lusk, C. H. & Warton, D. I. Global meta-analysis shows that relationships of leaf mass per area with species shade tolerance depend
on leaf habit and ontogeny. New Phytol 176, 764-774 (2007).

14. Kooyers, N. J., Greenlee, A. B., Colicchio, J. M., Oh, M. & Blackman, B. K. Replicate altitudinal clines reveal that evolutionary
flexibility underlies adaptation to drought stress in annual Mimulus guttatus. New Phytol 206, 152-165 (2015).

15. Hetherington, A. M. & Woodward, E 1. The role of stomata in sensing and driving environmental change. Nature 424, 901-908
(2003).

16. Engineer, C. B. et al. Carbonic anhydrases, EPF2 and a novel protease mediate CO, control of stomatal development. Nature 513,
246-250 (2014).

17. Franks, P. ]. & Beerling, D. J. Maximum leaf conductance driven by CO, effects on stomatal size and density over geologic time.
P Natl Acad Sci USA 106, 10343-10347 (2009).

18. Straussdebenedetti, S. & Bazzaz, F. A. Plasticity and acclimation to light in tropical moraceae of different successional positions.
Oecologia 87, 377-387 (1991).

19. Wright, I. J., Reich, P. B. & Westoby, M. Least-cost input mixtures of water and nitrogen for photosynthesis. Am Nat 161, 98-111
(2003).

20. Ellsworth, D. S. & Reich, P. B. Canopy structure and vertical patterns of photosynthesis and related leaf traits in a deciduous forest.
Oecologia 96, 169-178 (1993).

21. Hovenden, M. J. & Vander Schoor, J. K. The response of leaf morphology to irradiance depends on altitude of origin in Nothofagus
cunninghamii. New Phytol 169, 291-297 (2006).

22. Yang, X. X. et al. Large-scale patterns of stomatal traits in Tibetan and Mongolian grassland species. Basic Appl Ecol 15, 122132
(2014).

23. Fraser, L. H., Greenall, A., Carlyle, C., Turkington, R. & Friedman, C. R. Adaptive phenotypic plasticity of Pseudoroegneria spicata:
response of stomatal density, leaf area and biomass to changes in water supply and increased temperature. Ann Bot-London 103,
769-775 (2009).

24. Zheng, Y. P. et al. Effects of experimental warming on stomatal traits in leaves of maize (Zea mays L.). Ecol Evol 3,3095-3111 (2013).

25. Mott, K. A. Opinion: Stomatal responses to light and CO, depend on the mesophyll. Plant Cell Environ 32, 1479-1486 (2009).

SCIENTIFICREPORTS | 6:19703 | DOI: 10.1038/srep19703 9



www.nature.com/scientificreports/

26. Popma, J., Bongers, F. & Werger, M. ]. A. Gap-dependence and leaf characteristics of trees in a tropical lowland rain-forest in Mexico.
Oikos 63,207-214 (1992).

27. Kenzo, T. et al. Interspecific variation of photosynthesis and leaf characteristics in canopy trees of five species of Dipterocarpaceae in
a tropical rain forest. Tree physiology 24, 1187-1192 (2004).

28. Larbi, A. et al. Canopy light heterogeneity drives leaf anatomical, eco-physiological, and photosynthetic changes in olive trees grown
in a high-density plantation. Photosynth Res 123, 141-155 (2015).

29. Fernandes, V. F, Bezerra, L. D., Mielke, M. S,, Silva, D. D. & Costa, L. C. D. Leaf anatomy and ultrastructure of Ocimum gratissimum
under different light radiation levels. Cienc Rural 44, 1037-1042 (2014).

30. Weih, M. & Karlsson, P. S. Growth response of altitudinal ecotypes of mountain birch to temperature and fertilisation. Oecologia
119, 16-23 (1999).

31. Kofidis, G., Bosabalidis, A. M. & Moustakas, M. Contemporary seasonal and altitudinal variations of leaf structural features in
Oregano (Origanum vulgare L.). Ann Bot-London 92, 635-645 (2003 ).

32. Venema, J. H., Eekhof, M. & van Hasselt, P. R. Analysis of low-temperature tolerance of a tomato (Lycopersicon esculentum) cybrid
with chloroplasts from a more chilling-tolerant L-hirsutum accession. Ann Bot-London 85, 799-807 (2000).

33. Korner, C., Bannister, P. & Mark, A. F. Altitudinal variation in stomatal conductance, nitrogen-content and leaf anatomy in different
plant life forms in New-Zealand. Oecologia 69, 577-588 (1986).

34. Pringle, E. G. et al. Distinct leaf-trait syndromes of evergreen and deciduous trees in a seasonally dry tropical forest. Biotropica 43,
299-308 (2011).

35. Luomala, E. M., Laitinen, K., Sutinen, S., Kellomaki, S. & Vapaavuori, E. Stomatal density, anatomy and nutrient concentrations of
Scots pine needles are affected by elevated CO, and temperature. Plant Cell Environ 28, 733-749 (2005).

36. Sack, L., Cowan, P. D., Jaikumar, N. & Holbrook, N. M. The ‘hydrology’ of leaves: co-ordination of structure and function in
temperate woody species. Plant Cell Environ 26, 1343-1356 (2003).

37. Beck, C. B. An intriduction to plant structure and development, 2nd edition. Cambridge University Press, Cambridge,UK (2010).

38. Curtis, J. T. & Mcintosh, R. P. An upland forest continuum in the prairie-forest border region of Wisconsin. Ecology 32, 476-496
(1951).

39. Cornelissen, J. H. C. et al. A handbook of protocols for standardised and easy measurement of plant functional traits worldwide.
Aust ] Bot 51, 335-380 (2003).

40. Sobrado, M. A. Relationship of water transport to anatomical features in the mangrove Laguncularia racemosa grown under
contrasting salinities. New Phytol 173, 584-591 (2007).

41. Chen, L. & Wang, R. Z. Anatomical and physiological divergences and compensatory effects in two Leymus chinensis (Poaceae)
ecotypes in Northeast China. Agr Ecosyst Environ 134, 46-52 (2009).

42. Wang, Y. P, Liu, S. L., Chen, Y. Z. & Lu, C. E. Leaf structural characteristics of three wild Rhododendron plants and their adaptability
to changbai mountains, northeastern China. Journal of Beijing Forestry University 34, 18-25 (2012).

43. Zhao, N. et al. The altitudinal patterns of leaf C:N:P stoichiometry are regulated by plant growth form, climate and soil on Changbai
mountain, China. Plos One 9, doi: 10.1371/journal. pone. 0095196 (2014).

44. Zhu, X. ]. et al. Geographical statistical assessments of carbon fluxes in terrestrial ecosystems of China: Results from upscaling
network observations. Global Planet Change 118, 52-61 (2014).

45. de Martonne, E. Areism and aridity index. Cr Hebd Acad Sci 182, 1395-1398 (1926).

Acknowledgements

We gratefully thank the staff in the forest research stations for access and permission. This work was partially
supported by the National Natural Science Foundation of China [31290221,31470506], and the Program for
Kezhen Distinguished Talents in Institute of Geographic Sciences and Natural Resources Research, CAS
[2013RC102].

Author Contributions
N.H. conceived the experiments. M. T. conducted the experiments. M.T., G.Y. and N.H. analyzed the data and
wrote the manuscript. N.H. and J.H. supervised the project. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Tian, M. et al. Leaf morphological and anatomical traits from tropical to temperate
coniferous forests: Mechanisms and influencing factors. Sci. Rep. 6, 19703; doi: 10.1038/srep19703 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:19703 | DOI: 10.1038/srep19703 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Leaf morphological and anatomical traits from tropical to temperate coniferous forests: Mechanisms and influencing factors
	Introduction
	Results
	Changes in leaf morphological and anatomical traits among forests
	Latitudinal changes in leaf morphological and anatomical traits
	Correlations among leaf morphological and anatomical traits
	Main factors regulating leaf morphological and anatomical traits

	Discussion
	Latitudinal patterns and adaptive strategies of leaf morphology traits
	Latitudinal patterns and adaptive strategy of leaf anatomical traits
	Leaf anatomical traits and the leaf economic spectrum

	Conclusion
	Materials and Methods
	Site description
	Field sampling
	Measurement of leaf traits
	Measurement of leaf morphological traits
	Measurement of leaf anatomical traits
	Other parameters
	Data analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Leaf morphological and anatomical traits from tropical to temperate coniferous forests: Mechanisms and influencing factors
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19703
            
         
          
             
                Miao Tian
                Guirui Yu
                Nianpeng He
                Jihua Hou
            
         
          doi:10.1038/srep19703
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19703
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19703
            
         
      
       
          
          
          
             
                doi:10.1038/srep19703
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19703
            
         
          
          
      
       
       
          True
      
   




